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16 Abstract: Regenerated silk (RS) is a protein-based “biopolymer” that enables the design of new
17 materials; here we sought to “bionic” the process of regenerated silk production by fermentation
18 assisted method. Based on yeast’s fermentation, here we produced a living hybrid composite made
19 of regenerated silk nanofibrils and a single-cell fungi, the Saccharomyces Cerevisiae yeast extract, by
20 fermentation of such microorganisms at room temperature in the dissolution bath of silkworm silk
21 fibers. The fermentation-based processing enhances the beta-sheet content of the RS, corresponding
22 to a reduction in water permeability and CO: diffusion through RS/yeast thin films enabling the
23 fabrication of mechanically robust film that enhances the food storage durability. Finally a
24 transfer print method, which consists of transferring RS and RS/yeast film layers onto self-adherent
25 paraffin substrate, was used for the realization of heat — responsive wrinkles by exploiting the high
26 thermal expansion of the paraffin substrate that regulates the applied strain, resulting in a
27 switchable coating morphology from the wrinkle-free state to a wrinkled state if the food
28 temperature overcomes a designed threshold. We envision that such efficient and smart coatings
29 can be applied for the realization of smart packaging that through such temperature sensing
30 mechanism can be used to control the food storage conditions.
31 Keywords: bionic composites; thin films; mechanical properties.
32

33 1. Introduction

34 Living microorganisms have long been used in food preservation [1,2]; such microorganisms
35  form living surfaces that provide an attractive platform to the development of functional materials.
36 At present, biotech companies uses fungi to produce valuable products [3], thus combining the
37  fermentation mechanism of some microorganisms with biomaterials could give a raise to bionic
38  composites with novel properties.

39 Between such novel products, innovative packaging solutions to increase the shelf-life of fresh
40  fruits by slowing down their metabolism so they remain fresh and appetizing for longer and the
41  development of sensors to monitor if perishable food in the cold chain is maintained in the desired
42 temperature range to prevent the growth of pathogens and spoilage microorganisms, are still
43 challenging.
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44 Concerning the sensing issue, spontaneous generation of wrinkles induced by the buckling of a
45  thin skin due to thermal contraction of the underlying substrate may be used as diffraction gratings
46  in optical sensors, and as the basis for monitoring temperature changes in food cold chain. In this
47  regard, micro/nanoscale surface patterns obtained by coupling a stiff skin to a soft substrate have
48  been used to create reversible patterns that are responsive to temperature and provided unique
49  surface morphology to sense temperature changes [4-7].

50 From the material point of view, silk fibroin is an ideal candidate for the packaging applications
51  since it is a biocompatible structural protein that can processed to obtain films which recently have
52 been used as biodegradable and edible sensors to monitor food degradation [8-10]. The
53 polymorphism of silk fibroin (i.e. random coil, silk I, and silk II structures) can be also tailored by
54 controlling the content of B-sheet crystals that enables the correct gas exchange and water vapour
55  permeability through silk-based membranes [11-13]. Between the different fabrication methods,
56  transfer printing is the most known method for interfacing silk on soft substrates [14]. In this regard,
57  the hidden strength and stiffness of natural honeycomb walls constructed from recycled silk and
58  wax secreted by worker bees [15-17] is reminiscent of modern fiber-reinforced composite laminates.
59 Taking inspiration from the honeybee comb cell wall, a self-adhesive and soft thermoplastic
60  paraffin wax, can be used to stick RS film to produce a bilayer system [18]. Being the paraffin wax a
61  material with high thermal expansion coefficient, wrinkles occur to minimize the total energy of
62  such bilayer system when the compressive strain, caused by the thermal expansion coefficients and
63  rigidities mismatches between the skin layer and the substrate induced by thermal stimulus.

64 Inspired by our previous work [19] on the production of beer’s yeast cells/carbon nanotube
65  composite directly by fermentation of the yeast extract in presence of carbon nanotube aqueous
66  dispersion, we therefore designed a robust composite coating combining inert (RS) and living parts
67  (brewer’s yeast). It was observed that once Saccharomyces Cerevisiae yeast cells were fermented by
68 nutrient addition into a silk fibroin solution, the regenerated silk shows a higher content of
69  Dbeta-sheet structures. Moreover, the microorganism growth increased the cell density and reduced
70 the porosity of the RS membrane limiting the exchange of water and gas diffusion. As conceptual
71 proof, we demonstrated as an example that the deposition of such living coating on fruits helps the
72 preservation of their shelf-life. Finally, we demonstrate that RS based film layers can be laminated
73 onto a paraffin wax substrate for the realization of temperature — responsive bilayer systems.

74 2. Materials and Methods

75 For the preparation of RS film, commercial B. mori silk cocoons were boiled for 1 h in distillated
76 water solution of 0.025 wt % NaHCOs, rinsing with distilled water every 30 min. to remove the
77  sericin. According to the method adopted by Kaplan et al. [20], the degummed silk (i.e. 0.2 g) was
78  then added to a CaCl: (i.e. 0.14 g) - formic acid (i.e. 20 ml) solution and stirred over the night at 40°C
79  yielding an 1 wt % solution. Water solution (50 mg/ml) of Saccharomyces Cerevisiae based commercial
80  beer yeast extract was prepared separately by mechanical stirring at 30 °C for 1 h. After that, sucrose
81  was added to start the fermentation. The amount of sugar added is usually between 3 and 5 times
82  the weight of the medium. Water solution of fermenting yeast was then added to the silk fibroin
83  solution. RS/yeast films were prepared by leaving the silk-yeast solution to evaporate for 12 h in a
84  polystyrene Petri dish (diameter 15 cm). The growth of yeast cells was monitored by the optical
85  density (OD) method, measuring the absorbance at wavelength 600 nm and temperature 30°C of the
86  yeast and RS/yeast solutions in sucrose growth medium. The morphology of the films was
87  investigated by optical and field emission scanning electron microscopy (FESEM). Fourier transform
88 infrared (FTIR) analysis was performed in a Jasco FTIR FT/IR-615 spectrometer, equipped with an
89  ATR mode in the wave number range from 400 to 4000 cm. X-ray diffraction was performed using a
90  Bruker D8 Advance diffractometer with a radiation source of CuKo and wavelength A=0.154 nm
91  operated at 40 kV and 40 mA. The incidence angle (20) was varied between 2° and 60° and the scan
92  rate was 0.02°/s. The tensile properties of films were measured using a universal tensile testing
93 machine (Lloyd Instr. LR30K) with a 50 N static load cell. The film samples were cut into strips (30
94  mmx 12 mm). The gauge length was 20 mm, and the extension rate was set at 2 mm/min.
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95 The effect of different types of coatings on bananas freshness was evaluated by monitoring the
96  colour change through time-lapse photography. The water permeability was determined after
97  soaking a sponge in water and subsequently dip coating the sponge in RS and RS/yeast solutions.
98  The variation of the weight was monitored at different hours with a standard laboratory balance
99  (Mettler Toledo AB135-S/FACT). The weight variation was calculated as an average of three
100  measurements for each coating. The respiration rate of bananas was evaluated by monitoring the
101  CO: production. In brief, bananas were placed in a sealed FTIR chamber and the production of CO2
102 was monitored by measuring the evolution of the CO2 absorption peak over period of 7 days (see
103 supplementary material Fig. S1). This measurement takes into account the initial background
104  performed in air to remove the initial contribution of the carbon dioxide moisture of the air.
105 For the adopted transfer print process to realize the bilayer system, regenerated silk was
106  transferred to Parafilm film (Parafilm M®, Pechiney Plastic Packaging Company) through direct
107  transfer process, which consists of placing RS and RS/yeast free standing films on the receiving
108  Parafilm substrate while applying with a hot press a pressure of 2kPa at 60°C for 15 min.; the
109  composite material separates spontaneously from the press plates as it cools. The obtained bilayer
110 systems were heated at 60°C and cooled to room temperature (i.e. AT=40°C) and AFM was carried
111 out to measure wrinkle morphology in tapping mode (easyScan DFM system).

112  3.Results and discussion

113 The production method adopted for the realization of thin films with the aid of living
114 microorganisms is schematically reported in Fig. 1a. The yeast fermentation was implemented into a
115  CaCl-formic acid dissolution system, which can be used to produce large films (Fig. 1b) with a
116  nano-fibrillar structure (Fig. 1c).

117  Changes in structure of the films deposited after the fermentation assisted silk dissolution were
118  detected by FTIR and X Ray Diffraction (XRD). The B-sheet (crystalline) content was determined by
119 the deconvolution of the amide I region (1580 - 1720 cm) estimating the ratio between the peak area
120 in the wavenumber region of 1622~1637 cm, which is the main absorbance region of B-sheet crystal
121  inamideI[21], and the whole area of the amide I comprising the peaks of the structural components
122 including turns (T) and random coil (R). The deconvolution of the amide I band provides an
123 estimation of B-sheet structure in the RS and RS/yeast of 37% and 44%, respectively (Figs. 1d-e).

124 The XRD data in Fig. 1f show the RS/yeast film is characterized by diffraction peaks at 20 values of
125 20.4° and 25.4°, corresponding to silk I structure [22,23]. RS film also showed silk I and silk II crystal
126  structures, having diffraction peaks at 20.4° and 29.0°. Compared with RS/yeast, the silk I peak at
127  25.0° disappeared, indicating more silk II formation.

128


http://dx.doi.org/10.20944/preprints201806.0320.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 June 2018 d0i:10.20944/preprints201806.0320.v1

Bombyx mori Boiling cocoons
silk cocoons in NaHCO,

G- e
2 3

Dissolutionin CaCl,
- formic acid with
the addition of

yeast cells —
w ‘g —— RSlyeast
ré 5 —RS f)
£ § 5
& ‘8’ e
8 & 2
g 2 2
S 2 5
2 Q <
© @ -
® o | . ‘ ) ) | "
E 1710 1680 1650 1620 1590 E 1710 1680 1650 1620 1590 10 15 20 25 30 35 40
< Wavenumber (cm”) < Wavenumber (cm™) 20 (°)
129
130 Figure 1. (a) Scheme of silk fibroin production using regenerated silk. (b) Visual appearance of the

131  RS/yeast film and (c) FESEM image of silk nanofibrils. (d-e) FTIR spectra of regenerated silk and RS/yeast
132 films, respectively. The coloured lines represent the components of the amide I band and are indicated as
133 B-sheets (B), random coil (R) and turns (T). (f) XRD results of regenerated silk and RS/yeast films.

134 The cell division of yeast occurs by budding in which a daughter is initiated from the mother
135 cell, followed by nuclear division and finally cell separation. The yeast cell growth reported in Fig. 2
136 shows the three main phases: the lag phase where the individual cells are activated in preparation
137  for division, the exponential phase once the cell starts actively metabolizing shortly after the cells
138  divide and finally the stationary phase when metabolism slows and the cells stop rapid cell division
139 [24]. The factors that cause cells to enter stationary phase are related to change in the environment
140 typically caused by high cell density. The data reported in Fig. 2a state the stability of the yeast cells
141  to proliferate also with the presence of formic acid in the nutrient broth. The effects of RS addition
142 during the growth curve are demonstrated in Fig. 2a by measuring the OD during the cell growth.
143 The OD curve of the yeast cells is substantially altered by the RS addition, with the effect on the lag
144 time and final cell yield being particularly pronounced: RS/yeast cells have a lag phase of ~2-3 hrs,
145  after which they proliferate rapidly, in comparison, the neat yeast cells show an increased lag
146  phase of ~ 10 hrs. The morphology of the stationary phase for the RS/yeast system observed by
147  means of FESEM and optical microscopy (Figs. 2b-c) indicates the cell proliferation for such culture.
148

149
150
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Figure 2. (a) OD measured at 600 nm wavelength during growth of neat Saccharomyces Cerevisiae
and Saccharomyces Cerevisiae in RS with sucrose until stationary was reached. (b) Appearance under
FESEM and optical microscope of the RS/yeast cell growth during the stationary phase.

In order to demonstrate potential application of such living coating in consumer exposed food
the mechanical robustness of the films is required to withstand, for example, handling procedures.

Figure 3a represents typical stress/strain curves obtained from testing of yeast, RS and RS/yeast
samples. The maximum average toughness (i.e. the area underlying the stress-strain curves)
obtained from RS/yeast sample was 0.14 MPa (Fig. 3b) as well as the highest average strength (i.e.
the stress at the ultimate strain) obtained was 1.26 MPa, with a maximum elastic modulus of 37.2
MPa recorded. The improved mechanical properties with fermentation-based dissolution of
silkworm silk fibers agree with our previous studies reported for the assisted-fermentation synthesis
of bionic composites [19,25]. In these studies, addition of carbon nanotubes (CNTs) and/or graphene
in the fermentation broth, resulted in composites with higher toughness value. In our studies, tensile
tests on dried composite films were rationalized in terms of a CNT cell bridging mechanism where
the strongly enhanced strength of the composite is governed by the adhesion energy between the
bridging CNTs and the matrix. The presence of glucose can plasticize regenerated silks and increase
the ultimate strain leading to toughness values (see Table 1) that are comparable to those measured
for traditional biopolymers used for food packaging [26,27] being in our case as added value the
edibility of the coating.
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Figure 3. (a) Stress-strain curves from testing of yeast, RS and RS/yeast samples. The curves
represent analysis performed on three different samples. (b) Effect of yeast fermentation on
modulus, strength, and toughness of RS film. The modulus, strength, and toughness of neat yeast
film have been reported for comparative purposes.
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181 Table 1. Mechanical properties of various biopolymers for food packaging [27]. 0* — specific
182  tensile strength, E* — specific tensile modulus, ¢ — ultimate strain.
183
Toughness c* E* €
Type of biopolymer
(MPa) (Nm/g) (kNm/g) (%)
RS/yeast (this work) 0.14 1.1 0.032 15.4
PLA 0.26 16.8 0.3 25
0.23 40.0 22 3.0
PLLA
PDLLA 0.28 22.1 0.8 2.0
PDLLA/PGA50/50 0.41 30.9 0.8 2.0
184
185
186 In general, coatings for food packaging beyond the mechanical robustness should exert low

187  permeability to water vapors; fruit dehydration is, in general, an indicator of the breakdown of the
188  protective skin, which results in loss of turgor and water evaporation. We observe that the increase
189  in beta-sheet content yields a less water permeability through the RS/yeast membrane as indicated
190 by the less variation of the initial weight of soaked sponges coated with different types of coatings,
191  asreported in Fig. 4a (see supplementary material Fig. S2). These results are in agreement with those
192 obtained by Omenetto et al.10 who showed that when the silk fibroin beta-sheet content is in the
193 range of 36%-58%, the water vapour permeability is five times smaller than that measured for the
194 film with a lower beta-sheet content.

195 Many fresh fruits have high metabolic activity and due to microbial attack they result in short
196  conservation time, colour change (Fig. 4b), and off-flavour. The change in colour of fresh fruit, in
197  particular, is associated to ethylene production and cell respiration. To evaluate the exploitation of
198  RS/yeast film as barrier coating, the change in color of coated and non-coated fresh bananas was
199  evaluated (Fig. 4b). Time-lapse photography shows that RS/yeast coating decreases the fruit
200  degradation, when compared to uncoated or RS coated fruit at day 7. During the continuing
201  metabolism of the fresh fruit, oxygen is transformed into carbon dioxide; thus gas permeation
202  through a coating film plays a crucial role in fruit storage. To prevent the spoilage of fresh fruits it is
203 necessary to reduce the breathing process. In our case, the higher beta-sheet content of the RS/yeast
204  film decreases the production of COz, which indicated a decrease in the respiration rate of the fruits
205  (Fig. 4¢).

206

207
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211 Figure 4. (a) Weight loss of sponges soaked in water and stored for up to 25 hours at 23 °C and

212 32% RH. Sponges were stored without coating or after dip coating with RS and RS/yeast
213 suspensions, respectively. (b) Evaluation of bananas degradation. Fruits were stored at 23 °C and
214 32% RH as received and after coating with silk/yeast film. Time lapse photography of banana
215  degradation, indicating that silk/yeast coating reduces the degradation rate. (c) CO: variation of
216 uncoated, RS coated and RS/yeast coated bananas, respectively.

217

218 Another very interesting property of such silk nanofibrils relies on their ability to self-assemble
219  giving rise to sol-gel transition with rapid gelation time induced by the presence of salts [28,29].
220  Pregelation occurs when a fresh solution has a B-sheet content of about 20% with negligible
221  intermolecular bindings; gelation is then induced by interchain interactions that become irreversible
222 with the formation of B-sheet intermolecular structures of the gel phase [29]. In our case, the gelation
223 was observed when KNO:s salt was added to silk nanofibrils/yeast/formic acid solution (Figure 5).
224 Without salt, the RS/yeast retains with time a sol characteristic (Fig. 5a). In comparison with the sol
225  RS/yeast solution, the RS/yeast with salt transform into a semi-solid gel within several hours,
226  together with the appearance of a strong infrared absorption peak at 1626 cm due to the formation
227  of strong B-sheet strctures (Fig. 5b).

228
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231 Figure 5. Dynamic optical morphology of the (a) RS/yeast and (b) RS/yeast/KNOs solutions
232 resulting at different times (temperature 37°C). The inset of panel (b) shows the evolution of the
233 amide I FTIR band of the RS/yeast/KNO:s solution with time and gelation of the RS/yeast/KNOs
234 solution.

235

236 Considering the application of controlling the food cold chain, it is essential to design a bilayer
237  packaging system where the mechanical properties of the top skin layer when laminated onto a soft
238  substrate will be beneficial for the creation of temperature-driven surface patterning. Figure 6a
239  shows the RS and RS/yeast films laminated onto the paraffin wax substrate. Wrinkle formation is
240  typically connected to the high thermal expansion coefficient of the substrate used for the transfer.
241  Parafilm is worldwide used in research laboratories as self-adhesive and sealant plastic foil, it is soft
242 (tensile strength =2.0MPa) with a high thermal expansion coefficient (i.e. 0.89*10- K1) and due to its
243 low melting point (=60°C) it becomes adhesive applying heat during lamination, sticking strongly to
244 the receiving material. The formation of wrinkles occurs to minimize the total potential energy of the
245  skin layer and the substrate induced by thermal expansion. The strategy for the realization of the
246  heat-driven wrinkle patterns is illustrated in Figure 6b; once heated, the paraffin wax upon cooling
247 to room temperature, generates a compressive stress at the interface of the bilayer sample, owing to
248  the considerable mismatch between the modulus and thermal expansion ratio of the substrate and
249 the stiff top layer made of RS or RS/yeast [30]. AFM analysis reported in Figure 6¢c shows that a
250  smooth surface converts into wrinkled state through heating and then cooling down to room
251  temperature.

252

253

254
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261 Figure 6. (a) Photographs of RS/yeast/paraffin and RS/paraffin bilayer systems before (left) and

262 after (right) the wrinkle activation. (b) Schematic illustration of temperature driven wrinkling. The
263  bilayer system is flat at room temperature, the heat induces the temperature increasing and thus the
264  thermal expansion of the paraffin substrate, resulting in the increase in the compressive strain of the
265  bilayer systems once cooled down to room temperature with the appearance of the wrinkles. Once
266  the wrinkled state was activated, the heat/temperature can again induce the thermal expansion of
267  the paraffin substrate, resulting in the reversibility of the tempertature-driven wrinkles. (¢) AFM
268  images showing the reversibility of the temperature-driven wrinkles. (d) AFM images and related
269  profile images of RS (left) and RS/yeast (right) film layers.

270

271 The amplitude (A) and the wavelength (A) of the wrinkles depend on the thickness and mechanical
272 properties of the skin layer and the substrate and according to linear bucking theory [31-35] can be

273  expressed as:

274 A=h{(c0-6.)/c.)"*/a (1)

275  and

276  A=4.36hdEq1-v)/(Es(1-v#))3-2A(1-a)/a ()

277  where o. refers to the critical strain to wrinkle formation and is given as®
278  o~(1/4)(Er)3(Es)*? 3)

279  and oo is the compressive stress of the film layer at temperature below the heating temperature given
280 by the equation 4 [37]:
281  co=(Ef(0s-0)AT)/(1-vy) 4)
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where E’=E/(1-v?) and subscript f and s refer to the film layer and the substrate of the bilayer system
and E’, E and v are in plane modulus, Young’s modulus and Poisson’s ratio, respectively. ks (equal to
1um) is the film thickness and 0<a<1 is an adhesion parameter that we have introduced (ideally a=1)
for accounting the nonideal bonding between film and substrate (imposing the film inextensibility
and simply assuming squared shape wrinkles, i.e. 2A+A=cost). The Young’s modulus for RS,
RS/yeast and paraffin are 54 MPa, 37 MPa, 1.4 MPa [18], respectively, and v=0.5. The applied strain &
when the bilayer system is heated is calculated as e=(os-0«)*AT where os and or are the thermal
expansion coefficients with os>>os. Finally, the theoretical wavelength and amplitude values
obtained from Eq. 1 and Eq. 2 are reported in Tab. 2 and compared with the experimental findings

by fitting the single parameter a.

Table 2. Theoretical and experimental (estimated by AFM images and related profiles reported
in Fig. 6d) amplitude and wavelength of the different skin layers, with a=0.4.

Sample ATheorA 7\4TheorA AExp. 7\.Exp4

(Hm) (Hm) (1m) (1m)

RS/paraffin 2.72 1.83 1.23 2.93
RS/yeast/paraffin 2.20 2.21 1.04 2.14

5. Conclusions

Here we described how incorporating microorganisms in bio-based structural proteins, by
providing an opportune nutrient for their growth, can results in a composite material with novel
properties. We observed that the fermentation of yeast cells activated in the dissolution bath of silk
fibers is critical in determining the B-sheet content of RS and thus the mechanical properties. In
particulat the yeast fermentation increases the crystalline content of regenerated silk fibroin, such
bionic coating reduces the water permeability and acts as an effective gas barrier, e.g. to increase the
shelf-life of perishable food. Then we reported a method which consists of transfer printing the
prepared freestanding RS and Rs/yeast layer films onto on self-adherent Parafilm substrate. It is
reported how the mechanical characteristics of the film layers as well as the high thermal expansion
coefficient of the paraffin substrate can be used to fabricate a sensor with the surface morphology
that changes between the wrinkled state and the wrinkle-free state under an external thermal
stimulus. This naturally derived material is thus a promising solution for different problems, e.g. a
valid alternative for efficient and smart food packaging with respect to traditional polymer-based
coatings. Finally, the proposed model can help in the real thus nonideal design of such coatings and
the degree of adhesion also emerges as designing parameter for tuning the wrinkle morphologies.

Supplementary Materials: The following are available online, Figure S1: Evolution of the CO2 absorption peak
over period of 7 days for (left) RS/yeast and (right) RS coating, respectively; Figure S2: Water soaked sponges
with different types of coatings.
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