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Abstract 

Silk fibroin has acquired increasing interest for biomedical applications, and namely for the 

fabrication of scaffolds for tissue engineering, because of its highly positive biological 

interaction and the possibility to adapt the material to several application requirements by 

adopting different fabrication methods, in order to make films, sponges, fibers, nets or gels 

with predictable degradation times.  

For tissue engineering, in most cases porous scaffolds are required, in some cases 

possibly in situ forming and therefore fabricated in mild body-compatible conditions. 

In this work, we present a novel one-step method for the preparation of silk fibroin foams 

starting from water solutions and using low-pressure nitrous oxide gas as foaming agent. 

This foaming technique allows preparing fibroin porous scaffolds with easily tunable 

porosity, in mild processing conditions with the use of a relatively inert foaming agent 

saturating a fibroin water solution, that could be occasionally injected through a thin needle 

in the implantation site where expansion and foaming would occur. 

Optimal foaming processing conditions have been investigated, and the prepared foams 

have been characterized with Fourier Transform Infrared Spectroscopy (FTIR) 

compressive mechanical and rheological properties measurements, and by scanning 

electron microscopy (SEM) and microCT. 
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Introduction  

Silk fibroin has acquired in the last years increasing attention for applications in tissue 

engineering thanks to its noticeable biocompatibility and the possibility to tune its 

architecture and physical properties1,2,3,4. Fibroin molecules assembly capacity allows the 

realization of scaffolds in multiple forms: nets by electrospinning, films by casting, gels by 

using ultrasounds, acids, supercritical CO2 or by the application of shear stresses, 

sponges by salt leaching and/or freeze drying starting from fibroin concentrated solutions 

or gels. 5,6  

Generally, a scaffold should be porous, with porosity and pore size tailored to allow cells 

penetration7–11. Porosity and pore size in the case of fibroin can been adjusted by 

modulating amount and size of the leachable particles in the case of salt leaching, or by 

using directional freeze-drying methods12. Sometimes freeze-drying is combined with salt 

leaching2 to increase and control pores dimension, usually starting from concentrated 

fibroin-water solutions or gels. 

To prepare polymeric porous scaffolds, gaseous porogens such as supercritical carbon 

dioxide (scCO2) and nitrogen (N2) can be used 13 However, use of N2 is generally  limited 

to polymer melt extrusion while scCO2 foaming needs complex apparatuses due to the 

high pressures involved and doesn’t allow pore size control. In addition, the chemical 

reactivity of the scCO2 with the other components is sometimes not negligible and can 

cause unwanted modifications in the material.14–18 In particular, the dissolution of CO2 in 

water and its transformation in carbonic acid reduces pH, which can cause denaturation or 

precipitation of the suspended proteins because of the neutralization of the surface 

charge. In the case of fibroin, whose isoelectric point lays between pH 3.6 and pH 4.0, this 

phenomenon can occur at small carbonic acid concentration, leading to fast solution 

gelation14–20. 



 4 

Nitrous oxide (N2O) is a gas highly soluble both in hydrophilic and in hydrophobic 

substances (Ostwald coefficient L= 0.4 for water, L=1.4 for fats at 37°C).21 This peculiarity 

permits its dissolution in hydrophobic polymers, like lipids and phospholipids and in both 

hydrophobic and hydrophilic regions of proteins where the gas can accumulate. In fact, 

molar partition coefficient K for N2O partitioning between water and olive oil (!!"		#$%&' ⇄

!!"	()*) is reported to be 2.97 22,23. N2O has long been used as a general anesthetic and 

as a carrier for general anesthetic drugs; it is neither flammable nor toxic. Compared to 

CO2, N2O is relatively inert in water and does not induce pH modifications24, moreover it 

has been reported to have bacteriostatic properties when pressurized 25.  

In this paper, we describe a novel low-pressure single-step method for the preparation of 

fibroin constructs starting from silk fibroin water solutions and using N2O as foaming agent. 

When pressurized, nitrous oxide readily dissolves in the fibroin solution and determines its 

expansion during the extrusion from a reservoir.  

Usually, upon casting or extrusion fibroin constructs require additional stabilization 

procedures such as exposure to heat, water vapor or methanol solutions, to render them 

insoluble in water26,27. However, by properly tuning the foaming conditions, we obtained 

water stable fibroin foams without any additional stabilization procedure. In particular, 

while these treatments are necessary when foams are produced with the use of a larger 

nozzle, no other procedures are required when the extrusion is performed through a thin 

needle. This condition is in fact sufficient to allow the fabrication of stable fibroin foams. 

The method can be easily to make porous scaffolds from a wide range of natural and 

synthetic polymers starting from their water suspension, including mixtures of them and 

allowing the easy incorporation of additives (like inorganic particles or bioactive molecules) 

just by tuning the initial water suspension composition.28 
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Experimental  

Silk fibroin water solution 

Silk fibroin was obtained from polyhybrid Bombyx mori white cocoons (Cooperativa 

Sociolario, Como, Italy). To remove sericin, cocoons were degummed in alkaline water 

baths at 98°C for 1.5 hours with 1.1 g/l and 0.4 g/l Na2CO3, respectively. Degummed silk 

was then washed several times in de-ionized (DI) water and dried at room temperature 

(RT) to obtain native silk fibroin fibers. Fibroin fibers were then dissolved in 9.3M LiBr (2 g 

of fibroin in 10 ml of LiBr solution) at 65°C for 2.5 hours 3. The solution was then dialyzed 

against DI water for 3 days at RT in a Slide-A-Lyzer dialysis cassette (3.5K MWCO, 

Pierce, Rockford, IL, USA) to remove the LiBr salt and then filtered to remove impurities. 

6% w/v silk fibroin water solution was finally recovered from dialysis and 5% and 2% w/v 

fibroin solutions were obtained by dilution with bi-distilled water. 

Foaming apparatus 

A stainless steel 0.5 liters (ICO, Whip it, Vancouver, Canada) siphon was used for 

foaming. Pressurization equal to 0.55 MPa or 1.1 MPa was achieved with standard 8 g 

N2O cartridges (iSi GmbH, Austria). Investigated samples have been prepared by using 

two different purging nozzles, a larger one 10 mm inner diameter and 50 mm long, and a 

thinner needle 2 mm inner diameter, 100 mm long (see Fig. 1). 

Foaming method 

The method consisted of 4 main steps (as described in Fig. 1): initially, the siphon was 

loaded with the fibroin solution (5% or 2% w/v) and the container was pressurized with 

N2O at 0.55 or 1.1 MPa (Fig. 1a and 1b); after 30 minutes to allow dissolution of N2O (Fig. 

1c), the container was set upside down and the solution was extruded through the 

nozzle/needle by opening the depressurizing valve (Fig. 1d). The expansion of the 
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dissolved gas caused the instantaneous foaming of the solution during its flow through the 

nozzle/needle.29 

Foams prepared with the larger nozzle were unstable in water while foams obtained using 

the thin needle resulted to be water stable. 

 

Fig. 1 Scheme of the foaming method: a) container loaded with fibroin aqueous solution; 
b) the container is pressurized with N2O at a predetermined pressure, c) the N2O is 
allowed to diffuse and solubilize into the solution, accumulating in the suspended protein   
d) the solution is expelled out of the container by opening a valve: the N2O expansion 
determines the solution extrusion through the nozzle and the fibroin foaming. 

 

Evaluation of the foaming potential 
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The expansion capability of the starting solutions was evaluated using transparent 

cylinders (polyethylene terephthalate tubes, 90 mm height, 19 mm inner diameter) 

equipped with a valve-embedded cap (Fizz giz, High Point, NC, USA).  

2 ml fibroin solution was loaded in the tube and pressurized at 0.55 and 1.1 MPa using a 

N2O tank (Air Liquide, Italy) for 30 min. Foam expansion was estimated by direct 

measurement of the foam level inside the transparent bottle after controlled gas release.  

The expansion ratio (η) was calculated as the ratio between the initial solution and the final 

foam volumes: η = +!"#$	
+&'()(#*	+"*,)("'

 

Samples preparation 

Fibroin aqueous solutions at 5% w/v and 2% w/v concentrations were foamed under 

different conditions to study their effect on the resulting foams and on the procedure itself. 

In particular, needle/nozzle geometry and size, and two initial N2O pressure values (0.55 

and 1.1 MPa) were considered.  

Foams prepared with the large nozzle, which resulted soluble if exposed to water, required 

a post processing treatment which consisted in their freeze-drying followed by immersion 

in methanol/water solution (80:20 ratio, 10 minutes) to induce β-sheet fibroin molecular 

assembly.  

On the contrary, foams obtained using the thin needle were water stable, wouldn’t require 

any further stabilizing procedures. Some foams underwent straight to rheological 

characterization after production. However, to avoid collapse during drying, samples for 

electron microscopy, microCT and IR spectroscopy underwent to freeze-drying prior 

measurements.  
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IR spectra collected on the foams were compared with those of non-foamed freeze-dried 

2% fibroin solution. 

The complete list of used samples and of tested conditions is reported in Errore. L'origine 

riferimento non è stata trovata..  

 

Sample 
description Extrusion N2O Pressure 

[MPa] 

Fibroin solution 
Concentration 

% w/v 
Stabilization 

Silk Fibroin 
solution 

 

No No 2%  

No 

 

 

No 

Silk Fibroin 
foam  

 

10mm ø  
nozzle 

0.55 2% 
0.55 5% 
1.1 2% 
1.1 5% 

10mm ø  
nozzle 

0.55 2% 80:20 

Methanol 
: 

Water 

 

 

 

0.55 5% 
1.1 2% 
1.1 5% 

2mm ø,  
long needle 

0.55 2%  

No 

 

 

 

0.55 5% 
1.1 2% 
1.1 5% 

Table 1: list of all the materials prepared using different process variables: extrusion 
method, foaming pressure, solution concentration and post-treatment after freeze dry.  
 

All the foams were produced at room temperature (22 ± 2 °C). 

Samples characterization 

SEM analysis has been performed on freze-dried fibroin foams after Pt/Pd sputtering with 

a Supra 40 scanning electron microscope (Carl Zeiss AG, Oberkochen, Germany) to 

evaluate morphology and estimate pores dimension. Micrographs were analyzed with 

ImageJ software (National Institutes of Health, Bethesda, MD, USA)30. 
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FTIR-ATR Perkin Elmer Spectrum One in the spectral region of 1600-600 cm-1 was used 

to assess protein secondary structure, before and after stabilization. Data fitting on the 

1700–1600 cm-1 spectral region was performed following the procedure suggested by Hu 

et al. and Callone et al.26,31 in order to estimate the contribution of random coil, α-helices, 

β-turns and β-sheets structures to the amide I peak. 

Compressive mechanical properties were performed on the larger nozzle prepared freeze-

dried foams while the foams prepared by using the thin needle underwent to rheological 

tests. Mechanical compressive tests were performed on  foams in dry and wet conditions 

after methanol stabilization by using a Universal Testing Machine model ElectroForce3200 

(Bose, MN, USA), equipped with a 225 N load cell. Tests were performed on 

parallelepiped shape cut samples with base area equal to 90 ± 10 mm2 and height equal 

to 3.0 ± 0.5 mm. For each foaming condition 5 samples were used. Compression tests 

were carried out under displacement control with a speed of 2 mm/sec at room 

temperature in case of dry samples (25% Relative Humidity) and 37°C in case of hydrated 

samples. Afterwards, elastic modulus was calculated from the slope of the initial portion of 

the stress-strain curve (between 0.5 and 2.5% deformation) to identify the initial stiffness of 

the material at small deformations in the linear elastic regime. Compressive stress value at 

50% deformation was also evaluated as a measure of material compression strength. 

Rheological characterization of the as prepared fibroin foams obtained by extrusion 

through the thin needle, was performed using a HR-2 Discovery Hybrid Rheometer (TA 

Instruments, DE, USA) equipped with 40 mm parallel plates with cross hatched surface. 

Fibroin foams were extruded on a 6 cm Petri dish, collected with a spatula and laid 

carefully on the lower plate of the rheometer. The upper plate was lowered to meet the 

foam surface; samples were pre-loaded to 0.5 N and sample thickness was recorded 

(typically 2 mm). Foams were tested in an oscillatory time sweep mode at 37°C with 5% 
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constant oscillatory deformation and a frequency of 1 Hz for a total of 180 sec. 

Foams structure was investigated using Skyscan 1176 in-vivo microCT (Bruker, Belgium, 

9 μm resolution, 40 kV, 600 uA, no filter and 0.3°rotation step size), after immersion in 

10% Lugol's iodide solution for 30 min, used as a contrast agent. 3D reconstructions, 

porosity calculation and 3D rendering were performed respectively with NRecon, CT-

analyser and CTVox softwares developed by Bruker.  Porosity was calculated as the ratio 

between empty and total sample volume and where compared to values obtained with by 

a slightly modified n-hexane displacement method32,33. The scaffolds were dried at 65°C 

overnight in vacuum, weighed, and then immersed in hexane for 30 min to allow full 

imbibition. The hexane-impregnated scaffolds were weighted (WHEX). Empty volume 

(occupied by hexane) and fibroin volume were calculated from the respective weight 

measurement and density value as:   VFN = WFN ρFN   and   VHEX = WHEX ρHEX  , with ρFN = 

1.348 g/cm3 and ρHEX =0.6558 g/cm3 (T=25°C). 

 

Mold preparation for simulated injection tests in cavity   

A mold in poly-dimethylsiloxane rubber was realized to simulate a body cavity and the 

possibility to realize in-situ foaming. The mold was realized pouring Sylgard 184®, a low 

viscosity poly-dimethylsiloxane (PDMS, Dow Corning) into a 50 ml Falcon tube containing 

a 25 mm diameter polypropylene sphere. PDMS cross-linking was obtained by overnight 

thermal curing at 150°C, then the sphere was removed leaving its spherical print in the 

transparent rubber cylinder. 
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Results and discussion 

 Foaming potential of different fibroin solutions was evaluated by estimating the volume 

increase of the previously pressurized fibroin solution after degassing in a transparent 

tube. The calculated expansion coefficient h allows evaluating the correlation between the 

volumetric increase due to depressurization and the main process variables (gas pressure 

and fibroin concentration). Data reported in Table 2 evidence a direct correlation between 

h and the pressure values, and an inverse correlation with the solution concentration, 

probably due to the increase of the viscosity that hinders the gas expansion.  

Concentration 2% 5% 

Pressure [MPa] 0.55 1.1 0.55 1.1 

h (exp. coeff.) 3.5±0.3 7.0±0.5 2.1±0.3 4.6±0.5 

Table 2 Expansion ratio h calculated by evaluation of the expansion volume of 2 ml 
solutions at 2% and 5% in pressurized tubes.  

 

Foams produced with large nozzle 

 

Fibroin foams obtained using the siphon with the large nozzle at initial N2O pressure of 

0.55 and 1.1 MPa were stable for about 15 minutes after the extrusion, then bubbles 

started coalesce and the foams tended to collapse. For this reason, foams were freeze-

dried, immersed in methanol-water solutions (80:20 volume ratio) for 5 minutes and then 

abundantly rinsed with DI water to prepare water stable foams. 
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Fig. 2 SEM image of the foams obtained with the large nozzle (10 mm inner diameter) 
from different fibroin solutions and N2O pressure: a) 5% at 0.55 MPa; b) 5% at 1.1 MPa; c) 
2% 0.55 MPa; d) 2% at 1.1 MPa; e) 5% and 1.1 MPa after methanol treatment: the 
breakage of the walls of the pores is evident; f) detail of the pore structure. 

 

Pore size and distribution was evaluated from SEM images (Fig 2a-d) and microCT (Fig. 

3). As a general rule, higher N2O pressures and lower fibroin solution concentration 
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resulted in foams with bigger and higher density pores. Foams obtained starting from 5% 

fibroin concentration and pressurized at 0.55 MPa are constituted by an arrangement of 

spherical holes, resulting from the N2O bubbles expansion, with diameters ranging from 

100 to 300 μm. Both SEM and microCT pictures evidenced the presence of pore throats 

that allow communication among adjacent cavities. Pore walls appeared to be intercalated 

by elongated lamellar structures, typically obtained when standard fibroin solutions 

withstand freeze-drying. At higher N2O pressure (1.1 MPa) the overall structure of the 

foam is maintained: pores are more closely packed and their size shifts to larger 

dimension (100 to 400 μm).  

Foams made from fibroin solution at 2% exhibit similar pore size distribution, from 100 to 

300 μm at 0.55 MPa that broadens up to 600 μm at 1.1 MPa, as consequence of the 

reduction of the solution viscosity. 

After exposure to methanol/water solution for fibroin stabilization, open porosity is widely 

improved due to β-sheet formation, causing overall material shrinkage and the rupture of 

the thin pores walls that limit the communication between the cavities (Fig 2e and 2f).  
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Fig. 3 MicroCT structure reconstruction of foams obtained at different fibroin solution 
concentration and N2O pressure: a) 2% w/v and 0.55 MPa; b) 2% w/v and 1.1 MPa; c) 5% 
w/v and 0.55 MPa; d) 5% w/v and 1.1 MPa. 

 

Samples were evaluated using n-hexane displacement method to assess their porosity. 

The measured values were all accumulating in the range from 92% to 94% (± 1%) for 

fiborin concentrations of 5% and 2% respectively, independently from the pressure 

applied. These values, together with the presence of large cavities, are in the range of 

those reported in literature for scaffolds made of fibroin and proposed for possible 

application for bone tissue engineering 2,8,34. Nevertheless, n-hexane displacement 

method is sensitive to all the sample porosity (even the smaller in size), which comes from 

the volume occupied by the water present in the fibroin solution, removed by to freeze-

drying process. Porosity values calculated on not foamed fibroin solutions (5% and 2%) 
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underwent to freeze-dry, resulted equal to be 78% and 85% (± 1%) respectively. This 

makes the n-hexane displacement method not enough sensitive to evidence the 

contribution to big pores content due to gas expansion and correlated to gas pressure and 

solution concentration. 

The microCT apparatus used for this characterization, having a resolution limit of 9 µm, is 

intrinsically blind to pores smaller than this value. This makes the porosity data obtained 

with this technique, even if not representative of the whole porosity, more sensitive to 

cavities wider than 9 µm and, thus, more suitable for a direct correlation between porosity 

value higher than 9µm (P
>9µm

) and process parameters. 

P
>9µm

 calculated from microCT volume reconstruction (Table 3) range from 46.6% to 

52.2%, tend to increase with the N2O pressure and to decrease with the concentration of 

the solution. This behavior is in agreement with the trend of the expansion ratio µ, in which 

lower concentrated and less viscous solutions displayed higher expansion potential.  

As discussed in the following, porosity for the small needle made foams are generally 

larger. 

 

 Total porosity 

Foaming 
parameters Large nozzle Small needle 

2% and 0.55 MPa 46.6% 49.5% 

2% and 1.1 MPa 52.2% 53.3% 

5% and 0.55 MPa 43.0% 67.7% 

5% and 1.1 MPa 45.6% 73.6% 

Table 3 Porosity values (P
>9µm

) calculated from microCT scans on the different foams 
produced from large nozzle and small needle after freeze dry 
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Structural changes in the fibroin foams after the different processes were evidenced by 

FTIR-ATR analysis and compared with a not processed freeze-dried fibroin solution (Fig. 

4). Here we report FTIR spectra obtained using 5% fibroin solution at 1.1 MPa, as 

representative for all the other foaming conditions, which didn’t show significant 

differences. 

The infrared spectral region within 1700–1500 cm-1, which refer to absorption of the 

peptide backbones of amide I (1700–1600 cm-1) and amide II (1600–1500 cm-1), are 

commonly used for the analysis of different secondary structures of silk fibroin35. Amide I 

band in not processed freeze-dried fibroin solution showed a strong peak at 1644 cm-1, 

which corresponds to a high contribution of random coil structures. The extrusion through 

a nozzle and the following treatment with methanol solution produced an evident shift of 

the amide I peak to 1622 cm-1 and the contemporary reduction of the 1539 cm-1 amide II 

peak, index of the increase of β-sheet structures.  

The behavior is confirmed also by data fitting (Fig. 5) where it is evident a slight increase in 

β-sheet content, passing from 24.1% for the untreated freeze-dried solution to 32.7% in 

the foams extruded through the nozzle, with the contemporary reduction in α-helices and 

β-turns content (12.3% to 10.9% and 27.2% to 21.4% respectively). The exposure to 

methanol strongly emphasizes the β-sheet transition (35.9%), which is the reason of foam 

stabilization. 
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Fig. 4 Infrared spectra of freeze-dried fibroin foams obtained by gas foaming of fibroin 
solutions at 5% concentration and 1.1 MPa pressure through large nozzle (10 mm ø) and 
through thin needle (2 mm ø). The spectra are representative for all the other foaming 
conditions used. The spectrum of freeze-dried unprocessed fibroin solution is reported for 
comparison. 

 

 

Fig. 5 Relative contributions of random coil, α-helix, β-turns and β-sheet structures 
obtained by peak fitting of amide I FTIR spectra on freeze-dried fibroin foams obtained by 
gas foaming of fibroin solutions at 5% concentration and 1.1MPa pressure through large 
nozzle (10 mm inner diameter) and through thin needle (2 mm inner diameter), compared 
with a freeze dried unprocessed fibroin solution. The spectra are representative for all the 
other foaming conditions used. 
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All the foams (0.55 and 1.1 MPa pressure, 2% and 5% solution concentration) after 

stabilization with methanol and freeze-drying were tested in compression to evaluate 

mechanical properties. In Fig. 6a and 7c representative curves are reported for dry and 

hydrated foams, respectively; while in Fig. 6b and 7d the values of the elastic modulus and 

compressive strength of the samples at 50% deformation are reported.  

In dry conditions, the elastic modulus of the foams ranges between 40 kPa to 90 kPa. In 

general, foams prepared from 2% fibroin concentration presented lower elastic modulus 

and mechanical strength when compared to the higher concentration counterparts. 

However, the foams prepared from 5% solution and 1.1 MPa recorded an elastic modulus 

not different from the 2% foams. These results indicates that both stiffness and strength of 

the foams increase with the concentration of the starting solutions, but also that the 

stiffness of the foams can be decreased in consequence of higher working pressures. On 

the other side, the sample prepared starting from higher concentrated solution (5%) and 

lower expansion pressure (0.55 MPa) showed the highest values for the elastic modulus 

and compressive strength at 50% deformation between all the groups.  

Wet samples, as expected, exhibit much lower modulus values due to the plasticizing 

effect of water. All the values are confined in the range between 3 kPa and 9 kPa, 

resulting in negligible differences among the samples.  
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Fig. 6 Typical compression curves (up) and summary of the compression tests (down: 
elastic modulus and stress at 50% deflection) performed on dry (left) and wet (right) fibroin 
foam samples after freeze dry and methanol treatment.  

 

Foams produced with small needle 

 

When foams extrusion was performed through a thin needle (2 mm Ø, 100mm long) a 

significant different behavior was observed. These conditions allowed obtaining foams 

showing increased and connatural water stability, with a continuous wire-like porous 

microstructure (Fig. 7a). These foams did not require any further physical/chemical post-

treatment, at the point that the direct extrusion in water bath didn’t evidence fibroin re-

suspension and loss of shape stability (Fig. 7a inset). This fact could be attributed to the 

shear forces produced during extrusion through the long needle that increase fibroin 
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crystallinity, as was already reported for fibroin in particular cases in literature 36,37,38. The 

fibroin molecules assembly was confirmed by the FTIR analysis, which shows a shift of the 

amide I peak to 1652 cm-1 and the enhancement of the 1539 cm-1 peak in the amide II 

region, which is attributed to the increase of helix-like and β-turns structures (Fig. 4).35,39,40 

Peak fitting on amide I region confirms the significant difference existing between the final 

foams obtained by extrusion through large nozzle or small needle, with helix-like and β-

turns structures increasing from 10.9% to 13.7% and from 21.4% to 31.9 % respectively 

(Fig. 5). 

As a result of this molecular arrangement foams produced following this procedure are 

capable to maintain a stable shape in water with no further treatment, even after several 

months of immersion in DI water. 

Pore size of foams obtained at 5% concentration at 1.1 MPa (Fig. 7) is substantially in 

agreement with data for the larger nozzle extruded foams, while porosity raises up to 70% 

(Table 3 and Fig. S1). A larger fibroin molecules assembly, already evidenced in the FTIR 

analysis, can be also revealed from electron microscopy with the comparison of a fibrillar 

structure intercalating the big cavities and presenting an evident alignment in the direction 

of extrusion. 

When the solution concentration is reduced to 2%, the pore size increased, in some cases 

up to 500 μm, as evincible in Fig. 7c. Also in this case a fibrillar structure is evident (Fig. 

7d), even if fibers alignment is less appreciable. The obtained foam resulted stable with 

time, without collapse and loss of structure or significant change in shape if exposed to 

water. Infrared spectrum is identical to that shown in (Fig. 5), which confirms the 

enrichments in α-helix structures.  
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Formulations obtained with 2% concentration and 1.1 MPa pressure were considered 

suitable for exploring the possibility of using gas extrusion foaming to in-situ fill cavities 

with a “one-step” procedure. The test was performed using a PDMS mold containing a 25 

mm diameter spherical cavity. By using the small diameter needle the foam was 

successfully injected, as reported in Fig. 7e into the PDMS cavity and was capable to 

completely fill the entire hollow cavity. 
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Fig. 7 a) SEM micrograph of water-stable fibroin foam extruded through small diameter 
needle (1.1 MPa and 5% protein concentration). Inset: evidence of wire-like structure; b) 
detail of the alignment of the fibrous structure derived from shear stresses generated by 
extrusion through the thin needle c) SEM micrograph of water-stable fibroin foam extruded 
through small diameter needle (1.1 MPa and 2% protein concentration). d) Evidence of the 
fibrillar structure after extrusion through the thin needle at low concentration (2%) e) Image 
sequence of 2% fibroin solution foam injection using a thin needle into a PDMS mold 
presenting a spherical cavity.  

 

Rheological tests performed on the thin needle 4 different foams (Fig. 8) showed 

compatible values of G’ and G’’ for the samples produced after pressurization at 0.55 MPa, 

standing at about 200 Pa, with samples obtained from 2% fibroin concentration almost 

negligibly higher in values than those from 5%. Differently foams produced after 

pressurization at 1.1 MPa evidenced a sensible increase of G’ value that passes from 850 

Pa for solutions at low concentration to 1500 Pa for those at higher concentration, with the 

G’’ loss modulus in both cases standing at about 200 Pa. These values are an indirect 

confirmation of the fact that shear stress plays an important role in fibroin structuring.  

 

 

Fig. 8 Storage and loss modulus plots collected from rheological tests on foams obtained 
from 2% and 5% fibroin solutions after pressurization at 0.55 and 1.1 MPa. 
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Conclusion  

We presented a one-step foaming technique that allows obtaining foams starting from silk 

fibroin suspended in aqueous solution by using the combination of pressured nitrous oxide 

gas extrusion through a nozzle or a small diameter needle. The technique exploits the high 

solubility of N2O both into water and the protein, allowing fibroin expansion and, 

consequently, foaming.  

Compared with other methods, the use of N2O permits to obtain fibroin foams at room 

temperature and at moderate pressure level (about 1 MPa); particularly N2O, if compared 

to other gases like CO2, doesn’t alter the pH of the solution, whose drop could protein 

gelation, precipitation or degradation. 

Foams obtained using the large nozzle showed limited shape stability in the time, so 

requiring freeze-drying and exposure to methanol/water solution for stabilization. These 

foams were characterized by high trochlear porosity with pores dimensions directly 

correlated to the gas pressure and inversely correlated with the initial protein 

concentration.  

Conversely, foams obtained using a small caliber needle (2 mm diameter) demonstrated 

an intrinsic chemical and structural stability towards water, directly after extrusion, thus not 

requiring further stabilization treatments. The shear stresses generated during the 

extrusion in the thin needle induced protein structuring in helix-like and β-turns forms 

simultaneously with the foaming expansion. 

This one-step foaming procedure was also successfully tested for possible direct in situ 

injection, evidencing the potentiality of the foams produced in this way to completely fill 

even large cavities.  
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Based on these observations the proposed method is suitable for a possible direct 

application in a deficient body site with a minimal invasive procedure, allowing to produce 

and to inject in situ a stable fibroin foam as a porous bioactive degradable filler to support 

tissue regeneration (i.e. in a critical bone defect). 
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