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A B S T R A C T   

Aerogels are highly porous nanostructured materials with a high specific surface area, a very low density and a 
low thermal conductivity. Bio-aerogels, prepared from biopolymers, have gained interest for biomedical appli-
cations. While most bio-aerogels are polysaccharide-based, protein-based aerogels using silk fibroin (SF) from 
Bombyx mori cocoons remain underexplored. Our study delved into the impact of coagulation methods on SF 
aerogel properties, specifically, comparing ethanol treatment (Method 1) and sodium dihydrogen phosphate 
(NaH2PO4) (Method 2). Aerogels obtained through Method 1 exhibited a volume shrinkage of approximately 
12–22 % and a density of about 0.06–0.07 g cm− 3, while those obtained via Method 2 demonstrated a more 
substantial volume shrinkage of approximately 60–70 % and a higher density of around 0.2 g cm− 3. These 
differences significantly influenced the internal structure of the aerogels, manifesting distinct morphological 
features of the materials. Mechanical tests revealed that SF aerogels derived from Method 2 displayed superior 
stress resistance at 80 % strain and higher elastic recovery when compared to samples of Method 1. In 
conclusion, the choice in coagulation methods broadens the mechanical property and density window for this 
type of aerogel which offers opportunities for a wide range of biomedical applications.   

1. Introduction 

Bio-aerogels are biopolymer-based materials with a high porosity, 
high specific surface area, very low density and low thermal conduc-
tivity.[1,2] They are typically prepared by removing the pore liquid 
from a polymer network through drying with supercritical CO2. Unlike 
ambient pressure drying, this method does not create capillary stresses 
in the pores, thereby theoretically preserving the porous, nano-
structured network morphology of the starting gel. As a result of their 
dry nature, bio-aerogels retain their shape during long-term storage, and 
bacterial contamination can be avoided. Their unique physical charac-
teristics make bio-aerogels appealing for a wide range of applications, 
including thermal insulation,[3] catalysis,[4] adsorption/absorption[5] 
and food-related applications.[6] In recent years, bio-aerogels have also 
been investigated for use as biomaterials,[7] for example as implantable 
biomedical devices,[8] tissue engineering scaffolds,[9] antibacterial 
materials[10] and drug delivery systems.[11]. 

Most bio-aerogels are based on polysaccharides because of their high 
availability and cost-effectiveness; for example, previously aerogels 
prepared from chitosan,[12] hyaluronic acid,[13] pectin[3] and cellu-
lose[14] have been reported. Comparatively, bio-aerogels made from 
proteins are much scarcer, despite several advantageous features of 
proteins. Especially silk fibroin, which has been utilized in biomedicine 
for centuries as a material for suture threads, has gained increasing 
attention in the field of biomaterials thanks to its attractive properties 
including elasticity, biocompatibility and slow degradation in vivo. 
[15–17]. 

The most commonly used source of silk is from the Bombyx mori 
silkworm, which is readily available and affordable. Bombyx mori silk is 
composed of two main proteins: sericin and fibroin (SF). Sericin is a 
water-soluble protein that wraps around two parallel strands of SF. SF 
consists of two chains, one weighing approximately 26 kDa and the 
other around 390 kDa, connected by disulphide bonds.[18] To obtain 
pure SF, sericin, which is toxic to cells, is usually removed.[19] SF is a 
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relatively hydrophobic protein primarily composed of glycine, alanine, 
serine, and tyrosine, making up about 99 % of its composition.[18] 
These peptidic strands can self-assemble to form strong and durable 
materials.[20] However, during the process of extracting SF, the pro-
tein’s secondary structure is altered, resulting in a loss of elasticity and 
strength, which are typical characteristics of natural silk fibers.[20–22] 
To restore the secondary structure partially, various methods have been 
described in the literature, such as exposing the SF to ethanol, increasing 
the temperature, or using sonication. These methods promote the for-
mation of β-sheets, which lead to a relatively brittle and weak material. 
[23,24] Our group has recently developed a different approach, inspired 
by the spider silk spinning process, using sodium dihydrogen phosphate 
(NaH2PO4) to coagulate SF.[25] This method induces self-assembly of 
the protein with fewer β-sheets compared to other coagulation tech-
niques, while increasing the fraction of α-helices, resulting in a structure 
that is less crystalline and more elastic. 

Only a limited amount of literature reported on SF aerogels. For 
example, Maleki et al. used a one-step or two-step sol–gel approach to 
prepare composite silica-SF aerogels for environmental applications and 
thermal insulation.[26,27] These composite aerogels exhibited lower 
thermal conductivity and higher compressibility and Young’s modulus 
compared to neat silica aerogels. They were also shown to be printable 
using a micro-extrusion-based 3D printing approach.[28] Goimil et al. 
fabricated composite PCL aerogel scaffolds containing SF aerogel par-
ticles for bone tissue engineering.[29] The aerogel improved cell infil-
tration and biological fluid transport and allowed for modulation of the 
release kinetics of an anti-inflammatory drug. Another example involves 
SF aerogel fibers with incorporated noble metal nanoparticles for bio-
logical sensing and energy storage.[30] Mallepally et al. prepared neat 
SF hydrogels by using gaseous CO2 as acidifying agent. Both CO2 
bubbling through a SF solution and the application of a high CO2 pres-
sure decreased the solution pH to the isoelectric point of SF (pH 4.0), 
resulting in gelation. The SF hydrogels were subsequently transformed 
into aerogels via supercritical CO2 drying. The resulting aerogel scaf-
folds showed good cytocompatibility in vitro and have potential as ma-
terials for tissue engineering.[31,32]. 

Despite the information available in the existing reports on SF aer-
ogels, as described above, little is known about the processing-structure- 
properties correlations. The purpose of the present work was to examine 
how the coagulation method of SF affects the structure and properties of 
the resulting aerogels. We compared SF aerogels obtained through two 
different coagulation methods, using either ethanol or NaH2PO4 treat-
ment. While the former method has been extensively studied in previous 
research on SF materials, the latter was introduced in our recent work on 
electrowritten SF fibres, thereby yielding elastic materials.[25] We 
investigated the impact of the SF coagulation method and SF concen-
tration on various characteristics of the resulting aerogels, such as vol-
ume shrinkage, density, specific surface area, morphology, and 
mechanical properties. 

2. Materials and methods 

2.1. Materials 

Bombix mori cocoons were obtained from Evrosilk UK. Sodium car-
bonate (Na2CO3), polyethylene glycol (PEG, 6 kDa), cellulose dialysis 
tubes (MWCO 3.5 kDa), sodium dihydrogen phosphate (NaH2PO4) and 
ethanol (~99 %) were purchased from Sigma Aldrich. Lithium bromide 
(LiBr) was obtained from Acros Organics. Water was distilled. 

2.2. Methods 

2.2.1. SF extraction and dissolution 
The SF was extracted from 20 g of Bombix mori cocoons as described 

by Kaplan et al.[19] Briefly, the cocoons were boiled in 8 L of water for 5 
min. While the sericin protein dissolved in the water, the SF was 

precipitated as a fibrous solid. After rinsing SF with an excess of water 
and drying overnight at room temperature, SF (5.0 g) was dissolved in 
20 mL of 9.3 M LiBr solution for 4 h. The SF solution was then dialyzed 
against distilled water for 4 days using cellulose dialysis tubes and 
concentrated using inverse dialysis against a PEG solution (30 % w/v) at 
4 ◦C overnight using cellulose dialysis tubes. Solutions with SF con-
centrations of 10, and 15 % w/v in water were prepared. To check the SF 
concentration in solution, a known volume of aqueous SF solution, 
typically 50 mL, was weighed, dried at 60 ◦C for 1 h and dry weight 
measured.[19]. 

2.2.2. Aerogel preparation 
Two methods were used to self-assemble/coagulate the protein in a 

network and make aerogels (Fig. 1): 1) The first was based on the 
addition of ethanol to a SF solution (Method 1). Ethanol leads to SF 
coagulation and formation of compact β-sheet structures.[33] 2) The 
second method (Method 2) involved the addition of an aqueous solution 
of 1 M sodium dihydrogen phosphate (NaH2PO4), which leads to 
structural rearrangement of protein from random coil to β-sheets and 
α-helices.[25]. 

In both cases, the process started with placing 1 mL of 10 % w/v or 
15 % w/v SF aqueous solution in a cylindrical mold (1 cm in diameter) 
and gently adding 2 mL of either ethanol or NaH2PO4 solution on the SF 
solution surface, leading to coagulation of the protein solution resulting 
in formation of a 3D network (Fig. 1). To perform drying with super-
critical CO2 to make aerogels, the liquid in network pores should be 
miscible with CO2. Samples treated with ethanol (Method 1) were sub-
sequently washed in ethanol to remove excess of water (3 times per day 
for 4 days) resulting in “alcogel 1” and then dried with supercritical CO2 
resulting in “aerogel 1”. Samples treated with NaH2PO4 (Method 2) were 
first washed with distilled water to remove the excess salt (by subse-
quent placing in 10 mL of water, three times) resulting in “hydrogel 2”, 
then washed with ethanol (10 mL 3 times per day for 4 days) to remove 
the water resulting in “alcogel 2” and finally dried with supercritical CO2 
resulting in “aerogel 2”. 

Drying with supercritical CO2 was performed as described elsewhere. 
[3,12,34] Briefly, the samples were placed in an autoclave under 50 bar 
and 37 ◦C, and ethanol was mixed with gaseous CO2 (static mode). The 
pressure was then increased to 80 bar (above the critical value), to 
perform a dynamic washing step with an output of 5 kg h− 1 of CO2 for 1 
h. These conditions were kept in the static mode of 1–2 h followed by a 
dynamic step for 2 h again. The system was then depressurized at 4 bar 
h− 1, cooled to room temperature and the samples were extracted. 

Aerogels obtained with Method 1 are named SFX_EtOH and with 
Method 2 SFX_Na, where X corresponds to the SF concentration in the 
initial solution (10 or 15 % w/v). 

2.2.3. Aerogels characterization 
The volume of samples at each preparation step was measured using 

a caliper, and shrinkage in volume was calculated as follows: 

Volume shrinkage (%) =
Vn − Vn+1

Vn
× 100 % (1)  

where Vn and Vn+1 represent the volume before and after every step, 
respectively. 

The bulk density ρbulk was calculated from the ratio of sample 
weight, measured with high-precision balance, and sample volume, 
measured with an Envelope Density Analyzer Geopyc 1360 (Micro-
meritics) with a calibrated chamber using DryFlo fine powder. Porosity 
and specific pore volume were calculated from bulk and skeletal density 
(ρskeletal = 3.6 g.cm− 3)[28]: 

Porosity (%) =
ρskeletal − ρbulk

ρskeletal
× 100% (2)  
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Pore volume =
1

ρbulk
−

1
ρskeletal

(3)  

Specific surface area of aerogels was determined using an ASAP2020 
Surface Area and Porosity Analyzer (Micromeritics) and the Brunauer, 
Emmett and Teller (BET) approach. Samples were degassed at 70 ◦C for 
10 h. 

The internal morphology of aerogels was studied with a Scanning 
Electron Microscope MAIA (Tescan) equipped with a field emission gun 
at an accelerating voltage of 3 keV. Samples were coated with a layer of 
platinum (14 nm) using a Q150T Quarum rotating metallizer. 

The mechanical properties of SF aerogels were probed via uniaxial 
unconfined compression using an electromechanical testing machine 
Instron 5960 with a 30 kN load cell. Aerogels were made from 15 wt% 
SF solutions using Method 1 and Method 2. The samples were in the 
shape of cylinders of dimensions height/diameter around 17 mm/10 
mm for aerogels made via Method 1 and 2 mm/10 mm for aerogels made 
via Method 2; the ratio height to diameter below 2 was used to avoid 
sample buckling and shear upon compression. The upper and lower 
surfaces of the cylinders were polished with P320 sandpaper to obtain 
parallel and planar surfaces. The sensor was calibrated in “class 0.5”, 
which corresponds to less than 1 % error for the load 10 N-100 N and 
0.5 % error for the load above 100 N. A preload of 1 N was applied to 

ensure the contact between machine plates and the sample. As samples 
were of different height, two different crosshead velocities, 1 mm min− 1 

for samples from Method 2 (SF_Na) and 5 mm/min for samples from 
Method 1 (SF_EtOH), were applied to ensure similar strain rates, (0.5 
min− 1 and 0.3 min− 1, respectively). 

It is known that displacement measured by the testing machine is 
influenced by the stiffness of the machine itself, which leads to erro-
neous measurement of displacements. To correct for this, a Digital Image 
Correlation (DIC) approach was used. A speckle pattern using white and 
black paint was applied on the plates of the machine; this pattern allows 
direct tracking of the displacement which was recorded by two 5 MPX 
CCD Pike cameras (from AVT®) placed in stereo-correlation. 

First, three cycles of loading/unloading at small strains, 5 %, 10 % 
and 15 %, were performed to test material elastic response (Fig. S1b). 
The compression was then continued up to 80 % of strain. As no sample 
broke, the relaxation after 80 % strain was recorded by maintaining the 
material in deformed state and measuring the evolution of stress over 
time. This test was used to determine the viscous term (or energy 
dissipation) of the material. 

The compression experiments were analyzed using nominal stress σn 
vs nominal strain εn dependences (see Supporting Information, Fig. S1a): 

Fig. 1. Schematic presentation of two methods of SF aerogels preparation: Method 1 - via direct coagulation in ethanol and Method 2 - via coagulation in NaH2PO4.  
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σn =
F
A0

; εn =
L − L0

L0
(4)  

where F is force, A0 is the cross-section area of the sample, and L0 and L 
are the initial height of the sample and the height at a given applied 
force, respectively. Nominal values were used to compare with data 
known for mechanical properties of other bio-aerogels as true stress and 
true strain values have not been reported for bio-aerogels. The experi-
ments were performed at room temperature and ambient pressure. At 
least 5 tests per formulation were performed. 

2.3. Statistical analysis 

All data are shown as mean ± SD, unless indicated otherwise. Sta-
tistical significance was tested by unpaired t-test with Welch’s correc-
tion. All statistical analysis was performed with Prism 9 software 
(GraphPad). 

3. Results and discussion 

3.1. Visualization of SF aerogels, their properties and morphology 

In the first step towards aerogel preparation, a non-solvent (ethanol 
or aqueous NaH2PO4) was added to SF solutions, inducing formation of a 
SF 3D network and change from transparent solutions to milky white 
samples (Fig. 2). This type of transformation is also commonly observed 
when polysaccharides undergo coagulation from a solution and form a 
network through non-solvent induced phase separation.[3,34,35]. 

The method used to make the 3D SF network has a significant impact 
on sample volume and the resulting network structure. When ethanol 
was used as non-solvent (Method 1), it rapidly diffused into the SF so-
lution, resulting in alcogel 1 (Fig. 2a). Interestingly, the volume of this 
alcogel increased compared to the initial solution volume (Fig. 3a) 
resulting in a phenomenon called “negative shrinkage” or swelling. The 
swelling was 22 ± 17 % and 31 ± 10 % for 15 and 10 % SF concen-
tration, respectively (Fig. 3c). This expansion occurred because the SF 
diffused into the liquid phase of ethanol, nearly filling the entire volume 
of the mold (Figure S2). 

Subsequent drying with supercritical CO2 caused some shrinkage of 
both alcogels (Fig. 3a, c for Method 1 and Fig. 3b, d for Method 2), as 
expected because of the lack of affinity of SF with non-polar CO2, as also 
observed for numerous polysaccharide-based aerogels.[3,9,12,34,36] 
The total shrinkage of SF samples made using Method 1 was low, around 
12 – 22 % (Fig. 3c). 

When NaH2PO4 was used to form a SF network (Method 2), water 
was expelled from SF samples, resulting in significant volume shrinkage 
of approximately 60 – 70 % during the first step (see photos in Fig. 2, 
sample volume evolution for each step in Fig. 3b and volume shrinkage 
in Fig. 3d). Total shrinkage was around 70 – 80 % (Fig. 3b, d). We 
observed an uneven distribution of the material density in the sample, 
with the bottom part being denser than the top part where SF solution 
was in contact with NaH2PO4. 

The average density of aerogels obtained with Method 1 was low, 
around 0.061 ± 0.003 g cm− 3 for a SF concentration of 10 % in solution 
and 0.077 ± 0.004 g cm− 3 for a SF concentration of 15 % (Fig. 3e). This 
is consistent with the density values typically seen for bio-aerogels made 
from polymer solutions of only a few percent. [3,9,12,34,36] In contrast, 
when Method 2 was used, the density was 0.248 ± 0.043 g cm− 3 for a 
silk fibroin concentration of 10 % and 0.213 ± 0.021 g cm− 3 for a SF 
concentration of 15 %, in correlation with the higher shrinkage observed 
for Method 2. It is noteworthy that there is an approximate 4 times 
difference in density between the aerogels obtained via the two 
methods. This disparity can be attributed to the different mechanisms of 
formation of SF networks. The difference between these two coagulation 
methods has been reported recently and can be explained by a higher 
amount of β-sheets in the SF coagulated with ethanol [23] compared to 
that coagulated with NaH2PO4. In the latter case, the number of α-he-
lices is slightly higher. This difference is reflected in the mechanical 
properties of the final hydrogels.[25]. 

The surface area of SF aerogels made with both methods is around 
230 – 330 m2/g and within the experimental error does not depend on 
the method used nor on SF concentration (Fig. 3f). Similar values have 
been reported for aerogels made from chitosan, cellulose and starch. 
[10,35,37] Although coagulation of SF in NaH2PO4 induced rather high 
shrinkage, a certain mesoporosity was preserved. 

3.2. Morphology of SF aerogels 

The morphology of SF aerogels was investigated by analyzing SEM 
images, and representative examples of aerogels obtained with Method 
1 and 2 are shown in Fig. 4. When comparing samples coagulated with 
the same method but from SF solutions of different concentrations, no 
significant difference was observed. However, a notable distinction was 
observed between the two coagulation methods. Both aerogels have a 
stable 3D skeleton structure, however SF_EtOH appeared with a typical 
highly porous net-like structure, while SF_Na appeared with a fibrous 
and intricate structure. One possible explanation for this can be linked to 
how the different coagulating agents interact with SF. In Method 1, 
ethanol mixes with the SF solution, diffuses between the polymer chains 
and coagulates the entire volume, thereby creating a porous net-like 
structure. In Method 2, on the other hand, phase separation immedi-
ately occurs upon contact with the NaH2PO4. Here, SF rapidly pre-
cipitates and sinks to the bottom in the form of fibrils, leading to the 
fibrous-beads structure. A similar morphology was reported for cellu-
lose aerogels when cellulose was coagulated from solutions in ionic 
liquids.[37] However, in both aerogel types we observe inhomogeneity 
in the pore size distribution, which may be a consequence of the rudi-
mental preparation method of the aerogel precursors (alcogel 1 and 
alcogel 2). 

3.3. Mechanical properties of the aerogels 

The mechanical properties of SF aerogels were evaluated under 
uniaxial compression (see Methods section). Fig. 5a and 5b show 

Fig. 2. Photos of SF alcogels and aerogels made from 15 %w/v SF solution using (a) Method 1 and (b) Method 2. The scale bar is 0.5 cm for all images.  
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representative curves of the full stress–strain dependence and cycles at 
low strains for aerogels made with both methods, respectively (SF 
concentration in the initial solution was 15 %). None of the samples 
broke at any applied strain. The main characteristics, such as Young’s 
modulus, elastic recovery and stress at 80 % strain, are presented in 
Fig. 5d. 

The Young’s moduli of the aerogels were determined within the 
elastic region, below 0.05 mm mm− 1 strain, where an almost twofold 

increase is observed between SF15_EtOH and SF15_Na (Fig. 5d). Both 
values fall in the typical range of Young’s moduli of bio-aerogels at the 
corresponding densities.[35] Lower values, of around 0.2 MPa and 0.09 
MPa, were reported for a neat SF aerogel which can be explained by its 
lower density, of about 0.02 g cm− 3.[27,28] According to literature, it is 
known that Young’s modulus tends to increase with density, and this is 
in agreement with what we have observed.[4,5,38]. 

The difference in aerogels’ response to compression becomes more 

Fig. 3. Characteristics of all SF samples, (a, c) for Method 1 and (b, d) for Method 2:(a, b) Volume at every stage of the process, from solution to aerogel (** = p <
0.01); (c, d) shrinkage (* = p < 0.05; ** = p < 0.01); (e) density (* = p < 0.05, ** = p < 0.01, n = 3); (f) specific surface area (** = p < 0.01, n = 3); (g) porosity. 
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noticeable at strains above 0.05 mm mm− 1: for the same strain, an 
aerogel with higher density exhibits much higher stress. The stress 
recorded at 80 % strain is approximately eight times higher for the 
SF15_Na aerogel than for the SF15_EtOH aerogel (Fig. 5d). The maximal 
stresses obtained for both types of aerogels were 10 to 90 times higher 
than those of a SF aerogel reported in literature.[27,28]. 

The difference in the mechanical behavior of SF15_Na and SF15_EtOH 
aerogels was also observed in their response to cycles at low strains, which 
were performed to evaluate the elastic properties of the materials. The 
cycle allows deducing material elastic recovery, which was determined as 
the difference in strain at the upper and the lower point of the cycle. 
SF15_Na aerogels exhibited a larger stress hardening and higher elastic 

recovery, around 5 %, vs 1 % for SF15_EtOH aerogels. The shape of the 
cycle also provides information about the properties of the material: if the 
loading/unloading curves are superposed, the elastic term (in a visco-
elastic solid) dominates the viscous term, as in the case of the SF15_EtOH 
aerogel. 

Fig. 5c shows the response of SF aerogels after stopping compression 
and keeping the samples at 80 % strain. To compare the samples, the 
stress evolution over time after unloading was normalized to the cor-
responding values at 80 % strain. After 300 s the SF15_Na aerogel did 
not completely relax, reaching an asymptotic value of stress, while the 
residual stress in the SF15_EtOH aerogel reached almost zero. This 
behavior implies that SF15_Na aerogels maintain a level of stress and 

Fig. 4. SEM images of SF (10 and 15 %w/v) aerogels prepared after coagulation in ethanol or NaH2PO4 solution. Scale bar low magnification (top) 2 μm; scale bar 
high magnification (bottom) 500 nm. 

Fig. 5. (a) Nominal stress–strain full curves and (b) at low strains for SF15_Na and SF15_EtOH aerogels; (c) Relaxation curves after stopping compression for SF15_Na 
and SF15_EtOH aerogels; (d) Main characteristics of SF aerogels: Young’s modulus, stress at 80% strain, elastic recovery and relaxation after 250 s. 
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structural integrity even after the removal of the compressive load, 
which can be advantageous in applications where long-term stability 
under sustained stress is critical. 

4. Conclusions 

In this study, we investigated the preparation of SF aerogels using 
two different coagulation methods: the traditional method using ethanol 
and an innovative, yet very simple method, using NaH2PO4. Our aim 
was to examine the impact of these coagulation methods on the 
morphological characteristics and mechanical properties of the aerogels. 
The results revealed significant differences between the aerogels pro-
duced with NaH2PO4 and those produced with ethanol. The volume 
shrinkage in the aerogel preparation step was higher for the samples 
coagulated with NaH2PO4, which can be attributed to the expulsion of 
water during coagulation, a phenomenon not observed in the ethanol 
coagulated samples. Aerogels coagulated with NaH2PO4 solution 
exhibited higher density and higher stiffness compared to those coagu-
lated with ethanol, while maintaining the same surface area. 

Furthermore, we observed significant differences in the internal 
structure of the two types of aerogels through SEM analysis. Aerogel 1 
displayed a porous net-like structure, while aerogel 2 exhibited a 
fibrillar-beads structure. We can assert that the new method of silk 
fibroin coagulation using NaH2PO4 produces aerogels that exhibit 
higher density compared to those obtained through the traditional 
ethanol coagulation method. This leads to enhanced resistance to 
rupture when subjected to high compression loads. 

These findings provide crucial insights regarding the effects of the 
coagulation method on the final material properties for the development 
of SF aerogels. Depending on the requirements of the application, a 
rational decision for the preparation method can now be selected, with 
the new NaH2PO4 treatment broadening the mechanical property and 
density window for this type of aerogel. 

Silk fibroin (SF) aerogels, especially those coagulated with sodium 
dihydrogen phosphate (NaH2PO4), are promising for biomedical appli-
cations and drug delivery. Their high porosity and specific surface area 
could enhance biological fluid transport,[32] crucial for successful cell- 
material integration. Additionally, the porous nature could allow for 
drug incorporation, facilitate the diffusion and release of encapsulated 
drugs, an advantage in drug delivery systems requiring sustained ther-
apeutic agent release.[39]. 
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