
 

 

A Bio-inspired Multifunctionalized Silk Fibroin 

Sofia Santi, Ines Mancini, Sandra Dire,̀ Emanuela Callone, Giorgio Speranza, Nicola Pugno, 

Claudio Migliaresi, and Antonella Motta* 

ABSTRACT: A bio-inspired multifunctionalized silk fibroin (BMS) was synthesized in order to mimic the interaction of 

nidogen with the type IV collagen and laminin of basement membranes. The designed BMS consists of a motif of laminin 

αchain-derived, called IK peptide, and type IV collagen covalently bound to the silk fibroin (SF) by using EDC/NHS coupling 

and a Cu-free click chemistry reaction, respectively. Silk fibroin was chosen as the main component of the BMS because it is 

versatile and biocompatible, induces an in vivo favorable bioresponse, and moreover can be functionalized with different 

methods. The chemical structure of BMS was analyzed by using X-ray photoelectron spectroscopy, attenuated total 

reflection−Fourier transform infrared, cross-polarization magic angle spinning nuclear magnetic resonance techniques, and 

colorimetric assay. The SF and BMS solutions were cross-linked by sonication to form hydrogels or casted to make films in 

order to evaluate and compare the early adhesion and viability of MRC5 cells. BMS hydrogels were also characterized by 

rheological and thermal analyses. KEYWORDS: silk fibroin, laminin peptide, chemical modification, tissue regeneration, 

biomimetic 

■ INTRODUCTION molecules. It has several actions: providing biochemical and 

The use of silk fibroin for the fabrication of biomedical mechanical signaling to cells and facilitating intercellular and prostheses 

and tissue engineering scaffolds has been widely intracellular interactions, modulating cell behavior,6,7 and investigated in the 

past years. The molecular structure of the regulating tissue development, function, and repair. 

silk fibroin (SF), i.e., the protein composing the core part of The BM marks the paths for cell migration and works as a the 

silkworm filament, consists of a light chain (Mw ≈ 26 kDa) charge-selective filtration barrier due to its net negative charge, and 

a heavy chain (Mw ≈ 350 kDa) linked together by a regulating the passage of negative molecules from the blood disulfide bond. 

Hydrophilic groups are mainly present in the stream to tissues.8,9 It is also a structural support for tissue and light chain, whereas 

the heavy chain has a primary structure body cavity wall development and performs an important role formed by repetitive 

sequences of GAGAGS, GAGAGY, and during the neural tissue remodeling, promoting synaptogenesis GAGAGVGY, mainly 

hydrophobic, that interact with each and myelination of nerves.10,11 is in terms of composition, morphology, and properties to 

the extracellular matrix, the faster and more effective the regeneration process will be. 

The basement membrane (BM) is a sheet-like thin extracellular matrix that is essential for animal development. The BM 

mainly consists of laminin and type IV collagen, 
Col(IV), interrelated with nidogen, perlecan, and other 

other.1 The amino acid sequence of fibroin and the presence 

along the chain of RGD-like sequences are considered the 

main reasons for the favorable interactions that fibroin 

materials possess with cells and biological environments.2−5 

Moreover, fibroin can be chemically conjugated with active 

peptides in order to achieve specific biological performances 

for selected applications. 
Tissue engineering fixes the objective to produce cell 

supportive matrices in order to induce the regeneration of 

damaged tissues and organs. In general, the closer the 

scaffold 

The mimesis of the composition, structure, and 

functionality of the BM is still a challenge. 
Previous studies reported the conjugation of laminin in 

different hydrogels based on collagen type I, hyaluronic acid, 

alginate, or polyacrylamide gels, failing in inducing the 

cooperation with Col(IV).12−14 In other cases,15,16 blends of 

laminin and Col(IV) have been made. Worth nothing is the 

fact that changes in the hydrogel’s composition could 

negatively affect the cell behavior. For example, the loss of 
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Figure 1. Structure design of Azide SF-IK, Col(IV)/DBCO, and the bio-inspired multifunctionalized silk fibroin (BMS). The BMS is formed 

after the click reaction between the precursors. 

 
Col(IV) that is associated to the breakdown of the BM can start tumor invasion and metastases.17 

In this work, silk fibroin was functionalized with IKVAV peptide (IK), belonging to the α-chain of laminin that is involved 

in cell adhesion, migration, and differentiation, and covalently bound to Col(IV) in order to mimic the composition of the BM.7 

The laminin peptide and the Col(IV) were attached on the same silk fibroin molecule to allow the interaction of the main 

components of the BM; otherwise, autoassembly phenomena could be preferentially promoted.9 

The synthesis was conducted by using 1-ethyl-3-(3dimethylaminopropyl) carbodiimide in combination with 

Nhydroxysuccinimide (EDC/NHS method) and a strainpromoted azide−alkyne cycloaddition reaction (SPAAC), also termed 

as the Cu-free click reaction, that occurs spontaneously in water. In particular, the EDC/NHS reaction was used to bind IK to 

the glutamic and aspartic acid residues, which represent the 3.3% mol of SF.18 The Col(IV) instead was bound to the silk fibroin 

chain by the Cu-free click reaction, producing a triazole ring by cycloaddition. For this conjugation, the tyrosine groups (which 

represent the 5.2− 5.5% mol of SF)19 were functionalized with a diazonium coupling reaction that produced the Azide SF 

precursor. On the other hand, the Col(IV) was modified by adding an alkynederived unit, namely, dibenzocyclooctyne-sulfo-

N-hydroxysuccinimidyl ester (DBCO-NHS), producing the Col(IV)/DBCO precursor. 
The synthetic sequence to produce BMS can be summarized in three steps: (i) production of the Azide SF and Col(IV)/ 

DBCO precursors, (ii) coupling reaction of the Azide SF with IK by the EDC/NHS method to form the precursor “Azide SFIK”, 

and finally, (iii) conjugation of Azide SF-IK with Col(IV)/ DBCO by using the SPAAC reaction to form the target BMS (Figure 

1). All the reactions occur in aqueous solution. 
The conversion of the reactions was verified by using qualitative and quantitative analyses. The BMS solution was gelled by 

sonication, and the hydrogel properties were characterized by thermal analysis and rheological measurements in comparison 

with a silk fibroin hydrogel. The SF and BMS solutions were also casted to make films that underwent biological analyses to 

determine the effect of the functionalization on the early adhesion and viability of human embryonic lung fibroblast cell line 

(MRC5). 

■ MATERIALS AND METHODS 

The following chemicals have been used: N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-hydroxy-

sulfosuccinimide sodium salt (NHS), 4-azidoaniline hydrochloride, ptoluenesulfonic acid monohydrate, collagen from human placenta 

(collagen IV), dibenzocyclooctyne-sulfo-N-hydroxysuccinimidyl ester (DBCO-NHS), sodium nitrite, acetonitrile, 2,4,6-trinitrobenzene 

sulfonic acid (TNBS) (Sigma Aldrich), laminin A chain (CliniSciences), MRC5 (human embryonic lung fibroblast cell line, ATCCCCL-

171), MEM (Minimum essential medium), fetal bovine serum (FBS), sodium pyruvate, L-glutamine (2 mM), antibiotic/antimycotic, non-

essential amino acids, rhodamine-phalloidin, and 4′,6-diamidino2-phenylindole (DAPI) (Thermo Fisher Scientific). 
The multifunctionalization of silk fibroin was performed through the following consecutive steps: 
(i) preparation of an SF solution in water; 
(ii) functionalization of the SF with azide groups by a diazoniumcoupling reaction (Azide SF); 
(iii) coupling of the Azide SF with the IK peptide (Azide SF-IK);(iv) production of the Col(IV)/DBCO precursor; and (v) synthesis of the 

bio-inspired multifunctionalized silk fibroin (BMS). 
The single steps are described in the following. 

(i) Silk fibroin solution preparation. Bombyx mori cocoons (purchased from Chul Thai SilkCo., Phetchabun, Thailand)20 were degummed 

by treating twice with Na2CO3 aqueous solution (1.1 g/L) at 98 °C (1.5 h for each treatment) and rinsed with distilled water. The 
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degummed silk fibroin was dissolved in 9.3 M LiBr solution (1 g/10 mL) at 65 °C for 4 h. The solution was dialyzed in a Slide-A-

Lyzer Cassette (ThermoScientific), MWCO 3500 Da, against distilled water for 3 days. 
(ii) Diazonium coupling reaction. The functionalization of silkfibroin with azide groups (Azide SF) was performed as follows. Solutions 

of 4-azidoaniline hydrochloride (0.35 μmol) in 0.5 mL of a 1:1 acetonitrile/water solution, of p-toluenesulfonic acid monohydrate (1.2 

μmol) in 0.25 mL of water, and of sodium nitrite (0.7 μmol) in 0.25 mL of water were initially prepared in an ice bath. At this stage, 

nitrosation of primary aromatic amines occurs with nitrous acid, which is generated in situ from sodium nitrite and the strong acid. 

The diazonium salt solution was added to 2 mL of 3% SF borate solution buffered pH 9.2 (100 mM sodium tetraborate and 150 mM 

NaCl dissolved in deionized water).19 The reaction was carried out under stirring for 30 min at room temperature, and the resulting 

yellowish solution was finally dialyzed against phosphate buffered saline at pH 6 for 1 day by using a SPECTRA/POR dialysis tubing 

(cutoff, 12/14 kDa). The final concentration of Azide SF resulted to be 3% w/v, as estimated using a Thermo Scientific Nanodrop 

1000 spectrophotometer (ND-1000). 
(iii) Azide SF with IK peptide functionalization (Azide SF-IK). Theabove indicated solution (2 mL) was mixed with 12 mg of EDC and 

7.2 mg of NHS for 20 min at room temperature 
(RT) under gentle stirring. After 20 min, the activated protein was purified by gel filtration using a desalting resin (Zeba Desalting 

Chromatography Cartridges).21 After purification, the activated protein solution was added drop by drop to a phosphate solution 

buffered at pH 7.4 containing 50 μL of IK peptide (2 mg/mL) and left to react for 2 h under stirring at RT. The excess reactants were 

removed by desalting with a MWCO 7 kDa column. 
(iv) Col(IV)/DBCO precursor production. The Col(IV)/DBCOprecursor was prepared by reacting 2 μL of DBCO-NHS ester/ PBS solution 

(50 mg/mL, pH 7.4) with 0.2 mL of Col(IV) (2.0 mg/mL, pH 7.4) for 2 h at 4 °C. The resulting solution was purified overnight by 

dialysis at 4 °C versus deionized water (ddw) by using a Slide-A-Lyzer Cassette (ThermoScientific) dialysis cassette (MWCO, 3.5 

kDa). 
(v) Synthesis of the biomimetic multifunctionalized silk fibroin (BMS). The BMS was obtained combining 1 mL of 3% Azide SF-IK 

solution with 50 μg of Col(IV)/DBCO precursor. Thus, the weight ratio between Azide SF-IK and Col(IV)/DBCO precursors was 

600:1. The reaction occurred in 30 min at RT through a SPAAC reaction to obtain a final solution of 2% of BMS in water. For further 

steps, the solution has been concentrated by dialysis against polyethylene glycol to 3% w/v. The efficiency of the Col(IV) reaction 

has been evaluated by spectroscopic analysis. 

Hydrogel Preparation. BMS and SF water solutions, both at 3% w/v concentrations, were sonicated by using a Hielscher Ultrasound 

UP400S for 1′30″ at 50% of amplitude. Gelation occurred approximately after 1 h at 37 °C. 
Film Preparation. BMS and SF water solutions, both at 3% w/v concentrations, were casted in a 24-well dish. After drying, the films were 

stabilized by methanol (80%) for 10 min and washed with water three times. 
Determination of Free-Amino Groups. Free-amino groups have been evaluated by using a 2,4,6-trinitrobenzene sulfonic acid (TNBS) 

method. Dynamic light scattering (DLS) measurements were also performed to verify the formation of aggregates, mainly in SF solutions, 

that prevent from exposing the free-amino groups. The content of free-amino groups (FAC) in Col(IV) and Col(IV)/DBCO was determined 

by using the TNBS method22,23 as follows: 150 μL of 0.02% (w/v) TNBS solution, prepared in a buffer of 0.1 M sodium bicarbonate (NaHCO3, 

pH 8.5), was mixed with 300 μL of each sample (0.2 mg/mL) also buffered at pH 8.5 by dialysis and heated at 40 °C for 2 h. The protein 

concentration was confirmed by thermogravimetric analysis (TGA). After 2 h, 150 μL of 10% of SDS and 75 μL of 1 N HCl was added to 

block the reaction. Instead, the SF and its derivative FAC contents were determined with slight changes from the above procedure to avoid 

gelation of fibroin. Each sample (100 μL) was poured in a 96-well plate, and absorbance was measured at 418 nm by using a microplate 

reader (Tecan Infinite M200). The FAC of each sample was estimated from a calibration curve of β-alanine (MW: 89.09 Da) solution in 0.1 

M sodium bicarbonate in the range 0.5 × 10−3 to 1.7 × 10−5 M. 
Evolution in Time of SF Aggregates in Solution. DLS analysis was used in order to evaluate possible aggregation phenomena in the SF 

solution, which could affect the absorption data acquired during TNBS detection,24 by using a Zetasizer, Malvern Nano series. The setting 

parameters were fixed as follows: 15 runs of 10 s each sample, equilibration time of 120 s at RT, silk fibroin RI = 1543, Ab = 0.01, and 

dispersed in water. 
Chemical Composition Characterization by X-ray Photoelectron Spectroscopy (XPS). A drop of SF and another one of BMS solutions were 

left to dry separately on a glass support and analyzed by using an Axis DLD Ultra analyzer from Kratos (UKManchester). The core lines of 

interest were acquired at a higher energy resolution using a pass energy of 20 eV with charge compensation, being the samples nonconductive. 

Data reduction was performed using a made in-house software25 based on the R platform software. 
Secondary Structure Characterization by ATR-FTIR (Attenuated Total Reflection−Fourier Transform Infrared) Spectroscopy. All SF-based 

compound solutions and their respective hydrogels were freeze-dried, and the secondary structures were analyzed by infrared spectroscopy 

using an instrument working in attenuated total internal reflection mode equipped with a zinc selenide crystal (ATR-FTIR, Bruker Tensor 

27). Each spectrum was the mean of 128 acquisitions (in the regions 4000 and 400 cm−1) with a 4 cm−1 spectral resolution. Spectral analysis 

was performed using OriginPro 2017. 
Solid-State Nuclear Magnetic Resonance (NMR) Spectroscopy. Nuclear magnetic resonance spectroscopy was conducted on SF, Azide SF, 

Azide SF-IK, and BMS lyophilized solutions. The test analyses were performed on 13C nuclei by using a Bruker 400WB spectrometer (Bruker 

Corporation, Billerica, MA, USA) with a proton frequency of 400.13 MHz. The spectra were acquired with crosspolarization sequence under 

the following conditions: a 13C frequency of100.48 MHz, contact time of 2000 μs, decoupling length of 6.3 μs, recycle delay of 5 s, and 41k 

scans. Samples were packed in 4 mm zirconia rotors, which were spun at 7 kHz under air flow. Adamantane CH2 resonance at 38.5 ppm was 

used as an external secondary reference.26 All the spectra were normalized on the Cβ resonance of SF Ala (δ around 17.3 ppm) because the 

Ala amino acids of IK peptide and Col(IV) contribute negligibly to the signal. 



Differential Scanning Calorimetry (DSC). Differential scanning calorimetry (DSC) was performed on about 1 mg of SF, Azide SF, Azide 

SF-IK, BMS (SF IK/Col(IV)) lyophilized hydrogels, and Col(IV) and 0.2 mg of 4-azidoaniline hydrochloride (source of azide groups 

introduced in the SF). Samples were analyzed in a punched crucible in a temperature-modulated DSC Q20 calorimeter (TA Instrument) from 

20 to 320 °C at 3 °C/min, under fluxing nitrogen, with a modulation period of 40 s and a modulation amplitude of ±0.5 °C. Glass transition 

(Tg) and degradation (Td) temperatures and specific endothermic heat (ΔH) of each sample were determined. 
Thermogravimetric Analysis (TGA). TGA analysis was conducted in a Mettler TG50 thermobalance on about 100 mg of water-equilibrated 

BMS hydrogels in comparison to SF, with nitrogen flowing at 100 mL·min−1, at a heating rate of 10 K· min−1, in the range 30−250 °C. 
Rheology. The rheological characterization of SF and BMS hydrogels was done with a Discovery HR-2 hybrid rheometer, in dynamic 

mode, on disk samples in triplicate (diameter of 3 cm, height of 3.1 mm). The strain sweep was set in the range of 1−100 Hz, with a strain of 

5%. 
Biological Evaluation. MRC5 cells were cultured in the following medium composition: MEM (Minimum essential medium, 87%), fetal 

bovine serum (10%), sodium pyruvate (1%), L-glutamine (2 mM, 1%), antibiotic/antimycotic (1%), and non-essential amino acids (1%). The 

cells were cultured in T-75 cell culture flasks (Corning, New York) under standard culture conditions of 37 °C and 5% carbon dioxide. Cell 

adhesion and spreading were studied on hydrogels and films of modified and unmodified silk fibroin. The films were sterilized by using 70% 

ethanol for 30 min and washed three times with sterilized water, whereas hydrogels were produced by sterilizing the solutions by using a 0.22 

μm filter and sonicating to induce gelation into a 24-well dish. The samples were produced in triplicate for the adhesion test and in 

quadruplicate for evaluating cell viability. 
Adhesion Test. The samples were incubated at 37 °C and 5% CO2 for three time points (1, 3, and 7 days). After each time point, the samples 

were washed with PBS and the cells were fixed with 4% paraformaldehyde in PBS for 30 min. The samples were washed again with PBS 

and permeabilized with 0.1% Triton-X100 in PBS for 30 min. After further washing in PBS, the cells were then treated for 30 min in a dark 

environment first with rhodamine-phalloidin to detect 

 

Figure 2. Synthetic sequence to obtain the biomimetic multifunctionalized silk fibroin (BMS): (a) conjugation of the azide-terminated SF 

with IK; (b) formation of the “Col(IV)/DBCO” precursor; and (c) reaction between Azide SF-IK and Col(IV)/DBCO to form the 

multifunctionalized silk fibroin (BMS). 



The reactions were monitored by the TNBS assay. The FAC of SF conjugated with IK peptide was compared with that of SF 

that follows the same steps of the reaction without adding the peptide (the SF is subject to aging during dialysis as confirmed 

by DLS analysis, Supporting Information). The results show an increase of 0.3 × 10−4 M of free amines in SFIK compared to 

the SF (Supporting Information). 
Instead, the Col(IV)/DBCO precursor shows a decrease in free amines of about 52% compared to Col(IV), a value which 

reveals the efficiency of the reaction (Supporting Information). 13 
C CPMAS NMR (cross-polarization magic angle spinning nuclear magnetic resonance) was performed to detect chemical 

shifts, line shapes, and any possible structural conformation changes during functionalization. The spectra shown in Figure 3 

reveal a slight increase in the intensity of the carbonyl peak and the methylene resonances of Ala, Ser, and Tyr with the 
Figure 3. 13C CPMAS NMR spectra of silk fibroin and modified fibroin. (A: alanine, G: glycine, S: serine, and Y: tyrosine). 

 

peptide addition. In particular, the increase in the carbonyl peak (δ around 172.7 ppm) might refer to the Ser/Gln/Asp of the IK 

peptide added. Instead, the peak of SF carbonyl groups (δ around 56.1 ppm)27 results higher than that of BMS because of the 

presence of Ser/Tyr in the SF molecule, whereas the peak of carbonyl/carboxylic groups (δ around 172.7 ppm)28 of BMS is 

higher than that of SF because of the presence of Asn/Gln/Asp/Glu amino acids in BMS after the conjugation of the Col(IV). 
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The percentage of Silk II was also evaluated following the description presented by Callone et al.;29 it decreases in Azide SF 

(36.6%) compared to the SF (38.1%), increases in the Azide SF-IK (43.6%), and decreases again after the addition of the 

Col(IV) (40.9%), which might be due to the steric hindrances. XPS analysis was performed on SF and BMS in order to highlight 

the efficiency of the click reaction. 
The N 1s core line of the SF shows two peaks at 400 and 398.3 eV assigned, respectively, to O C−N− and N in the amino 

acids displaying aromatic rings30,31 (Figure 4a). 

The six different peaks of the C 1s core line of the SF (Figure 4b) can be ascribed to −C C (284.4 eV), to CHx (285 eV), to 

the C−N bond (285.9 eV), to −C O (287.5 eV), to O C−N− (288 eV), and to −O−C O (289.5 

32−35 
eV). Spectral analysis revealed in SF an amount of carboxylic groups equal to 3.2% mol in accordance with the 
previously cited literature.18 

The three components from the N 1s core line of BMS are evidenced in Figure 4c and transcribed in Table 1a. The acquired 

values are compared with the values of Table 1b,c where the components of unreacted azide (−N3) and triazole, i.e., the bridge 

between Col(IV)/DBCO and Azide SF-IK, are, respectively, reported.34,36 The presence of the component at 403 eV indicates 

that in the final BMS compound, 37% of azide, i.e., the ratio between the 403 eV component in the free (Table 1b) and reacted 

azide (Table 1a), did not react. The C 1s core line (Figure 4d) of the BMS sample shows instead an increase in −C O and C−N 

components for the presence of the Col(IV) hydrophilic amino acids. 
The secondary structures of lyophilized SF, Azide SF, Azide SF-IK, and BMS solutions were characterized by ATR-FTIR. 

This analysis highlights mainly the functionalization of the SF tyrosines by diazonium coupling that change the stability and 

the conformation of the SF, as confirmed by the percentage of Silk II evaluated by CPMAS NMR. The vibrational absorption 

spectra are shown in Figure 5a. The significant bands5,19,37−39 at 1650 cm−1 (amide I), at 1540 cm−1 (amide II), and at 1236 cm−1 

 

Figure 4. XPS core lines for (a and b) silk fibroin and (c and d) BMS. 

 



(amide III) are visible in all spectra. However, the shoulder at 1518 cm−1, corresponding to the β-sheet conformation, decreases 

in Azide SF, Azide SF-IK, and BMS with respect to SF, thus suggesting that a reduction of β-sheet content might be due to the 

SF and azide interaction. This seems to be confirmed by the absorbance band at 1412 cm−1 that represents the C−OH bending 

vibration.26,40 In fact, the increasing of the C−OH bending vibration after fibroin treatment with azide groups demonstrates a 

reduction of tyrosine functional groups involved in intra- and intermolecular hydrogen bonds between the hydrophobic side 

chains. In the curves related to lyophilized SF, Azide SF, Azide SFIK, and BMS hydrogels, no differences can be observed. 

Instead, as expected, the comparison with the curves of the corresponding solutions clearly shows a shift of the main peaks to 

lower wavelengths (Figure 5b) due to the transition to a βsheet structure after sonication. In particular, the shifts from 1650 to 

1622 cm−1, from 1540 to 1517 cm−1, and from 1236 Table 1. (a) Components of the SF-Col(IV). The −N , N−, and N+  Bonds 

Are Referred to as Azide Groups. The −N N− and −N< Bonds Are Referred to as Triazole 
Compounds. (b) Components of Azide Groups. (c) Components of Triazole Compounds 

     

 

    

  

     
 

 
    

 

  

     
 

 

    
 

  

 

Table 2. Characteristic DSC Values of Modified and 
Unmodified Silk Fibroin Hydrogels and Reagents Involveda 

hydrogels 

Texo 

 
°C 

Tg 

 
°C 

Td 

°C 

SF 230 205 279 

azide SF 230 205 277 
azide SF-IK 225 195 279 
BMS 226 175 280 
Col(IV)   210 

4-azidoaniline hydrochloride 165  225 

a 
Texo = temperature of exothermic peak; Tg = glass transition; Td = 

temperature of degradation. 

to 1229 cm−1 are related to the β-sheet transitions. The decrease in the band at 1415 cm−1, corresponding to the C− OH bending 

vibration,5,38,41,42 is probably also a consequence of the β-sheet transition due to the sonication treatment. 

The modulated DSC curves of lyophilized silk fibroin-based hydrogels (SF, Azide SF, Azide SF-IK, and BMS), 4azidoaniline 

hydrochloride reagent (4-Az), and Col(IV) were acquired to observe the structural changes of SF after each reaction and confirm 

the data of CPMAS NMR and ATRFTIR analyses. Table 2 reports the characteristic thermal values shown in Figure 6. 



For 4-azidoaniline hydrochloride, the heat flow curve displays a sharp exothermic peak at around 165 °C followed by a large 

endothermic peak centered at about 225 °C. This exothermic peak is the sum of the endothermic melting at 165 °C and of a 

larger exothermic phenomenon well marked in the nonreversible heat flow curve (figure not reported), probably due to the 

decomposition of the azide. A further and final degradation occurs at around 225 °C. 

 

Figure 5. ATR-FTIR spectra of (a) lyophilized SF-based solution and (b) hydrogels. 

 

Figure 6. Modulated DSC curves of 4-azidoaniline hydrochloride (4Az), Col(IV), and lyophilized silk fibroin-based hydrogels. 

 



In all curves of the SF-containing samples and of Col(IV), the wide endothermic irreversible peaks centered at about 50− 60 

°C are due to the evaporation of water from the freeze-dried materials. 
The thermal behavior of SF has been described in many papers, starting from the early work of Magoshi et al.43 More 

 

Figure 7. Rheological evaluation of the storage and loss modulus in the range of 1−100 Hz of unmodified and modified silk fibroin. 

 

recently, the effect of annealing treatment on SF transition has been investigated by thermal and dynamic mechanical analysis.44 

Depending on the structure, Tg values ranging from about 170 °C to about 200 °C have been reported. Accordingly, our analyses 

place the SF glass transition at around 200 °C, which is followed by the exothermic crystallization centered at about 225 °C and 

a final endothermic degradation at 279 °C. Similar values have been detected for the azide-conjugated SF. 
The introduction of IK in the SF chain causes a slight decrease in the polymer glass transition temperature and 

correspondingly an earlier crystallization. 
More noticeable changes take place in the final BMS, whose Tg values lowers to about 175 °C, with an earlier beginning of 

the crystallization phenomenon. Worth nothing is the fact that the endothermic peak of denaturation for Col(IV) that occurred 

at about 215 °C is not visible in the final BMS polymer. 
Rheological tests made on SF and BMS hydrogels (Figure 7) confirmed the gel-like structure of the materials (G′ > G″) and 

reveal a noticeable increase in the elastic modulus of BMS with respect to SF (about 5 kPa vs 3 kPa), both near the stiffness of 

the glomerular BM.45 

The stiffness of hydrogels is an important factor to consider in regulating stem-cell fate. Mimicking the stiffness of a specific 

tissue, the differentiation fate of stem cells can be regulated and directed toward those tissue-specific cells.4 

Thermogravimetric analysis (TGA) indicates that the amount of water in those hydrogels ranges around 95−96 wt %, with a 

much slower water loss kinetics for SF as a consequence of its tighter crystalline structure and the larger presence of hydrogen 

bonds. 
As preliminary evaluation of cell behavior in response to fibroin functionalization, adhesion, cell morphology, and metabolic 

activity were assessed on MRC5 cultures up to 7 days on films and hydrogels of SF and BMS. The fibroblast cell line is often 

used for biocompatibility testing, and changes in early adhesion can prove the presence of a bioactive surface.46 The results 

summarized in Figure 8a,b clearly show the formation of adhered cell spindle shape typical of fibroblast activation when cells 

are cultured on BMS films (BMS-f) already at day 1, whereas a round shape is mainly observed for SF films (SF-film) at the 

first experimental time point as well as for SF and BMS hydrogels (SF-h and BMS-h). At days 3 and 7, the substrates fabricated 

of BMS seem to sensibly increase cell 



 

Figure 8. Early adhesion of MRC5 on (a) modified and unmodified films and (b) hydrogels at different time points (1, 3, and 7 days) (h: 

hydrogel; f: film). 

 

Figure 9. Alamar Blue assay for the evaluation of the cell viability of MRC5 cultured on modified (BMS) and unmodified fibroin (SF) films 

(f) and hydrogels (h) at days 1, 3, and 7. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = not significant). 

 
spreading and cell−cell connection notably in BMS-f. Instead, the number of cells determined by 4′,6-diamidino-2-phenylindole 

(DAPI) fluorescence staining (Supporting Information) revealed a slight increase in cell growth solely on films and a constant 

number of cells in hydrogels. Alamar Blue data (Figure 9) show a similar trend on all samples, with an increase in cell metabolic 

activity from day 1 to day 7. However, despite the low proliferation rate, significantly higher values on sample BMC-f were 

detected, in particular at days 3 and 7. Results are in well agreement with confocal imaging results, confirming the positive 

impact of the functionalization on cell adhesion, spreading, and, most interestingly, metabolic activity. The highest metabolic 

activity values observed in BMS-f cell cultures are mainly due to the higher density of functional groups exposed to cells, if 

compared with hydrogels. In addition, it should be underlined that the biological impact of the modified SF hydrogels on 

adhesion of MRC5 can be also due to other factors, such as surface energy, water content, and also surface mechanical stiffness. 

http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.0c01567/suppl_file/ab0c01567_si_001.pdf


■ CONCLUSIONS 

In this study, a bio-inspired multifunctionalized silk fibroin was successfully synthesized and characterized in detail. TNBS 

tests and XPS analysis quantitatively estimated the efficiency of Col(IV) modification with DBCO groups (about 52%) and 

SPAAC reaction (about 63%). Data about changes in fibroin conformation revealed that the presence of IK peptide and Col(IV) 

in the structure created a less compact crystalline structure, as confirmed by spectroscopic analysis. In contrast, the physical 

cross-linking of the BMS solution by sonication increased the storage modulus of the BMS hydrogel of about 2 kPa with respect 

to the SF hydrogel in the range of the mechanical properties of the glomerular BM. 
Preliminary biological evaluations were performed by culturing MRC5 cells as a cellular model to verify the influence of the 

fibroin functionalization on early cell bioactivity. A significant increase in cell adhesion, spreading, viability, and cell−cell 

interaction was observed in BMS films compared to the unmodified SF. To further enhance cellular activity within the scaffolds, 

even mechanical properties and water content will be tuned depending on the intended 

application.47,48 
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