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Abstract
Fibroin is the main polypeptidic component of the silk fibre generated by the larvae of the domesticated silk moth (Bombyx mori), and it has been extensively studied 
as a biomaterial with applications in tissue engineering and regenerative medicine. Due to their inherent practical advantages, the hydrogels constitute the preferred 
format for the B. mori silk fibroin (BMSF) biomaterials, which can conveniently be obtained by crosslinking processes. While the physically or chemically crosslinked 
BMSF hydrogels have been frequently described, the self-crosslinking of BMSF solutions induced by the catalytic effect of the enzyme horseradish peroxidase (HRP) 
has been barely reported. Following a previous preliminary study, where we demonstrated the advantages of using this enzyme for crosslinking BMSF, in the present 
work we investigated factors (amount of enzyme, initial fibroin concentration) that may affect the gelation. The measurement of dynamic moduli resulting from 
application of an oscillatory shear stress in a rheometer was our method to estimate the gelation time and to investigate the influence of certain factors on the process 
of crosslinking. It was found that both a higher initial concentration of the BMSF solution and a higher amount of the catalyst HRP induced a significant reduction 
of the gelation time.
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Introduction 
Bombyx mori silk fibroin (henceforth BMSF) has become one of 

the naturally-derived biomaterials with potentially major applications 
in tissue engineering and regenerative medicine [1-12]. We have 
recently investigated [13] the enzymatic crosslinking of BMSF in an 
aqueous medium with the aim of providing a convenient method for 
generating BMSF hydrogels. While the format of hydrogel is preferred 
in the applications of BMSF biomaterials, the process of gelation by 
sol–gel transition [14-16], related to changes in the conformational 
structures of the polypeptidic chains of BMSF, is slow and can take 
days to weeks. Other alternatives include [13] treatment with solvents 
or surfactants, techniques such as lyophilization or vortexing, or 
chemical crosslinking. Most of these procedures are indeed capable of 
shortening the time needed for attaining the gel point, but some are 
associated with potential chemical contamination due to traces of the 
agents employed in certain procedures. This is obviously detrimental to 
the biomedical applications of BMSF hydrogels.

The enzymatically-induced crosslinking of BMSF using as a catalyst 
the enzyme horseradish peroxidase (EC1.11.1.7), henceforth HRP, 
has been only recently reported as an alternative method to generate 
BMSF hydrogels [13, 17-19]. The HRP-catalyzed crosslinking of 
BMSF can offer distinctive advantages, including significantly shorter 
gelation times and enhanced biomaterial properties of the resulting 
hydrogels (elasticity, cytocompatibility, and biodegradability), that 
we have previously confirmed [13]. As some discrepancies could be 

noticed between the results of these studies [13, 17, 19], we therefore 
have endeavoured here to further investigate the subject in the hope of 
elucidating additional characteristics of the process.

In the present study, the time needed to attain the gel point (i.e. 
the gelation time) in the system HRP/hydrogen peroxide (H2O2)/BMSF 
was determined using a rheological method, by measuring the dynamic 
moduli in small-amplitude oscillatory shear stress experiments, 
where the evolution of the complex dynamic shear modulus (G*) was 
monitored by recording in a rheometer its real part (G’, the storage 
modulus) and its imaginary part (G”, the loss modulus) as functions 
of time (t) over the duration of crosslinking reaction. Tung and Dynes 
[20] were the first to propose that the gel point occurs at the crossover 
of G’ (t) and G” (t) plots recorded in a rheometer. Thanks to seminal 
theoretical and experimental work by Winter’s group [21-24], the 
rheological behaviour of a gel at the critical point of attaining instant 
gelation (i.e. the gel point) became better understood, and a confirmation 
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of the validity of the G’-G” crossover as a quantitative estimation of the 
gelation time was confirmed in stoichiometrically balanced polymer 
networks, where the stress relaxation follows a power law as a function 
of t–1/2 [24-26]. In inbalanced systems, usually heterogeneous, such as 
those occurring in the phase-separation polymerization processes, this 
criterion is unlikely to remain valid, however an extrapolation at the 
onset of the G’(t) plot could be employed as an alternative reasonable 
estimation of the gel point  in such a system [27]. In the system of our 
study, the time-dependent plots of the moduli G’ and G” and the G’-G” 
crossover were well defined. The crossover G’-G” was accordingly used 
to estimate the gel point occurrence in the reaction mixture HRP/H2O2/
BMSF and to examine the effect of changing the amount of enzyme and 
the concentration of BMSF.

Materials and methods
Materials

B. mori silk cocoons were supplied by Tajima Shoji C. Ltd. 
(Yokohama, Japan), all cut in half and with the pupae removed. 
Sodium carbonate, lithium bromide, and HRP Type VI (as lyophilized 
powder, Lot#SLBQ7205V) were supplied by Sigma-Aldrich (St Louis, 
MO, USA).  Hydrogen peroxide (30%) was supplied by Ajax Finechem 
(Australia). The Minisart®-GF pre-filters (0.7 μm) and Minisart® filters 
(0.2 μm) were supplied by Sartorius Stedim Biotech (Göttingen, 
Germany). The dialysis cassettes Slide-A-Lyzer® (with MWCO 3.5 kDa) 
were supplied by Thermo Scientific (Rockford, IL, USA). Water of 
high purity (Milli-Q or equivalent grade) was used in all experiments 
where needed. All concentrations and compositions in this report are 
expressed in percentage by weight (w/w), unless otherwise specified.

HRP (specific activity 325 U for 1 mg solid) was dissolved in water 
to make a stock solution with a concentration of 150 U/mL. A solution 
of 0.3% hydrogen peroxide (H2O2) was obtained by diluting the original 
30% solution. All solutions were stored at 4°C. 

Preparation of BMSF solution

The solution of regenerated BMSF was prepared following a 
protocol established previously [28]. Briefly, the silk cocoons were 
degummed by boiling in a 0.02-M aqueous solution of sodium 
carbonate. The degummed fibres were dissolved in an aqueous solution 
of lithium bromide (9.3 M) at 60°C, and then dialyzed for 3 days. The 
resulting solution was filtered through successive Minisart® filters.  
Gravimetric analysis showed that, with minor variations between 
batches, the final solution had a concentration of 3% fibroin in water. 
The lower concentrations (1% and 2%) were obtained by appropriate 
dilution. All solutions were stored at 4°C. 

Rheology of the crosslinking reaction

The crosslinking reactions were carried out directly in a Modular 
Compact Rheometer (MCR 320, Anton Paar, UK). The liquid 
samples, consisting of appropriate volumes of HRP (150 U/mL) and 
H2O2 (0.3%) solutions, added respectively to 0.5-mL portions of 
BMSF solutions (concentrations of 1, 2, or 3%), were transferred 
onto the rheometer’s lower glass plate after a rapid mixing (t=0), and 
the measurements commenced within 30 s. The formulations of the 
crosslinking mixtures are shown in Table 1. The moduli G’ and G” were 
recorded as a function of time, for an angular speed of 10 rad/s, at the 
constantly maintained temperature of 37°C (Table 1).

Results and discussion
Figure 1 shows representative G’ (t) and G” (t) plots recorded 

during the crosslinking reaction in the rheometer. As their crossover 
was consistently well defined, we considered to use its projection on the 
time axis as an estimation of the gel point, although this issue requires 
some comments.

Based on a rather vast literature, the gel point of a crosslinked 
polymer system can be defined as the instant when the average 
molecular mass diverges to infinity in a sample of infinite size, or when 
the largest molecular cluster extends across a sample of finite size. A 
critical phenomenon, the gel–sol phase transition, takes place at the 
gel point. No independent state of matter exists at the gel point: the 
crosslinking polymer system is either still before the gel point (as 
a “sol”, i.e. a viscoelastic fluid) or already beyond it (as a “gel”, i.e. a 
viscoelastic solid). Historically, the determination of gel point has 
been the subject of much debate. Despite the restrictions to the G’-G” 
crossover criterion, as proposed by Winter [24], this criterion has been 
used in biopolymer [29, 30] or synthetic polymer [31] gelling systems 
where a stoichiometric balance was not clearly defined.

The HRP-catalyzed crosslinking of BMSF in an aqueous medium 
leads to chemical gels [13]. To define a balanced stoichiometric 
relation between the components of our system is a complicated task, 
therefore we cannot qualify our system either ideal or non-ideal for the 
application of G’-G” crossover criterion. However, whether or not the 
G’-G” crossover points in our study coincide with the real gel points of 
the crosslinking reaction is not a crucial issue for the simple reason that 
this is a comparative study.

Our results showed (Figure 1) that by increasing the concentration 
of the fibroin in the reaction mixture, for a given amount of HRP and a 
fixed amount of H2O2, the gelation time was significantly reduced. For 
instance, the gel point in a solution of 1% BMSF appeared two times 
later than that in a solution of 3% BMSF, for the same concentration of 
1.17 U/mL (or 3.61 μg/mL) HRP, and the trend is maintained regardless 
of the amount of HRP. Figure 2 displays the effect of the amount of 
HRP added to the crosslinking solution. A dramatic reduction of the 
gelation time is evident, leading eventually to the lowest value achieved 
in our experiments of 17.5 min in the system consisting of 3% BMSF, 
4.58 U/mL HRP and 8 μL H2O2 (0.3%).

Conclusions
The crosslinking of silk fibroin catalyzed by the enzyme horseradish 

peroxidase is a clean and fast process for generating hydrogels of 

Sample # Concentration of 
BMSF solution

Volume of 
HRP added

Concentration of HRP in the 
reaction mixture

  (%) (µL) (U/mL) (µg/mL)
1 1 4 1.17 3.61
2 8 2.33 7.16
3 12 3.46 10.65
4 16 4.58 14.09
5 2 4 1.17 3.61
6 8 2.33 7.16
7 12 3.46 10.65
8 16 4.58 14.09
9 3 4 1.17 3.61
10 8 2.33 7.16
11 12 3.46 10.65
12 16 4.58 14.09

Table 1. Composition of the crosslinking mixtures showing the various amounts of HRP 
solution (150 U/mL) added to 0.5 mL of BMSF solutions of different concentrations, for a 
constant amount of 8 µL H2O2 (0.3% concentration). 
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practical importance as biomaterials. The gelation time is much faster 
than in other procedures, and can be adjusted by changing the amounts 
of enzyme and/or the initial concentration of fibroin.
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