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Towards efficient biocatalysts: photo-immobilization of a lipase 

on novel lysozyme amyloid-like nanofibrils 

Silvina Chaves,a Licia M.Pera,b Cesar Luis Avila,a Cintia M.Romero,b Mario Baigori,b F. Eduardo 
Morán Vieyra,c Claudio D. Borsarelli,c and  Rosana N. Chehina*  

Herein, we report the preparation and characterization of a new biocatalyst based on the photo-immobilization of a lipase 

onto hybrid protein:sugar nanofibrils. The nanofibrils are obtained through the aggregation of hen white egg lysozyme 

induced by the highly sulfated glycosaminoglycan heparin. The new hybrid nanomaterial could be easily functionalized 

using photochemical reaction to attach lipases through dityrosine covalent bonds. Compared to the free enzyme, the 

photo-immobilized lipase has better thermostability and enhanced resistence to non-conventional environment. Structural 

and morphological characterization of the nanofibrils shows that they are compatible with amyloid-like aggregates. In 

addition, the supramolecular arrangement of heparin and lysozyme within the building unit of the nanofibrils is also 

proposed. The procedure reported herein could be useful to design a new generation of insoluble biocatalyst by a single 

photo-click step which is definitely cleaner and faster than conventional chemical cross-linked procedures. 

Introduction 
Enzyme catalysts show an increasing application in 

technological processes as alternatives to traditional chemical 
catalysts, and their development is strongly driven by its 
profitability and eco-efficiency. Of all industrially important 
enzymes, lipases (triacyglycerol acylhydrolases EC 3.1.1.3) are 
exploited to a full extent due to their capability to catalyze a 
variety of reactions such as hydrolysis, esterification and 
transesterification. On the other hand, the lipase 
immobilization has proved to be a powerful tool for tuning its 
catalytic properties such as stability, specificity or activity.1, 2 
Thus, the improvement of the lipase behavior has been 
successfully applied for the synthesis of polymers, biodiesel 
and enantiopure compounds.3-5 

Immobilization is usually required for the use of an 
enzyme as an industrial biocatalyst, and is the simplest 
solution to the solubility problem of these interesting 
biocatalysts. Although there are many established 
immobilization protocols6, 7 the search of new enzyme 
immobilization techniques, as a complementary approach to 
genetic engineering, are constantly pursued to obtain efficient 

biocatalysts. For example, Verma et al
8 proved the effect of 

the immobilized lipase on carbon nanotubes (MWNTs) 
functionalised with amino group while other authors proved 
the lipase immobilization on Chitosan TiO2.9 These supports 
were effective for lipase immobilization but until now, only 
some reports have been written about biological or 
biocompatible nanotube supports.10 

An interesting strategy which can be applied is the 
enzyme incorporation on nanostructured materials in order to 
establish suitable microenvironments for both hydrolytic and 
synthetic reactions.11 Therefore discovering novel 
bionanomaterials capable of immobilizing enzymes, improving 
their activity, and allowing them to be used again is essential in 
biocatalytic processes. In this sense, amyloid fibrils belong to 
the group of ordered nanostructures that are self-assembled in 
controlled environmental conditions with increasing 
applications to be exploited by industry, research and 
medicine.12, 13  
Amyloid aggregates are insoluble, several hundred 
nanometers long, relatively straight and branchless 
nanostructures that nearly any protein can self-assemble 
into,14 with the cross-β motif as a common structural feature.15 
The architecture of the hallmark cross-β motif can show 
variations in response to changes in the fibril growth 
conditions16 or the primary amino acid sequence of the protein.17-

19 There are two major tracks that have been identified to 
describe the mechanism by which proteins change from their 
soluble native state into amyloid aggregates: a) exposure of 
aggregation prone peptide as a consequence of protein 
unfolding due to changes in the local environmental conditions 
that start the aggregation process resulting into canonical 
amyloid fibrils i.e a set of β-sheets parallel to the fibril axis, 
with their strands perpendicular to this axis,17 and b) fibrillar 
structure where the native or native-like protein conformation 
is mainly kept and the transitions across the unfolding state is 
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absent. Such supramolecular arrangements are currently 
referred to as amyloid-like aggregates.20, 21 Both, amyloid and 
amyloid-like fibrils share some characteristics including: 
morphology; binding of the flat-shape dyes Congo red and 
thioflavin T; the characteristic green–yellow birefringence of 
Congo red and unusual stability.22 In fact, the amyloid 
supramolecular arrangements with its extensive hydrogen 
bond network and side-chain interactions is responsible for 
such extraordinary structural resistance over a wide range of 
pH, salt concentrations, high pressure, proteolysis and 
dehydration.23-25 In the last few years, an increasing interest 
has been focused on amyloid fibrils, not only from the medical 
and health care field point of view but also from their use as 
new bionanomaterials for emerging applications, finding its 
origins in the highly organized nanoscale structures, regularity, 
multifunctionality, stability and extraordinary mechanical 
properties of the resulting fibrils.26-28 In fact, these biomaterials 
have been proposed as new scaffolds to enzyme 
immobilization. The main feature that makes it an ideally 
functionalized nanoscaffold is its amino acidic constitution, 
which can allow side-chain functionalization or reactions for 
those solvent exposed residues.  
 Hen Egg-White Lysozyme (HEWL) has been widely used to 
study the mechanism of amyloid aggregation in vitro.

29 This 
protein is homologous to human lysozyme, which has been 
shown to form amyloid fibrils, involved in hereditary systemic 
amiloidosis.30 Amyloid aggregates of HEWL obtained in vitro 
under unfolding conditions have similar morphological 
properties to those extracted from pathological deposits.31 In 
this way, HEWL amyloid fibrils were obtained at pH 2.0,32 in the 
presence of trifluoroethanol,33 ethanol34 or guanidine 
hydrochloride.35 It has also been reported that the reduction of 
the four disulfide bonds in HEWL can cause amyloid fibrils 
formation.36 Recent reports show that negatively charged lipid 
membranes trigger HEWL amyloid-like fiber formation at low 
lipid-to-protein molar ratio under physiological temperature 
and pH conditions, albeit that any cross-β was detected in 
these nanostructures.37 

In the present work, we used heparin, a highly 
sulfated glycosaminoglycan, to induce the HEWL aggregation 
obtaining amyloid-like nano fibrils without the addition of any 
chaotropic agent, solvent, extreme pHs, or high temperature 
treatments. The method proposed herein yields stable nano 
fibrils with a supra molecular arrangement where HEWL: 
heparin complex is proposed. These nano-fibrils have the 
typical cross-β motif as detected by both fluorescence and 
infrared spectroscopy with a considerable decrease of the 
aggregation times as compared to the precedent protocols. 
These insoluble heparin-induced amyloid-like fibrils were used 
as novel class of nano-support for lipase enzyme covalent 
immobilization exploding the functional groups from the 
exposed amino acids residues through a photo-induced cross-
linking reaction.38, 39 The resulting insoluble nano-sized 
biocatalyst showed an enzyme stability higher than the soluble 
enzyme under several extreme conditions, indicating the 
suitable combination of the click chemistry40 with this new 
nanostructure in order to obtain an efficient nano-sized 
biocatalyst with potential application in biotechnological 
processes. 

 

Results and discussion 

Formation of heparin-induced HEWL amyloid-like fibrils: the ability 
of heparin to induce HEWL aggregation was monitored by the 
classical ThT fluorescence assay, which binds to cross β-sheets 
structures that are the hallmark in amyloid fibril structure.41 In the 
absence of heparin, HEWL aggregation was not significantly 
detected in neutral HEPES buffer at 37 °C (Figure 1a), suggesting 
that the enzyme remains in its native state. On the contrary, 
heparin addition induced a rapid increase in ThT fluorescence at 
482 nm without any measurable lag time. The undetectable lag 
phase in ThT fluorescence emission after heparin addition was also 
observed for other proteins like α-synuclein42 and GAPDH.43 
Fluorescence rise-time was almost independent from the amount of 
added heparin and the final fluorescence intensity of ThT was 
increased with heparin concentration, suggesting that the amount 
of cross-β structures formed is proportional to the amount of added 
polysaccharide. To confirm that the observed ThT fluorescence 
increments were produced by the formation of larger size 
aggregated species, the second-order light scattering at 600 nm 
observed upon excitation at 300 nm was also monitored.43, 44 The 
lifetime τβ obtained by first-order growth fitting of the intensity of 
scattered light was similar to that obtained by monitoring of ThT 
fluorescence of the HEWL:heparin mixtures (Figure 1b). This result 
suggests that heparin efficiently induced the formation of larger 
sized particles with cross-β structure at 37 °C and pH 7.4. The SEM 
images of Figures 1c and 1d show the final morphologies of the 
aggregate species formed after incubation for 5 days at 37 °C and 
pH 7.4 without and with the addition of heparin, respectively. Only 
in the presence of heparin well-shaped nano-fibrils (≈300 nm 
width× 13µm length) were formed, in accordance with the previous 
spectroscopic results. 
One of the main features in enzyme immobilization is related to the 
lack of biological activity of the support in order to avoid any 
interference. HEWL is also referred as muramidase due to its 
activity on bacterial cell wall,45 as well as a membrane disrupter in 
cell-free system.46 In this way, it has proved essential to learn 
whether after the formation of amyloid aggregate, the muramidase 
and the membrane permeabilization  activities are prevalent in the 
protein. Figure 1e shows the muramidase activity of 1/10 dilution of 
1 mg/ml HEWL on Micrococcus lysodecticus alone or in the 
presence of 0.750 mg/ml heparin. The exponential decreases of 
absorbance measured at 540 nm of the bacterial suspension 
indicates that the muramidase activity measured for the native 
protein is in good agreement previous report.47 On the contrary, 
after 1 h of incubation of heparin-HEWL sample, the muramidase 
activity showed a significant reduction, due to the progressive 
incorporation of monomeric HEWL into the supramolecular 
aggregates formed with heparin. In fact, after 1 day incubation, the 
membrane activity of HEWL was completely lost. The previous 
result was also obtained with HEWL:heparin sample after 5 days of 
preincubation. These results strongly suggest that only monomeric 
HEWL shows muramidase activity, while the HEWL: heparin nano 
fibrils as well as the heparin alone are completely inactive. 
In addition, the effect of the HEWL aggregation on acidic membrane 
permeability was studied by using fluorescence techniques. Figure 
1F shows the fluorescence increases of pre-encapsulated self-
quenched calcein in small unilamellar vesicles (SUV) of 
phosphatidylcholine:phosphatidic acid (8:2). In the absence of 
heparin, the native HEWL is capable to induce changes on the lipid 
membrane permeability, as measured by calcein fluorescence 
increases,as previously reported.48 However, in the presence of 
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heparin, the HEWL activity in membrane leakage was progressively 
reduced with the incubation time. As observed for the murasidase 
activity, the SUV membrane permeability is only increased by 
monomeric HEWL since heparin alone did not induce any 
permeability change to the SUV. 
 

 

Figure 1 (a) HEWL aggregation kinetics measured by thioflavin 
T fluorescence emission. 0.1 mg/ml HEWL alone (○), or in the 
presence of 0.050(■), 0.060(▲), 0.070(▼), 0.075(●) and 0.100 
mg/ml (♦) of heparin. (b) Variation of the second-order scattering 
intensity at 600 nm (i.e. λex=300 nm) during the aggregation 
process. HEWL, alone (�) and in presence of 0.075 mg/ml of 
heparin (▼), and ThT fluorescence emission of HEWL alone (○) or in 
presence of heparin 0.75 mg/ml (●). (c) and (d) VP–SEM images of 
HEWL (1mg/ml) in the absence and in the presence of heparin (0.75 
mg/ml) after 5 days, respectively. (e) Muramidase activity of HEWL 
(0.750 mg/ml) on Micrococcus lisodectycus at 540 nm (○) or after 5 
min (●), 10 min (▲), 20 min (▼), 1 h (■) and 24 h (□) of 
HEWL:heparin after 5 days of preincubation and the control of 
heparin alone (�).(f) Leakage of DOPC:DOPA(8:2) SUV by HEWL 
preincubated with heparin at different time. See ESI 

 

FTIR structural characterization of heparin-induced HEWL 

nanofibrils: in order to determine whether the heparin: HEWL 
interaction can lead the protein through the unfolding pathway to 
reach the fibrillar aggregate, we examine the infrared amide I´ band 
that absorbs at wave numbers ranging from 1600 to 1700 cm-1, 
since this band is sensitive to study changes in protein folding 

processes in a dynamic way.49 Moreover, this technique is able to 
distinguish between the ordered ß-sheet conformations in native 
proteins and insoluble ones from amyloid fibrils.50 Figure 2a shows 
the deconvolved amide I´ spectra of HEWL in the absence or in the 
presence of heparin as a function of incubation time. The FTIR 
spectrum of monomeric HEWL has a dominant band at 1654 cm-1 
which was assigned to the α-helix structure, while the band 
centered at 1649 cm-1 is due to the unordered regions. The 
presence of the two characteristic bands at 1632 and 1678 cm-1 
corresponds to antiparallel β-sheet structure, while the 
components at 1657 cm-1 correspond to turns. The HEWL spectrum 
remained unchanged after 12 h of incubation at 37 °C (not shown). 
Upon addition of 3.75 mg/ml heparin, changes in the shape of the 
amide I´ were observed due to the presence of a new band located 
near 1612 cm-1 assigned to cross-ß structure. However, the overall 
fold of the protein remains the same. This data, together with the 
presence of cross-ß structure indicate that fibrils shown in Figure 1 
are consistent with an amyloid-like supramolecular arrangement.51 
In order to understand better the changes taking place during the 
heparin-induced HEWL fibrillation, we performed the spectral 
deconvolution and curve fitting of the amide I´ band to obtain the 
individual Gaussian contributions of each element of secondary 
structure or quaternary structure. The results are shown in Figure 
2b and 2c and Table 1. It is important to notice that data obtained 
from native HEWL fully agrees with previous FTIR analysis as well as 
form X-ray crystallographic analysis validating our curve analysis 
procedure.52 
Considering the fact that the aggregation curves of Figure 1a and 1b 
almost did not show a lag time, and the overall structure of the 
Amide I’ did not change after 1 h of heparin:HEWL incubation, it can 
be assumed that the polysaccharide acts as a real scaffolding of the 
fibril formation, offering an electrostatic surface where the protein 
molecules rapidly form aggregates. Therefore, heparin could act as 
a crowding surface, aligning and adjusting the HEWL conformation 
to the new physicochemical environment helping new inter-chain 
interactions.53 In order to consider this possibility, we have 
determined the amounts of free heparin present after 5 days 
incubation with HEWL. After a thorough washing of the fibril, in 
order to remove any adsorbed heparin molecule, 0.46±0.02 mg 
heparin/mg HEWL were still present in the fibrils, representing 61% 
of the initial amount of heparin added to the solution. As a 
consequence the polysaccharide also forms part of the structure of 
the hybrid fibrils. This result agrees with previous work that has 
been described in systems, one where fluorescein-labeled heparin 
was incorporated into α-synuclein fibrils,42 suggesting that heparin 
is integrated into the fibrils and is not just a catalyst for fibrillation.  
Similar changes in the structural component of Amide I band were 
observed by Zou et al,54 revealing also that the fibril-forming 
solution of HEWL has the capability to 
form fibrils and oligomers with distinct β-sheet configurations 
under different temperatures.  
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Figure 2 (a) Stacked spectra of deconvolved Amide I´ infrared 
spectra of 5 mg/ml of HEWL (solid line) and in the presence of  3.75 
mg/ml of Hep after 30 min, 1h, 2h, 5h, 24h, 48h, 5 and 7 days at 37 
°C of incubation (dashed lines). The spectra has been deconvolved 
with a half width of 18 and a K of 1,75. Amide I´ band 

decomposition of (b), HEWL and (c), HEWL: heparin after 5 days of 

37 °C incubation. The spectrum in D2O buffer showing the 
component bands, the envelope and, in dashed lines, the 
reconstruction of the amide I band from the components.  

 

Table 1 aBand Position (cm-1), structural assignment and 
bpercentage area (%) corresponding to the components obtained 
after Curve Fitting the Amide I’ band of the HEWL at 37 ºC in the 
presence and in the absence of heparin 0.750 mg/ml at different 
incubation times in D2O medium. 

Table I 
Wavenumber a 

(cm-1) 
Structural 

assignment 
% amide I´area 

  -Hep +Hep 5 days 

1612 Cross-ββββ - 10 
1631 ββββ-sheet 18 17 
1641 Random coil 23 26 
1654 αααα-helix 44 33 
1669 ββββ-turns 8 9 
1680 ββββ-sheet

c 7 5 
aBand position (cm-1), structural assignment and percentage of amide 
I´area (%) corresponding to the components obtained after curve 
fitting of the HEWL alone and in the presence of  Hep after 5 days of 
incubation. bAntiparallel β-sheet high frequency component. 

 

Molecular modeling of lysozyme-heparin interaction: HEWL was 
examined for heparin binding sites using a previously developed 
docking protocol.43 Although a binding pocket for heparin was not 
evident, a favorable electrostatic interaction is expected to occur 
due to the high positive charge density on the protein surface and 
the negative charge arising from the sulfated groups in heparin 
(Figure 3a). The polyanionic-polycationic electrostatic interaction is 
responsible for the fast aggregation of HEWL in the presence of 
heparin as evidenced by the rapid increase in turbidity55 or as was 
observed in second order light scattering assays (Figure 1b).  Along 
with the increase in turbidity, there is a concomitant growth in the 
cross-ß structure formation, as monitored by thioflavin-T 
fluorescence intensity (Figure 1a). The formation of cross-ß 
structure without major changes in the secondary structure of the 

protein reported by infrared spectroscopy (Figure 2) might be 
explained by the interaction between ß-domains.29 To test this 
hypothesis, we performed protein-protein docking studies of HEWL 
using pyDockWeb.56 The docking poses were filtered for solutions 
compatible with the formation of cross-ß structure between the 
monomers. The putative HEWL dimers were evaluated for the 
presence of heparin binding pockets. Ten different putative 
HEWL:heparin complexes were obtained and subjected to 
molecular dynamic simulations. After 50 ns of simulation, three of 
the starting structures converged into the formation of stable 
protein-ligand complexes, and snapshots from the last 15 ns were 
used to estimate the relative binding affinities as described in 
material and methods. In the absence of heparin, the protein 
dimeric structures showed an unfavorable binding energy of 15 
kcal/mol, due to the repulsion of the positive electrostatic fields 
arising from the HEWL monomers. This electrostatic repulsion could 
be counteracted by the binding of heparin. Indeed, binding of 
heparin in positively charged grooves at the putative dimer 
interface, greatly enhances the formation of the protein heparin 
complex, with a favorable binding energy of -25 kcal/mol for the 
ternary complex. By neutralizing the electrostatic repulsion 
between the HEWL monomers, heparin allows for the formation of 
hydrogen bonds between ß-strands in an anti-parallel pattern 
(Figure 3b). This model agrees with the observations derived from 
FT-IR measurements, in that it does not need major conformational 
rearrangement of the protein native fold. It should be also noticed 
that the time scale achievable through simulations, does not allow 
to model the whole range of conformational changes in protein 
upon heparin binding occurring in the minute to hour timescales. It 
is quite possible that the residues surrounding the ß-strands 
reorganize into a ß-sheet allowing the association of dimeric 
structures into larger protofibrils. 
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Figure 3 (a) Electrostatic isosurface potential at +1kTe (blue) and -
1kTe (red) for HEWL (shown in cartoon representation). The 
potential was calculated by solving the non-linear adaptive Poisson–
Boltzmann equation. (b) Model of the putative HEWL dimer (shown 
in cartoon) stabilized by heparin (licorice representation) bound to 
the basic residues at the protein surface. Hydrogen bonds are 
represented by blue dotted lines. 
 

3.4 Photo-induced immobilization of lipase on the nanofibrils 

In order to attach the intact lipase on the insoluble hybrid amyloid 
nanofibrils, we applied the photoinduced crosslinking of unmodified 
proteins (PICUP) method proposed by Fancy et al.

38 Briefly, it is 
based on the photo-induced electron-transfer quenching reaction 
produced after blue-light excitation of the ruthenium (II) tris-
bipyridine complex [RuII(bpy)3]2+ in the presence of the electron 
acceptor persulfate anion S2O8

2- to produce the oxidized 
[RuIII(bpy)3]3+, the sulfate radical anion SO4

�-, and the non-reactive 
sulfate anion SO4

2- (Scheme 1). Both [RuIII(bpy)3]3+ and SO4
�- species 

are potent one-electron oxidants capable of oxidizing available 
electron-rich amino acid residues generating side-chain radicals 
able to recombine to form covalent cross linked protein 
oligómers.39, 57 During the global process the sensitizer [Ru(bpy)3]2+ 
is recovered and considering the molar excess of S2O8

2- it can be 
considered that under photo-stationary conditions the 
concentration of protein radical precursors is nearly constant.44 The 

involvement of aromatic aminoacid residues X (e.g. Tyr and Trp) in 
the formation of cross-linking bonds, i.e. Prot1-X-X-Prot2 (Scheme 
1), can generate new chromophoric groups absorbing at >300 nm, 
as it is the case of di-tyrosine bridges formed by recombination of 
two side-chain tyrosyl radicals with distinctive absorption and 
fluorescence maxima approximately at 320 nm and 405 nm under 
neutral pH conditions, respectively.58 

 

Scheme 1: pictorial representation of the photo-induced cross-
linkingbetween free lipase and hybrid heparin-HEWL amyloid-like 
nanofibrils through formation of di-tyrosine bridges using 
[Ru(bpy)3]2+/S2O8

2- as photosensitizing mixture. Docked heparin 
molecules are represented with light-gray lines. The 
photosensitized scheme reaction involving side-chain tyrosine 
residues of different proteins to produce the di-tyrosine cross-
linking are represented in the center. This simplified scheme is not 
intended to represent the defined structure of the amyloid fibril. It 
shows the availability of Tyr side-chains in the regions which are not 
involved in the formation of cross-beta structure. 
 
Figure 4a shows the effect of ascorbic acid on the kinetic profile of 
the absorbance change at 320 nm during the blue-light photolysis 
of [Ru(bpy)3]2+/S2O8

2-  of suspensions containing 1 mg/ml lipase and 
1 mg/ml of amyloids nano-fibrils. In the absence of ascorbic acid, 
the absorbance increment during the initial ten minutes of 
photolysis suggests the formation of new chromophoric species. 
However, in the presence of 4 mM ascorbic acid, a well-known 
radical scavenger, the photosensitized reaction of the suspension 
produced no change in absorbance, confirming that the new 
chromophoric species are formed by photo induced radical-
mediated steps as mentioned above. Figure 4b shows the emission 
spectra obtained by selective excitation at 295 nm of the 
suspension of lipase and amyloid nanofibrils before and after 20 
min of blue-light photolysis of [Ru(bpy)3]2+ in the presence of S2O8

2-. 
Before photolysis, a blue-shifted protein emission spectra with 
maximum at 334 nm was observed (magenta solid line), suggesting 
the presence of partially buried Trp residues in the mixture,59 in 
agreement with the secondary arrangement of the Trp residues of 
both HEWL and lipase proteins. On the other hand, after 20 min of 
blue-light photolysis and under identical excitation conditions, a 
new red-shifted and broader emission band was observed (blue 
solid line), suggesting the formation of new fluorophoric species 
during the photosensitization. In order to link these new 
fluorophores with the changes in absorbance produced at 320 nm 
during photosensitization, the supernatant and insoluble fractions 
of the photolyzed material were separated by centrifugation (see 
Experimental) and the emission spectrum with excitation at 320 nm 
was analyzed for both fractions. The soluble material (orange solid 

Page 5 of 11 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

line) showed much broader and red shifted emission than the re-
suspended pellets (green solid line), suggesting a different nature of 
the side-chain fluorescent oxidation products after 
photosensitization. In the case of the re-suspended pellets the 
narrower emission spectrum with maximum at 405 nm is typical of 
di-tyrosine fluorophore at neutral pH,58 as it was previously 
observed during the photosensitized formation of covalent 
oligomers of α-synuclein, an unfolded protein that contains four Tyr 
residues without Trp ones.44 Therefore, it can be expected that 
after photosensitization treatment of the lipase and the hybrid 
nano fibrils, the insoluble material contains di-tyrosine bridges 
formed between surface accessible Tyr residues of both lipase and 
lysozyme component of the nano fibrils, allowing the covalent 
immobilization of the enzyme, as depicted in Scheme 1. 
 

 
Figure 4 (a) Kinetic traces monitored by absorbance changes at 
320 nm of blue-light photolyzed suspensions of 1 mg/ml lipase 
and 1 mg/ml of nanofibrils in the presence of 15 mM 
[Ru(bpy)3]2+ and 3 mM S2O8

2- without (�) and with (�) the 
addition of 4 mM ascorbic acid. (b) Fluorescence emission 
spectra of the lipase-nanofibrils suspension observed by 
excitation at 295 nm before (magenta solid line) and after 20 
min of blue-light photolysis (blue solid line), and by excitation 
at 320 nm of the re-suspended insoluble material (green solid 
line) and of the super natant material (orange solid line). See 
ESI 
 
3.5 Effect of temperature and organic solvents on immobilized 

lipase stability via photo-induced immobilization onto a new 

hybrid nanomaterial 

 
To prove the effective photo-induced immobilization of lipase on 
the amlyloid-like nanoscaffolds, and more importantly, if this 
insoluble material presents improved enzymatic activity we 
evaluated the residual activity of this material as a function of 
temperature and solvent conditions. Firstly, considering that, an 
improvement of the enzyme thermal stability is very desirable and 
attractive from the biotechnological point of view, the residual 

activity of either free or immobilized lipase was estimated after a 
pre-incubation during 1 h at various temperatures covering the 
range of 30 – 60 °C. As shown in Figure 5a, the photo-immobilized 
enzyme was relatively thermostable under our assays conditions. 
On the contrary, the residual activity of the free lipase declined as 
the incubation temperature increased having a more important 
effect above 45 ºC. The free enzyme lost 75 % (only retained 25 % 
of residual activity) of its activity after 1 h of incubation at 50 and 60 
ºC, whereas the immobilized lipase retained 75 % of its initial 
activity after 1 h incubation under the same conditions. The lipase 
anchorage to the nanofibrils via a covalent bond leads to a decrease 
in the protein structure mobility at each anchorage point with a 
subsequent translation to the whole enzyme structure. As seen in 
other systems, this reduced freedom shields the enzyme from the 
denaturing effects of the environment. 8, 60 In fact, this decrease in 
flexibility overhelms the unfolding propensity of enzymes improving 
its activity.61 Additionaly, an important increase of thermal stability 
was also observed in organophosphate hydrolase-amyloid complex 
but in this case, the immobilization was on amyloid fibrils generated 
from insulin using glutaraldehyde as crosslinking reagent.62 

 
Figure 5 (a) Effect of temperature on residual lipase activity. (b) 
Effect of organic solvents on residual lipase activity using free lipase 
(white bars) or immobilized lipase (black bars). Remaining activity 
was compared with the control without incubation. Error bars 
represent the standard deviation calculated from at least three 
independent experiments. 
 
Another important research line is the enzyme resistance towards 
organic solvents. This area is also very attractive, particularly in the 
field of biocatalytic resolution to synthetize building blocks for 
chiral agrochemical and pharmaceutical drugs. In addition, it is well 
known that lipases are diverse in their sensitivity to solvents, but 
there is a general agreement that water-miscible solvents are more 
destabilizing than water-immiscible ones. Related to this, the 
photo-immobilized enzyme showed an enhanced stability in the 
presence of water-miscible organic solvent such as methanol, 
ethanol, dimethyl sulfoxide and acetone (Figure 5b). As compared 
to the free enzyme, in the presence of methanol or ethanol the 
photo-immobilized lipase improved its residual activity by 33 % or 
nearly 20%, respectively, after 1h of pre-incubation at 37 °C. This 
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biocatalyst property could be useful in lipase catalyzed biodiesel 
production where methanol or ethanol tolerance is a key factor. 63 
In addition, dimethyl sulfoxide which is widely used to disolve 
proteins, to a certain extent, slightly decreased the photo-
immobilized residual lipase activity. The extremely high resistance 
of the photo-immobilized lipase in the presence of acetone under 
the same assays condition showing a residual lipase activity of  
117% (117±4.24) was also specially interesting. Finally, the effect of 
hexane on either the free or the aqueous suspension of the photo-
immobilized lipase was explored. In this case, the biocatalyst 
response included both inactivation by the interphase (interfacial 
toxicity) and inactivation by dissolved organic solvent (molecular 
toxicity). So, the biphasic system containing the photo-immobilized 
lipase showed a 71 % of residual activity after a pre-incubated for 1 
h at 37°C.  

Conclusions 

The use of heparin as nucleation scaffold results in a simple strategy 
to obtain novel amyloid-like heparin-HEWL hybrid nanofibrils 
without any need to use high temperatures, low pHs or organic 
solvents, allowing this development to become a more viable and 
ecologically respectful process to produce suitable biomaterials as 
solid supports to improve biocatalysis.  
By using a combination of spectroscopic, biophysical and 
biocomputational techniques, a molecular mechanism to explain 
the cross-ß structure formation induced by heparin without major 
changes in the HEWL tridimensional structure was proposed. 
Molecular Dinamic simulations showed that after docking of 
heparin into the protein, novel hydrogen bonds between ß-strands 
of different HEWL molecules appeared in an antiparallel pattern. 
This model meets the observations derived from FT-IR 
measurements. The orientation of the novel intermolecular ß-
strands allows the formation of the classical amyloid nanofibrils ß-
core resulting in the typical thermal stability. Furthermore, the 
present data provides an insight of the role that heparin (and other 
GAGs) can play in enhancing both formation and stabilization of 
amyloids. 
In addition, hybrid heparin-HEWL nanofibrils have extra essential 
properties to be used as insoluble support for enzyme 
immobilization such as lack of biological activity and easiness to be 
functionalized due to the presence of solvent accessible amino acid 
residues which are not involved in the formation of the ß-core of 
the nanofibrils. Thus, results indicated that exposed Tyr residues in 
both nanofibril and lipase surfaces are suitable reactive groups for 
the application of the PICUP method using [Ru(bpy)3]2+/S2O8

2- as 
photosensitizing mixture for a one-pot, fast and relatively efficient 
cross-linking process of enzyme immobilization through the 
formation of dityrosine bridges, which are easily detected and 
quantifiable by fluorescence spectroscopy. The cross-linked 
enzyme-nano-fibril system obtained showed enhanced solvent 
resistance and excellent performance at high temperature 
compared to the free lipase. Hence, this biocatalyst can be used in 
fine chemical processes such as enantiomer resolution and or 
biodiesel production.64  
 Thus, this photo-click chemical approach can be applied also to 
others amyloid-enzyme systems to develop different kinds of nano-
biocatalysts. Although, further work is needed to achieve the best 
performance, and manufacture of amyloid nano-fibrils from cheaply 
available proteins, this research is a useful approach to design 
materials of commercial utility such as biocatalyst.  

Experimental 

Materials and methods 

Materials: Hen Egg-White Lysozyme (HEWL, L-6876), lyophilized 
cells of Micrococcus lysodeikticus (A.T.C.C. 4698), lipase from 
porcine pancreas (L0382) was purchased from Fluka, heparin 
ammonium salt from intestinal mucosa, sephadex G-75, calcein, 
thioflavin T (ThT), p-nitrophenyl acetate (p-NPA), ruthenium (II) tris-
bipyridine dichloride Ru(bpy)3Cl2, ammonium persulfate, proteinase 
K and 1,9-dimethyl-methylene blue (DMMB) were obtained from 
Sigma-Aldrich (St. Louis, MO) and used without further purification. 
Dioleylphosphatidylcholine (DOPC) and dioleylphosphatidic acid 
(DOPA) were obtained from Avanti Polar lipids and their purity 
controlled by thin layer chromatography (TLC).  
Nanofibrils preparation: a 1 mg/ml HEWL solution was prepared in 
20 mM HEPES, pH 7.4, centrifuged 30 min at 12000 x g and filtered 
with a 0.020 mm filter before every use to remove pre-aggregated 
material. Aggregation experiments were done by mixing 1 mg/ml of 
HEWL with 0.750 mg/ml heparin solutions tube and incubated at 37 
ºC during 72 h. The obtained fibril suspension was pelleted by 
centrifugation and washed three times with freshly 20 mM HEPES, 
200 mM NaCl pH 7.4 buffer aliquots to remove soluble material.  
Aggregation kinetics of HEWL: To analyze the effect of heparin on 
amyloid fibril formation at 37 ºC, two types of experiments were 
conducted: ThT fluorescence intensity and second-order static 
scattering measurements. For fluorescence assay 0.1 mg/ml of 
HEWL solution mixed with 2 ml of 20 mM HEPES, pH 7.4, containing 
25 µM ThT in the presence of different heparin concentration (e.g. 
0.050, 0.060, 0.070, 0.075 and 0.1 mg/ml heparin). ThT 
fluorescence was registered with an ISS PC1 spectrofluorimeter 
(Champaign, IL,  USA) with an excitation/emission wavelengths at 
450 nm and 482 nm respectively.41 The ThT fluorescence intensity 
growth kinetic at 482 nm was fitted to the exponential function It = 
I∞[1 – exp(−t/τβ)], where τβ is the time at which the fluorescence 
intensity (It) reaches 63.2% of the maximal value (I∞), the latter is 
proportional to the total amount of β-sheets conformations. 
The second-order static scattering assay was performed by setting 
the excitation/emission wavelengths at 300 nm and 600 nm 
respectively. Intensity of HEWL solution, under the same conditions 
as described below, in the presence and in the absence of 0.075 
mg/ml of heparin was recorded. Each reported data represents the 
average of at least three independent set of experiments. 
Liposomal leakage test: the assay was performed according to 
Vechetti et al 

65
 Briefly to prepare DOPC:DOPA (8:2)  SUV containing 

calcein trapped within, suitable amount of lipids were dried under 
nitrogen onto the wall of a Corex glass tube and sonicated with  
probe-type  sonifier  under nitrogen  and  controlled  temperature. 
In order to separate calcein-loaded SUV from free dye a Sephadex  
G-75  was used.  During incubation, changes in the fluorescence 
intensity of the different mixtures were monitored at λexc=490 

nm, λem=510 nm66 with the ISS PC1 spectrofluorimeter. Total dye 
release was completed by the addition of 0.1 vol % Triton X-100. 
The percentage of probe release was calculated as % Dye 
release=(IF-IB)/(IT-IB)×100, where IF, IT, and IB are the fluorescence 
intensity of the dye released by the protein, total dye released, and 
control blank. 
Fourier transform infrared spectroscopy measurements: 

approximately 50 µl of sample containing 5 mg/ml of HEWL in 
deuterated buffer 20 mM HEPES, pD 7.4 was placed between two 
CaF2 windows with 100 µm spacers in a thermostatized 
demountable liquid cell (Harrick Scientific, Ossining, NY). The 
spectra were recorded in a Nicolet 5700 spectrometer equipped 
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with a DTGS detector (Thermo Nicolet, Madison, WI). The sample 
chamber was permanently purged with dry air. Spectral blank 
subtraction, deconvolution, determination of band position and 
curve fitting of the original amide I band were performed as 
previously described by Arrondo et al.

51 
HEWL activity assays: the ability of lysozyme to produce the lysis of 
M. lysodeikticus cells was determined in 20 mM HEPES buffer (pH 
7.4) at 25 °C according to Castro et al

47 by measuring the turbidity 
decreases of the cell suspension at 540 nm as a function of time 
with a Beckman DU 7500 UV-visible spectrophotometer. 
Quantification of heparinin HEWL nanofibrils: the method that was 
used is described by Barbosa et al.67 Briefly, amyloid suspensions 
were pre-treated with proteinase K before complexation with a 1,9-
dimethyl-methylene blue (DMMB). After vigorous shaking for 30 
min, samples were centrifuged (12000 x g, 10 min) in order to 
separate a precipitate of the sulfated polysaccharide-dye complex 
from thee supernatant containing all non-sulfated polysaccharidic 
compounds. Subsequently, the DMMB was released by complete 
dissociation of the insoluble complex by adding 500 µL of a 
decomplexant solution (50 mM sodium acetate buffer, pH 6.8 
containing 4 M GuHCl 98% and 10% propan-1-ol). The DMMB 
absorbance on each sample at 650 nm was proportional to the 
amount of sulfated polysaccharide present in the sample, as 
calculated by comparison with a heparin calibration curve, (1-30 
µg/mL of heparin). 
Variable pressure scanning electron microscopy (VPSEM):  
approximately 50 ml of amyloid nanofibrils suspension at 1mg/ml 
concentration were put on a glass containing polylysine for an hour  
and then were fixed with a 2.5% glutaraldehyde in 0.1 M PBS (pH 
7.4) for 15 minutes, afterwards they were washed thoroughly 
three-times with 0.1 M PBS for 15 minutes each one. Then the 
sample was dehydrated in graded series of alcohol each one for 15 
minutes (25, 50, 75 and 100 % ethanol) mixture of 1:1 
acetone:ethanol and pure acetone. Finally, it was dried up under 
critical point. EM analysis was performed using a LEO EVO 40-XVP 
scanning electron microscope (Bahia Blanca Argentina) at 7 kV with 
nominal magnifications of 30000×. 
Protein-protein docking: docking poses for putative HEWL dimers 
were modeled using pyDockWeb server.56 The NMR solution 
structure for HEWL was taken from the RCSB (entry 1E8L).68 
Solutions were filtered adding the participation of β-sheets in the 
formation of the interfaces as a restraint.  
Lysozyme-heparin docking: the presence of heparin-binding sites 
on lysozyme monomer and putative dimers was studied using the 
software Autodock version 4.69 The docking protocol and 
parameters have been described previously.43 Briefly, input files 
were prepared using Autodock Tools.69 Interaction scoring energies 
were calculated using a grid spacing of 0.375 spanning the whole 
protein surface. A total of 1000 configurations were generated 
using a Lamarckian genetic algorithm with all rotating bonds fixed. 
The candidate structures were clustered using a 2 Å threshold and 
the lowest energy cluster from the largest cluster was considered as 
the best docking solution.   
Molecular dynamic simulations: all atom simulations were 
conducted using the NAMD package70 with the CHARMm 
forcefield.71 Topology and parameters for heparin were derived as 
previously reported.72 Initial coordinates for the protein and 
heparin were derived from docking calculations. Each putative 
protein-ligand complex was solvated using a pre-equilibrated water 
box using the VMD73 solvate plugin, and counter-ions were added 
to neutralize the system. During equilibration, the system was 
subjected to 10000 minimization steps followed by heating to 310 K 

for 1 ns using position restraints on CA atoms and further simulated 
for 10 ns without restraints. Production runs were simulated for 
each system for a total of 50 ns. Simulations were performed using 
periodic boundary conditions in the NPT ensemble. Non-bonded 
short-range interactions were treated using a 10Å cut-off, while 
electrostatic long-range interactions were treated using particle 
mesh Ewald algorithm.74 Equations of motion were integrated using 
1 fs timestep.  
Estimation of binding affinities: binding energies for protein-
protein and protein-ligand complexes were estimated from 
snapshots taken from the molecular dynamic simulation trajectories 
using the molecular mechanics Poisson-Boltzmann surface area 
(MM-PBSA) procedure.75 Electrostatic contribution to the solvation 
energy was estimated through non-linear solution of the Poisson-
Boltzmann equation using the APBS software package.76 Atom radii 
and partial charges were taken from the CHARMm force field. The 
solvent and protein dielectric were set to 78 and 2 respectively, 
while the protein-solvent boundary was set using the molecular 
surface. Counter-ions were set to 20 mM and modeled implicitly. 
The non-polar contribution was calculated as a linear function of 
the solvent accessible surface of the molecule, using a 1.4 probe 
radius, and setting the gamma coefficient to 0.00542 kcal.mol-1.Å-2.  
Lipase activity determination: lipase from porcine pancreas (Fluka) 
as a lyophilized power was used throughout this work. The reaction 
media containing 800 µl of 100 mM phosphate buffer (pH=7.0), 
0.1% (wt/v) gum Arabic, 0.4% (w/v) Triton X-100,77 and 100 µl of 1 
mM p-NPA. The assay was conducted at 37 °C by the addition of 
either 100 µl of the immobilized lipase-amyloid nano-fibrils 

suspension or 100 µl of the free lipase solution, and the lipase 
activity was determined by release of p-nitrophenol (NP) as 
measured spectro photometrically at 405 nm.77 One unit of 
hydrolytic activity was defined as the amount of biocatalyst that 
released 1 mmol of NP per minute under the given assay 
conditions.  
Photoinduced cross-linking experiments: the covalent cross-linking 
between lipase and hybrid amyloid-like nanofibrils was performed 
by photosensitization reaction with 15 µM [Ru(bpy)3]2+in presence 
of 3 mM ammonium persulfate (S2O8

2-)44,78 of 1.5 mg/ml of lipase 
and 1 mg/ml of amyloid-like nanofibrils in 1mL of 20 mM HEPES 
buffer (pH 7.4), 0.45% Triton XI00. The samples were placed in a 
cuvette holder with a magnetic stirrer, and irradiated with a 1 W 
blue LED (450 ± 27nm) for 15min, and the formation of photo-
crosslinking products was monitored in-situ by UV-Vis spectrometry 
at 320 nm using a perpendicular analysing beam light from Ocean 
Optics USB2000 spectrometer system (Dunelin, FL, USA). Reaction 
was stopped by placing the sample protected from light and by 
addition of a small aliquot of concentrated β-mercaptoethanol and 
the biocatalyst was separated from the rest through washing by 
successive centrifuge for 4 minutes at 3000 × g. Steady-state 
fluorescence spectra of the starting and final materials were 

performed with a Hitachi F-2500 fluorometer (Kyoto, Japan).  
Temperature effect on biocatalyst activity: one ml of either free or 
immobilized lipase was pre-incubated in 1 ml of 100 mM phosphate 
buffer (pH 7.0) for 1 h at different temperatures covering the range 
of 30–60 °C. The reaction mixture was shaken at 650 rpm. The 
remaining enzyme activity was then determined and compared 
with the control without pre-incubation. 
Effect of water-miscible organic solvents on biocatalyst activity: 

one ml of either free or aqueous suspension of immobilized lipase 
was pre-incubated in a 1:1 ratio (v/v) with each organic solvent to 
be studied for 1 h at 37 °C. The reaction mixture was shaken at 650 
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rpm. The remaining enzyme activity was then determined and 
compared to the control without pre-incubation. 
Effect of water-immiscible organic solvent on biocatalyst activity: 

to 500 µl of either free or aqueous suspension of immobilized 
lipase, 500 µl of hexane was added. The biphasic system was pre-
incubated for 1 h at 37 °C. The reaction mixture was shaken at 650 
rpm. The aqueous phase was sampled, and the remaining enzyme 
activity was then determined and compared to the control without 
pre-incubation. 
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