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–protein interactions and their
impact on b-sheet amyloid fibril formation†

Heloise R. Barros,ab Maria Kokkinopoulou,a Izabel C. Riegel-Vidotti, b

Katharina Landfester a and Hélöıse Thérien-Aubin *a

The influence of the presence of small molecules and nanoparticles on the mechanism of amyloid fibril

formation has attracted attention because amyloid protein fibrils are associated with degenerative

diseases. Here, we studied the interaction between gold nanoparticles (AuNPs) and a model protein

(lysozyme). Both the formation of amyloid fibrils in the presence of gold nanoparticles, as well as the

interaction between lysozyme and the amyloid fibrils with AuNPs, were investigated to gain an

understanding of the distinct behaviour of lysozyme in its fibrillar and globular form. It was observed that

the presence of AuNPs delayed the unfolding of a-helixes present in the globular lysozyme and the

formation of the amyloid fibrils. However, the addition of AuNPs was also associated with a larger

amount of b-sheet structures in the system once equilibrium was reached. Furthermore, the results

showed that the driving force of the interaction between AuNPs and lysozyme in its fibrillar and globular

forms was significantly different, and that the interaction of AuNPs with the preformed lysozyme amyloid

fibrils led to a structural change in the protein.
Introduction

Amyloid brils are formed by the self-assembly of protein
aggregates composed of highly ordered b-sheet structures and
are associated with degenerative diseases such as Alzheimer's,
Parkinson's, and many others.1–3 These aggregates are formed
by misfolded proteins with exposed hydrophobic groups.3 One
of the key challenges associated with the formation of amyloid
brils is not only to prevent or disrupt the aggregation of the
proteins but also to reverse the misfolding process and to return
the proteins to their original conformation. However, to achieve
control over the brillation process, we are still in need of
a deeper understanding of the different mechanisms associated
with the brillation process.

The mechanism of amyloid bril formation is complex even
for samples involving only the protein.4–7 In vitro, amyloid brils
could be rapidly produced under mildly denaturing conditions.8

Nucleation could occur in a homogeneous manner or via
a secondary nucleation mechanism where bers act as nucle-
ation points. Furthermore, during the brillation process, the
addition of protein is in competition with the fragmentation of
the existing bers. Moreover, the presence of additive from
small molecules (vitamins,9 polyphenols,10 avonoids,11 metal
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7ra11219j
chelators,12.) to larger species such as polypeptides2 and other
molecular chaperons13 can interfere with the brillation process
by inhibiting one or many of the multiple steps involved in the
formation of b-amyloid bers.

The addition of nanoparticles to the protein solution before
brillation complexies the mechanism further.14,15 Upon the
addition of nanoparticles to any protein solution a rapid
adsorption of proteins occurs at the interface between the
nanoparticle and its environment leading to the formation of
a protein corona around the nanoparticle.16–19 The adsorption of
proteins on the surface of the nanoparticle has a dual effect, as
it affects the behaviour and fate of the particles20–22 but also
contributes to the unfolding and clustering of the proteins.14,23

These conformational changes of the protein have the potential
to affect the mechanism of bril formation. This is why the
effect on protein brillation of a variety of nanoparticles, such
as polymers,14,24 proteins,25 magnetic iron oxide,15,26,27 or noble
metal1,27–33 has been examined. The interaction at the interface
of a nanoparticle and the proteins brings even more complex-
ities to the brillation mechanism; for example, the surface of
gold nanoparticles has been shown to interact favourably with
the amino groups of the protein.34,35 Additionally, the formation
of amyloid brils is associated with a conformational change of
the protein exposing more amino, amide and carboxyl groups,
that were previously buried in the protein core. Thus, the
formation of b-amyloid bers increases the number of potential
protein–AuNPs binding sites.3 The size, shape, surface charge,
hydrophilicity, and concentration of AuNPs are determinant
factors in the mechanism of amyloid brils formation.14,30,35
This journal is © The Royal Society of Chemistry 2018
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Consequently, the effect of AuNPs on the amyloid brils is
complex and ambiguous. And until now, experimental results
have shown diverging trends. For example, the addition of
AuNPs could either increase1 or decrease32 the rate of brils
formation and the overall effect of the nanoparticles on the
brillation process. To fully understand the effect of nano-
particles on the formation and stability of b-amyloid brils, not
only their effect on the brillation process need to be better
understood but also the interactions between the brils them-
selves and those nanocolloids.

Here, we investigate the interaction and the effect of AuNPs
on the formation and structure of amyloid lysozyme brils.
Lysozyme was used for this purpose because of its involvement
in amyloidosis36 and its wide use as an in vitro model for
amyloid bril formation.37,38 To investigate the difference
between the interaction of globular and brillar lysozyme with
gold nanoparticles, two different strategies were implemented
(Fig. 1). In the rst case, the brillation of lysozyme was carried
out in presence of AuNPs to investigate their interactions with
globular lysozyme and the inuence of the addition of AuNPs
on the mechanism and kinetics of brils formation (strategy 1).
Alternatively, AuNPs were added to preformed b-amyloid lyso-
zyme brils to study the interaction involved between AuNPs
and brils (strategy 2). Those two strategies together would
provide the necessary information to clarify the difference in
the interactions of AuNPs with both native lysozyme and b-
amyloid lysozyme brils.
Fig. 2 Lysozyme fibrillation in presence of AuNPs. (A) TEM micro-
graphs of ionic liquid embedded samples, prepared during the lyso-
zyme fibrillation at tSA ¼ 0, 0.5 and 1 h with cAuNP ¼ 0 mg L�1, cAuNP ¼
0.33 mg L�1 and cAuNP ¼ 3.1 mg L�1. Scale bar: 200 nm. (B) Kinetic
profile of fibrils formation followed by ThT fluorescence with cAuNP ¼
Results and discussion
Lysozyme brillation in presence of AuNPs

Fig. 2 shows the evolution of the structures observed in lysozyme/
AuNPs suspensions over the course of the lysozyme brillation in
presence of a range of AuNPs concentration (cAuNP) varying from
0 to 3.1 mg L�1 (strategy 1). In every case, a different concen-
tration of gold was added to a solution of globular lysozyme, then
Fig. 1 Schematic illustration of the two different strategies used to
study the interaction between AuNPs and lysozyme. Strategy 1: lyso-
zyme fibrillation in presence of AuNPs. Strategy 2: interaction study
between AuNPs and lysozyme globules and fibrils. Not drawn to scale.

0 mg L�1 (black), cAuNP ¼ 0.07 mg L�1 (red), cAuNP ¼ 0.33 mg L�1 (blue)
and cAuNP¼ 3.1 mg L�1 (pink). lex¼ 440 nm. The lines are fits to eqn (1).

This journal is © The Royal Society of Chemistry 2018
the brillation was triggered by the addition of HCl (pH ¼ 2)
followed by incubation at 60 �C. In these conditions, the bril-
lation of the lysozyme is observed in absence of protein hydro-
lysis as evidenced by electrophoresis (ESI, Fig. S5†). During this
process, amyloid brils (aggregates composed of b-sheet struc-
tures) were formed and the brillation was accompanied by an
increase in the scattering of the solution. The kinetics of the
lysozyme brillation was monitored by transmission electron
microscopy (TEM) images (Fig. 2A) at different time of self-
assembly (tSA) and by Thioavin T (ThT) uorescence (Fig. 2B).
ThT is a dye molecule that specically binds to b-sheet struc-
tures.1,2 The TEM images show that at tSA ¼ 0 h, only globular
protein aggregates were observed in all samples. As tSA increases,
the formation of protobrils and brils was observed for every
sample. At tSA ¼ 0.5 h, the presence of protobrils was more
pronounced for the brillation of lysozyme at cAuNP ¼ 0 mg L�1

where all the globular protein aggregates had been consumed,
RSC Adv., 2018, 8, 980–986 | 981
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Fig. 3 CD spectra of lysozyme globular (black) and fibrils cAuNP ¼
0 mg L�1 (red), cAuNP ¼ 0.07 mg L�1 (blue), cAuNP ¼ 0.33 mg L�1 (pink)
and cAuNP ¼ 3.1 mg L�1 (green). The spectra were obtained at the end
of fibrillation.
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while samples at cAuNP ¼ 0.33 mg L�1 and 3.1 mg L�1 displayed
mainly globular protein aggregates coexisting with some brils.
At this stage, no free AuNPs were observed, all the AuNPs were
embedded in either lysozyme globules or brils. Finally, at tSA ¼
1 h, in absence of AuNPs only lysozyme brils were observed,
however in presence of AuNPs, some lysozyme globules were
detected. TEM tomography was used to precisely locate the
AuNPs. The 3D reconstructions (ESI, Fig. S2†) demonstrate that
the AuNPs were distributed through the entire volume of
reconstructed sites; an evidence that the AuNPs are inside both
the globular and brillar structures.

To better understand the effect of AuNP of the formation of
lysozyme amyloid bers, the kinetics of the protein reorgani-
zation was followed by ThT uorescence at different cAuNPs (0,
0.07, 0.33, and 3.1 mg L�1). The brillation kinetics, as seen by
the ThT uorescence, displayed a sigmoidal prole, typical of
the formation of amyloid brils.39 The sigmoidal shape of ThT
uorescence curve consists of an initial lag phase, during which
the unfolding of the a-helix present in the lysozyme globules
and nucleation of the brils occurs. This is followed by a growth
phase associated with the protein–protein interactions leading
to the growth of the amyloid brils, and nally, a stable plateau
phase where the brillation process is completed and the
highest amount of b-sheet is achieved. The brillation kinetics
was described by eqn (1):4

F ¼ F0 þ A

ð1þ expð �kðt� t0:5ÞÞÞ (1)

where F0 is the uorescence intensity, A is the amplitude of the
transition, k is the apparent rate of bril formation, t is the time
of self-assembly (or incubation), and t0.5 is the midpoint of the
growth phase. The lag time was dened as tlag ¼ t0.5 � 1/2k.
Those parameters are dependent on the conditions used for the
brillation as protein concentration, solvents, temperature and
pH.38,40,41 Eqn (1) tted all curves adequately, providing the
values of tlag and apparent rate of bril formation (k) summar-
ised in Table S1 (ESI†).

At tSA ¼ 0 h, no uorescence was observed in any sample,
indicating that no b-sheet aggregates or brils were formed at this
stage. The lag phase, the stage prior to bril formation dened by
the lag time (tlag), was shown to depend on the concentration of
AuNPs. The addition of AuNPs led to an increase of tlag from 39�
1min (cAuNP¼ 0mg L�1) to 79� 4min (cAuNP¼ 0.07mg L�1). The
TEM images obtained at tSA ¼ 0.5 h and 1 h correspond to the
elongation phase of brils. This stage was delayed in presence of
AuNPs at 0.33 and 3.1 mg L�1, where the coexistence of globular
and brils protein aggregates could be observed.

Longer tlag values were obtained in presence of AuNPs in all
concentrations. The longer tlag brillation is correlated to the
formation of large globular lysozyme aggregates in the presence
of AuNPs, as observed in TEM images at tSA ¼ 0 h. This suggests
that the interaction between AuNPs and globular lysozyme lead
to the formation of large domains where the lysozyme was
partially adsorbed onto the surface of the AuNP. This led to
a decrease of the effective concentration of free lysozyme. The
decrease in the concentration of lysozyme in solution is known
to increase the lag-time of the brillation process.4,42 This
982 | RSC Adv., 2018, 8, 980–986
depletion of the free protein available to undergo nucleation
has been previously observed for other types of nanoparticles.24

While an increase in the lag-time is observed for every
sample containing AuNPs, the effect of cAuNP was not linear. The
nanoparticles themselves could act as nucleation point.14 This
phenomenon lead to a turnover point where the lag-time of the
brillation increases.24 While the decrease in the effective
concentration of free lysozyme decrease when the concentration
of AuNP increases leading to a reduction in the rate of primary
homogeneous nucleation, the rate a secondary nucleation by
the AuNP surface increases, the clusters of protein adsorbed on
the surface of the nanoparticles could act as a seed for the
brillation process.24

At the end of the brillation process, aer tSA ¼ 5 h, circular
dichroism (CD) measurements were performed to analyse the
changes in the protein conformation aer brillation (Fig. 3).
The spectrum of globular lysozyme shows negative peaks at 208
and 222 nm typical of the a-helix conformation.43 Aer the
brillation, the spectra of all samples displayed the spectral
signature typical of b-sheet characterised by a positive signal at
205 nm and a broad negative signal at ca. 225 nm.43 This is in
accordance with the proposed mechanism of b-amyloid bril
formation9 where the lysozyme in the a-helix-rich globules rst
unfolds, followed by the formation of brils containing protein
in a b-sheet conformation.

Furthermore, Fig. 3 shows that molar residue ellipticity
(MRE) of the lysozyme solution increased with the addition of
a larger amount of AuNPs. This, in conjunction with the
decrease in tlag suggests that the AuNPs promote the formation
of amyloid brils.

Interactions between AuNPs and lysozyme brils

The second type of AuNP/lysozyme interaction investigated was
between the preformed brils and the AuNPs (Fig. 1). Solutions
of globular and brillar lysozyme were titrated by the successive
additions of AuNPs. The mass ratio of AuNPs/lysozyme was
varied from 0 to 3 wt% and the variation of the intrinsic tryp-
tophan uorescence was measured aer each addition. In the
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra11219j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 2
/1

1/
20

26
 1

0:
41

:1
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
concentrations range of AuNPs used in the previous brillation
experiments, only limited variation of the uorescence signal
was observed. The structural and conformational changes were
also monitored by TEM, isothermal titration calorimetry (ITC),
uorescence assays of ThT and tryptophan.

The addition of AuNPs to the brillar lysozyme led to
a decrease of 80 � 1% in the ThT uorescence with no shi in
lmax (ESI, Fig. S3A†). This signicant decrease in ThT uores-
cence suggests that the amount of b-sheet structures in the
brillar lysozyme is reduced in the presence of AuNPs. CD
measurements supported this observation (ESI, Fig. S4B†).
Furthermore, CD and ThT measurement aer the addition of
AuNPs to globular lysozyme indicated that no conformational
changes were observed for similar mass ratio (ESI, Fig. S4A†).

The natural uorescence of proteins is governed by the
contribution of tryptophan residues, and the uorescence of the
tryptophan residues is highly sensitive to the presence of
different microenvironments within the protein.38 Lysozyme
presents 6 tryptophan residues.44 The lmax of the tryptophan
uorescence for globular and brillar lysozyme was observed at
334 and 342 nm, respectively (Fig. S3B†). The bathochromic
shi and the decrease in uorescence intensity of tryptophan
aer the brillation of lysozyme were associated with the
conformational changes of the protein38 leading to the exposure
of the tryptophan residues to the environment on the periphery
of the bril. Conformational changes in the protein could be
studied by analysing the ratio between the uorescence of
tryptophan at 350 nm and 330 nm (F350/F330),45 because the local
environment of the individual tryptophan residue inuence the
position of the maximum uorescence emission, tryptophan
located inside of the protein display a lmax at lower wavelength
(310–330 nm) than tryptophan on the surface interacting with
mobile water (340–350 nm).46 An increase in F350/F330 thus
indicated a structural change resulting in a more hydrophilic
environment around the tryptophan residues, in average. Fig. 4
shows, a signicant difference in the structure of the globular
and brillar lysozyme in keeping with the formation of b-
Fig. 4 Effect of the addition of gold nanoparticles on the fluorescence
of tryptophan in globular lysozyme (black) and in lysozyme fibrils (red).
Lysozyme concentration was 2.0 mg mL�1 (filled symbols) and 0.6 mg
mL�1 (open symbols).

This journal is © The Royal Society of Chemistry 2018
amyloid brils. Aer brillation, the ratio of uorescence
increases from 0.85 � 0.02 to 1.15 � 0.06 indicative of the
refolding of the protein where the tryptophan residues are in
a more polar environment.

The addition of AuNPs to the solution of globular lysozyme,
led to no further changes in the ratio of uorescence, this
indicates that the structure of the globular lysozyme was not
affected by the addition of AuNPs. However, the addition of
AuNPs to the solution of brillar lysozyme led to an increase in
the ratio of uorescence, indicative of either further refolding of
the lysozyme leading to an increased exposure of the tryptophan
residues to a polar environment or to the strong interaction
between the tryptophans and AuNPs.

ITCmeasurements were performed to determine the types of
interaction involved between AuNPs with globular and brillar
lysozyme (Fig. 5A). Interestingly, the titration of globular and
Fig. 5 Interaction AuNPs-lysozyme globular and fibrils. (A) ITC data for
the adsorption of lysozyme globular (black) and fibrils (red) into AuNPs
dispersion. (B) TEM micrographs of ionic liquid embedded samples of
AuNPs added in (i and ii) lysozyme globular and (iii and iv) fibrils. (ii) and
(iv) are tomogram slices, superimposed by a 3D reconstruction model
(yellow ¼ lysozyme fibrils, green ¼ lysozyme globules, red ¼ AuNPs).
Scale bar: 200 nm.

RSC Adv., 2018, 8, 980–986 | 983
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brillar lysozyme with AuNPs suspension exhibited heat varia-
tion with opposite behavior. The interaction between the glob-
ular lysozyme and the AuNPs was driven by an exothermic
process. This suggests that hydrogen bonding and electrostatic
interactions between the AuNPs and the protein are the main
driving forces in this system,47,48 and is coherent with the
adsorption of the protein at the nanoparticle interface involving
no or limited conformational changes of the protein. On the
other hand, the titration of lysozyme brils with AuNPs
suspension resulted in an endothermic process. This result
suggests that the interaction between the AuNPs and the lyso-
zyme brils is entropically driven. This nanoparticle–protein
interaction is characteristic of the protein desolvation, and the
main driving force of this process is the entropy gained by the
disorganization of water molecules surrounding the nano-
particles and proteins.48 In addition, in endothermic processes,
hydrogen bonds interactions are not favoured. This, in
conjunction with the distinct tryptophan/AuNPs interaction
behaviour (Fig. 4), indicates that the interactions of AuNPs with
globular and brillar lysozyme are driven by different interac-
tion mechanisms.

TEM images show that AuNPs were surrounded by lysozyme
in both globular and bril structures (Fig. 5B). AuNPs were
always located inside a lysozyme-rich environment indicating
the affinity of AuNPs with both lysozyme structures. AuNPs were
incorporated in globular lysozyme domains (Fig. 5B(i)). No
signicant morphological changes, other that AuNP inclusion,
were observed for the lysozyme brils in presence of AuNPs
(Fig. 5B(iii)). By TEM tomography, it is notable that AuNPs were
located inside lysozyme in both globules (Fig. 5B(ii) inset) and
brils (Fig. 5B(iv) inset), which conrms the existence of strong
interactions between AuNPs and lysozyme in both globular and
brillar structures. The inclusion of the AuNPs inside the
lysozyme brils can be associated with the minor disruption of
the b-sheet structures (ESI, Fig. S3 and S4†).

Conclusion

In conclusion, we showed that AuNPs can slow down the lyso-
zyme brillation but that once the equilibrium is reached, the
content of b-sheet structures formed increased with increasing
amount of AuNPs. However, the addition of AuNPs to pre-
formed lysozyme brils disrupts the b-sheet structures in the
samples as observed by amodication in the uorescence of the
tryptophan residues and circular dichroism. Kinetics studies by
TEM images and ThT uorescence showed that the formation
of lysozyme brils in presence of AuNPs is impeded resulting in
longer lag-time in the protein refolding process. Furthermore,
CD measurements conrmed the transition from a-helix to b-
sheet conformation during the brillation process and that
more lysozyme in a b-sheet conformation was observed in
presence of AuNPs once the equilibrium was reached. More-
over, the study of interactions between AuNPs and globular and
brillar lysozyme by ThT and tryptophan uorescence and
conrmed by ITC and TEM images showed different driving
forces involved in the interactions between AuNPs and lyso-
zyme. While the addition of AuNPs lead to a modication of the
984 | RSC Adv., 2018, 8, 980–986
protein structure, the disaggregation of the bril was not
observed. These results illustrate the complex physicochemical
interactions involved between AuNPs and amyloid proteins.
Experimental
Materials

Tetrachloroauric acid (HAuCl4$3H2O, 30% in dilute HCl,
99.9%), lysozyme from chicken egg white (lyophilised powder,
protein $90%), sodium borohydride (NaBH4, $98%), 3-mer-
captopropionic acid (MPA, $99%) and thioavin T (ThT) were
purchased from Sigma-Aldrich.
Gold nanoparticles (AuNPs) synthesis and characterization

The AuNPs synthesis was adapted from a previously described
method.34 An aliquot of 10 mL of an aqueous solution
(0.0875 mmol L�1) of HAuCl4 was reduced by the addition of
2.4 mL of ice-cold 0.1 mmol L�1 NaBH4 leading to the formation
of AuNPs. The dispersion was stirred at 25 �C for 20 min. Then,
100 mL of 10 mmol L�1 MPA was added to the AuNPs dispersion
and stirred at 25 �C during 30 min. Subsequently, the disper-
sion was centrifuged at 14 000 rpm during 3 h to remove the
excess of MPA, leaving enough carboxylic groups on the surface
of the nanoparticles to provide colloidal stability. The precipi-
tate was washed and redispersed in 1 mL of ultrapure water.

The nal concentration of gold in the dispersion is
33.8 mg L�1, and was determined by Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES) (Horiba Jobin
Yvon DS 500). The AuNPs were characterised by UV-Vis spec-
troscopy (Tecan innite M1000 plate reader), Transmission
Electron Microscopy (TEM) (FEI Tecnai F20) and Dynamic Light
Scattering (DLS) (PSS Nicomp Submicron Particle Sizer).
Lysozyme brillation

Lysozyme solution (2.0 mg mL�1) was prepared in PBS buffer
(1.4 mmol L�1 KH2PO4, 8 mmol L�1 Na2PO4, 140 mmol L�1

NaCl, 2.7 mmol L�1 KCl) at pH 7.3. The concentration of the
lysozyme solution was determined spectrophotometrically by its
absorbance at 280 nm using an extinction coefficient of 3 ¼
38 940mol�1 L�1 cm�1.15,39,49 To produce the amyloid brils, the
pH of the solution was adjusted to 2.0 by the dropwise addition
of HCl, and then agitated at 500 rpm and 60 �C overnight in
a ThermoMixer (HLC, MKR23). Different amounts of AuNPs
were added to lysozyme solution before the start of the bril-
lation, with a nal concentration of 0.07, 0.33 and 3.1 mg L�1.
To follow the amyloid brils kinetics, 10 mL of each sample was
added to 90 mL of 20 mmol L�1 Thioavin T (ThT) solution at
different times during the brillation. The ThT was excited at
440 nm and the emission spectra recorded from 450 to 600 nm
using both excitation and emission bandwidth of 5 nm. The
measurements were done using a plate reader (Tecan innite
M1000 plate reader). All measurements were done in triplicate
and the uorescence intensities were corrected for the PBS
buffer blank.
This journal is © The Royal Society of Chemistry 2018
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Tryptophan uorescence

Aliquots of 5 mL of 33.8 mg L�1 AuNPs were added in 90 mL of
globular or brillar lysozyme and the tryptophan uorescence
spectra were acquired. The tryptophan uorescence was excited
at 295 nm and the emission spectra recorded from 300 to
450 nm using both excitation and emission bandwidth of 5 nm.
The uorescence intensity values were obtained by the inte-
gration of spectra in the range 320 to 380 nm. The measure-
ments were done using a plate reader (Tecan innite M1000
plate reader). All measurements were done in triplicate and the
uorescence intensities were corrected for the PBS buffer blank.
Circular dichroism (CD) spectroscopy

CD measurements were done with samples of 0.5 mg mL�1

protein concentration previously diluted in PBS buffer. Spectra
were recorded in the range 200–260 nm using a bandwidth of
1 nm, and a data pitcher of 0.5 nm, with a scan speed of 50
nm min�1. All measurements were done in triplicate and the
spectra CD were corrected by the PBS buffer blank. The spectra
were displayed in molar residue ellipticity (MRE) obtained by
the relation:

MRE ¼ MRW� q

10dC

where, q is the ellipticity in degrees, d is the cell path length in
centimeters and C is the concentration in g mL�1. MRW is the
mean residue weight and is dened as MRW¼M/(N� 1), where
M is the molecular mass in dalton and N is the number of
amino acids of the protein. For lysozyme, M is 14 300 and N is
129. The measurements were done in a JASCO J-815 CD
Spectrometer.
Transmission electron microscopy (TEM) and tomography

The samples were embedded in a matrix of 1-ethyl-3-
methylimidazolium tetra-uoroborate (ionic liquid EMI-BF4)
(Sigma-Aldrich). 1 mL of each sample was placed on a copper
grid and le to dry. The measurements were performed with
a transmission electron microscope FEI Tecnai F20. The images
were recorded on a 2k CCD (charge-coupled device) camera
(Gatan Ultrascan 1000). More details of the preparation are re-
ported elsewhere.50 For tomography, tilt series were recorded
from �65� to +65�. The alignments and the weighted back-
projection-based reconstructions were computed with eTomo
(a program from the IMOD soware package51).
Isothermal titration calorimetry (ITC)

ITC measurements were done by the titration of 25 aliquots of 2
mL each one by an automatic injection syringe containing 50 mL
of lysozyme globular or brils 1.1 mg mL�1 into a calorimetry
cell with 300 mL of AuNPs 0.0114 g L�1. The injections were
performed at 250 s interval with stirring at 350 rpm and
constant temperature at 25 �C. The heat per injection was
subtracted from the heat of dilution of lysozyme titration into
water. The measurements were done using a Nano ITC (TA
instruments).
This journal is © The Royal Society of Chemistry 2018
Conflicts of interest

There are no conicts to declare.
Acknowledgements

The authors acknowledge nancial support from CNPq. HRB is
grateful to CAPES and DAAD for the fellowship. HTA is grateful
to the Alexander von Humboldt Stiung for nancial support.
The authors thank Dr Svenja Winzen and Domenik Prozeller for
ITC measurements and discussions, Benedikt Junglas and the
Institute of Pharmacy and Biochemistry for CD measurements
and discussions, and Dr Artur Ghazaryan for the PAGE analysis.
Notes and references

1 Y. D. Alvarez, J. A. Fauerbach, J. V. Pellegrotti, T. M. Jovin,
E. A. Jares-Erijman and F. D. Stefani, Nano Lett., 2013, 13,
6156–6163.

2 R. K. Kar, Z. Gazova, Z. Bednarikova, K. H. Mroue, A. Ghosh,
R. Y. Zhang, K. Ulicna, H. C. Siebert, N. E. Nifantiev and
A. Bhunia, Biomacromolecules, 2016, 17, 1998–2009.

3 A. C. Bhasikuttan and J. Mohanty, Chem. Commun., 2017, 53,
2789–2809.

4 P. Arosio, T. P. J. Knowles and S. Linse, Phys. Chem. Chem.
Phys., 2015, 17, 7606–7618.

5 G. Meisl, J. B. Kirkegaard, P. Arosio, T. C. T. Michaels,
M. Vendruscolo, C. M. Dobson, S. Linse and
T. P. J. Knowles, Nat. Protoc., 2016, 11, 252–272.

6 G. Wei, Z. Su, N. P. Reynolds, P. Arosio, I. W. Hamley, E. Gazit
and R. Mezzenga, Chem. Soc. Rev., 2017, 46, 4661–4708.

7 N. Lorenzen, S. B. Nielsen, A. K. Buell, J. D. Kaspersen,
P. Arosio, B. S. Vad, W. Paslawski, G. Christiansen,
Z. Valnickova-Hansen, M. Andreasen, J. J. Enghild,
J. S. Pedersen, C. M. Dobson, T. P. J. Knowles and
D. E. Otzen, J. Am. Chem. Soc., 2014, 136, 3859–3868.

8 C. M. Dobson, Trends Biochem. Sci., 1999, 24, 329–332.
9 P. Alam, S. K. Chaturvedi, M. K. Siddiqi, R. K. Rajpoot,
M. R. Ajmal, M. Zaman and R. H. Khan, Sci. Rep., 2016, 6,
26759.

10 A. Battisti, A. Palumbo Piccionello, A. Sgarbossa, S. Vilasi,
C. Ricci, F. Ghetti, F. Spinozzi, A. Marino Gammazza,
V. Giacalone, A. Martorana, A. Lauria, C. Ferrero,
D. Bulone, M. R. Mangione, P. L. San Biagio and
M. G. Ortore, RSC Adv., 2017, 7, 31714–31724.

11 L. Wang, R. Zeng, X. Pang, Q. Gu andW. Tan, RSC Adv., 2015,
5, 66391–66402.

12 H. Liu, X. Dong, F. Liu, J. Zheng and Y. Sun, J. Colloid
Interface Sci., 2017, 505, 973–982.

13 P. Arosio, T. C. T. Michaels, S. Linse, C. Månsson,
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