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Versatile multi-functionalization of protein
nanofibrils for biosensor applications†

L. Sasso,*abc S. Suei,ad L. Domigan,abce J. Healy,bc V. Nock,abf M. A. K. Williamsadg

and J. A. Gerrard*abch

Protein nanofibrils offer advantages over other nanostructures due to the ease in their self-assembly and

the versatility of surface chemistry available. Yet, an efficient and general methodology for their post-

assembly functionalization remains a significant challenge. We introduce a generic approach, based on

biotinylation and thiolation, for the multi-functionalization of protein nanofibrils self-assembled from

whey proteins. Biochemical characterization shows the effects of the functionalization onto the

nanofibrils' surface, giving insights into the changes in surface chemistry of the nanostructures. We show

how these methods can be used to decorate whey protein nanofibrils with several components such as

fluorescent quantum dots, enzymes, and metal nanoparticles. A multi-functionalization approach is used,

as a proof of principle, for the development of a glucose biosensor platform, where the protein

nanofibrils act as nanoscaffolds for glucose oxidase. Biotinylation is used for enzyme attachment and

thiolation for nanoscaffold anchoring onto a gold electrode surface. Characterization via cyclic

voltammetry shows an increase in glucose-oxidase mediated current response due to thiol–metal

interactions with the gold electrode. The presented approach for protein nanofibril multi-

functionalization is novel and has the potential of being applied to other protein nanostructures with

similar surface chemistry.
1. Introduction

Amyloid brils are insoluble biological nanostructures formed
via self-assembly of proteins. The self-assembly of mature brils
has been extensively studied and this process varies slightly
with the source protein building block. Although several
mechanisms have been proposed,1 the most accepted theory
relies on partial un-folding of the protein monomers2 and the
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formation of intermediates which undergo nucleation-depen-
dent polymerization.3 Amyloid brils have a characteristic
b-sheet rich conformation,4,5 with a rigid internal order result-
ing in distinctive properties such as high strength, stability and
high aspect-ratio dimensions,6,7 with widths in the range of
2–10 nm (ref. 8) and lengths from 1 up to 10 mm (see Fig. 1). The
variety in amino acid sequences available within the protein
Fig. 1 (a) TEM image of whey protein nanofibrils (scale bar corre-
sponds to 100 nm); (b) AFM image of whey protein nanofibrils (scale
bar is 500 nm).
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building blocks offer anchoring points along the nano-
structure's surface, allowing for the functionalization of
amyloid brils with components useful in the application of
this nanoscaffold.9–13 This affords some advantages over simi-
larly sized structures, such as carbon nanotubes, where the
introduction of more than one type of chemical functionality to
the surface remains a challenge.14

There are a myriad of protein sources available which can
undergo bril formation, such as insulin,15 ovalbumin,16 lyso-
zyme,17 eye lens crystallins,18 fungal hydrophobins,19 soy20 and
whey proteins.21 Whey proteins are of particular interest for
bril formation mainly because of their inexpensiveness and
availability, since whey protein isolates (WPIs) are a common
byproduct of the dairy industry. The major components of WPIs
are b-lactoglobulin, a-lactalbumin and serum albumin.22 Aside
from the wide use of WPIs in the food industry as functional
materials in dairy products, mainly because of their gelation
abilities,23–25 whey protein nanobrils (WPNFs) have been
widely studied and characterized as nanomaterials.26–33 The
current literature focuses mainly on understanding the mech-
anism of formation of these nanobrils, and only a few studies
exist about the post-assembly applications of WPNFs as nano-
materials.34–36 Research in the latter area has been restricted to
peptide-based nanostructures,37–41 which are inherently much
less stable bionanomaterials than amyloid brils, particularly
for devices that may be exposed to aqueous solvents.42 Modi-
cation of biological nanostructures has also generally been
restricted to addition of a single moiety.9–13,43–45 The ability to
add more than one entity to a nanoscaffold surface, still a
hurdle to overcome in the eld,13 opens up many new applica-
tions.46 One of the major challenges that has limited the
application of WPNFs to date is obtaining a reliable control over
the nanostructures' post-assembly modications, such as the
attachment of relevant compounds to their surface, in order to
specically utilize WPNFs as nanoscaffold materials for broader
applications, for example in the electronic or biosensing eld.

We demonstrate here a reliable, versatile method for the
multi-functionalization of WPNFs, utilizing chemical anchoring
points present on the surface of the bionanostructures.

2. Experimental
2.1. Chemicals and materials

Whey protein isolate (WPI) 895 was obtained from Fonterra Co-
operative Group (Auckland, New Zealand). Biotin 3-sulfo-N-
hydroxysuccinimide ester sodium salt (Biotin), 2-iminothiolane
hydrochloride (Traut's Reagent), o-phthaldialdehyde (OPA),
5,50-dithio-bis(2-nitrobenzoic acid) (Ellman's Reagent), 2-mer-
captoethanol, sodium borate, sodium phosphate and ethyl-
enediaminetetraacetic acid (EDTA) were purchased from Sigma
Aldrich (Steinheim, Germany). Methanol was obtained from
Ajax Finechem Pty Ltd (Taren Point, Australia) and hydrox-
ymethyl ferrocene (FcOH) from AlfaAesar (Ward Hill, MA, USA).
Streptavidin coated glucose oxidase (GOx) was purchased from
Fitzgerald Industries (Acton, MA, USA), streptavidin coated
quantum dots (Qdot® 655) from Molecular Probes, Inc.
(Eugene, OR, USA), uranyl acetate from BDH Chemicals Ltd
1630 | Nanoscale, 2014, 6, 1629–1634
(Kingston upon Hull, UK) and D(+)-glucose anhydrous from
VWR International BVBA (Leuven, Belgium). Gold nanoparticles
10–40 mm in diameter were synthesized in-house. All solutions
used in this work were prepared using ltered (0.22 mm) ultra-
pure water from a Milli-Q® water purication system from
Millipore Corporation (Billerica, MA, USA).

2.2. Preparation of WPNFs33

Aqueous solution of whey protein isolate (10 mg mL�1) was
prepared and stirred for 10 min. The pH was adjusted to 2.0
with addition of 1.0 M HCl and 0.1 M KOH using a pH probe
(Denver Instrument, Bohemia, NJ, USA). The solutions were le
overnight at 4 �C while stirring, and then heated to 80 �C for
20–22 hours in a dry bath heater (Labnet International Inc.,
Woodridge, NJ, USA). Aer cooling for 10 min on ice, the
resulting WPNF suspensions were kept at room temperature for
at least 1 week before proceeding with the experiments.

2.3. TEM47 and AFM8 characterization

Before preparing the TEM grids, the concentrations of the WPNF
suspensions were adjusted to 0.1 mg mL�1. Each grid was
exposed to 20 mL of sample for 1min, then to 20 mL of water for 20
s thrice, and nally to 20 mL of uranyl acetate (1%). A FEI Mor-
gagni 268 TEM was used (FEI, Hillsboro, OR, USA). For the AFM
characterization, 10 mL of WPNF suspension (0.1 mg mL�1) were
loaded onto a freshly cleaved mica and air-dried before imaging.
AFM imaging was carried out on a FlexAFM from Nanosurf
(Scitech, Victoria, Australia) and a NanoScopeIIIa (Bruker, Santa
Barbara, CA, USA) in tapping mode using Tap190Al-G and
Tap300AI-G cantilevers with a nominal spring constant of 40 N
m�1 and a nominal tip radius <10 nm from Budget Sensors
(Innovative Solutions Bulgaria Ltd., Soa, Bulgaria).

2.4. Functionalization of WPNFs

Biotinylation of WPNFs was achieved by adding an aqueous
biotin stock solution of 10 mg mL�1 to an undiluted WPNF
suspension (with original protein concentration of 10 mg mL�1)
and thiolation similarly by addition of Traut's reagent stock
solution (10 mgmL�1) to a WPNF suspension (10 mg mL�1). For
the multi-functionalization, biotin and Traut's reagent were
added in excess at the same time in ratios of 1 mg mg�1 WPNF
for each reagent. Samples were incubated at room temperature
for 2 hours. A streptavidin-coated glucose oxidase solution (1 mg
mL�1) was added to the biotinylated WPNF suspension to a nal
concentration of 40 mg mL�1. Streptavidin-coated quantum dots
were similarly added to a nal concentration of 10 nM.

2.5. Spectroscopy-based assays

For the OPA assay,48 300 mL of OPA solution were added to 50 mL
of each sample (biotinylated WPNF suspensions, diluted to
1 mg mL�1). The OPA solution was prepared by rst dissolving
40 mg of OPA in 1 mL methanol, then adding this to 49 mL of
buffer containing: 25 mL sodium borate (0.1 M), 100 mL
2-mercaptoethanol and 23.9 mL water. Aer 2 min of incuba-
tion at room temperature under dark conditions, the
This journal is © The Royal Society of Chemistry 2014
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uorescence measurements were carried out at 340 nm (emis-
sion at 455 nm). Fluorescence measurements were normalized
to the average maximum uorescence, obtained at 0 mg added
biotin. For Ellman's assay,49 5 mL of Ellman's reagent solution
(4 mg of Ellman's reagent in 1 mL reaction buffer containing
0.1 M sodium phosphate and 1 mM EDTA) was added to 250 mL
reaction buffer and 25 mL of each sample (thiolated WPNF
suspensions, diluted to 1 mg mL�1). Aer a 15 min incubation
at room temperature and dark conditions, the absorbance
measurements were carried out at 412 nm. A SpectraMax M5
Multi-Mode Microplate Reader and clear at-bottom 96 micro-
well plates were used for the work (Molecular Devices, Sunny-
vale, CA, USA). Each data point is representative of averages
from triplicate samples and 4 measurements for each, with
subtracted blanks.
Fig. 2 (a) OPA and (b) Ellman's reaction assays on functionalized
2.6. Electrochemical biosensor characterization50

Electrochemical measurements were carried out using a
potentiostat from eDAQ Pty Ltd (Denistone East, Australia) and
commercial screen-printed gold electrodes (C223AT) with an
appropriate connector (DRP-CAC) from DropSens (Oviedo,
Spain). Deposition of functionalized WPNFs on the electrode
surfaces was done by pipetting 2 mL of a WPNF suspension
(2 mg mL�1) onto the working electrode and by drying the
surface for 1 hour at 37 �C. Electrodes were dipped into medi-
ator solutions (FcOH, 1.5 mM) with or without glucose
(500 mM) immediately prior to experiments.
WPNFs. Horizontal axes represent mg of added biotin and Traut's
reagent per mg WPNF.

Fig. 3 (a) TEM image of a quantum dot-functionalized WPNF (scale
bar corresponds to 50 nm); (b) AFM height image (scale bar is 200 nm),
(c) 3D display and (d) cross-section of a quantum dot-functionalized
WPNF, showing the characteristic repeats of quantum dots (6–8 nm in
height) on the WPNF. Discrepancies in fibril widths/heights between
TEM and AFM analyses can be ascribed to effects of surface-type
differences on protein nanostructure–substrate adsorption
interactions.54
3. Results and discussion
3.1. Functionalization

The nanoscale properties of WPNFs provide them with a large
surface-to-volume ratio allowing for the possibility of a high
functionalization packing density. This work exploits the variety
of chemical moieties present on the surface of the WPNFs,
focusing on two approaches to chemical surface modication:
biotinylation and thiolation.

The biotin–streptavidin interaction is known as one of the
strongest bonds in nature.51,52 This approach to WPNF function-
alization therefore yields a particularly stable anchor point and
also provides exibility in functionalization, since many commer-
cially available streptavidin-conjugated components can be found.
The biotinylation of WPNFs was achieved via a commercially
available succinimide-based biotin conjugate that targets the
primary amine groups present on the surface of the WPNFs.

The cross-linking of biotin to the brils' free amine groups
was characterized using the o-phthaldialdehyde (OPA) assay.48,53

As shown in Fig. 2A, an increase in the biotin concentration
decreases the amount of free amine groups on the WPNFs'
surface, as expected. Once the surface of the WPNFs has been
biotinylated, the addition of streptavidin-coated components
allows for the functionalization of the WPNFs with many
different elements, such as quantum dots (see Fig. 3), useful in
uorescence visualization of the structures, and bioanalytically
relevant molecules like enzymes such as glucose oxidase (GOx)
(see Fig. 4A).
This journal is © The Royal Society of Chemistry 2014
Thiolation is a widely used method for supplementing or
exposing free sulydryl groups on a surface.55 The method has
found many applications, from increasing the antimicrobial
Nanoscale, 2014, 6, 1629–1634 | 1631
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Fig. 4 TEM images of WPNFs functionalized with (a) glucose oxidase,
(b) gold nanoparticles and (c) both glucose oxidase (blue arrow) and
gold nanoparticles (red arrows). Scale bars correspond to 50 nm.
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activity of peptides56 to providing a strategy for the metallization
of nanostructures40 and the attachment of biological materials
onto gold surfaces39,43,57 and metal nanoparticles,58 since thiols
are known for their affinity to metals.59 A reliable method for the
thiolation of primary amines is via spontaneous reaction with
Traut's reagent.55

The thiolation of WPNFs with Traut's reagent, and therefore
the formation of thiol groups on their surface, was character-
ized via Ellman's assay, an absorbance-based method for sulf-
hydryl quantication.49 The assay demonstrated an increasing
trend in the amount of free sulydryls with increasing amount
of Traut's reagent used (see Fig. 2B). Thiolated WPNFs were
then used for the attachment of gold nanoparticles (see Fig. 4B).

The two functionalization strategies discussed in this work
can also be used together to provide a method for attachment of
different components onto the same nanobril scaffold. By
providing both biotin and thiol groups on their surface, WPNFs
can be functionalized both with enzymes and metal nano-
particles (see Fig. 4C). This approach will be useful in the
patterning of bionanostructures onto surfaces43 and in their
application to biosensor platforms,60 especially in regard to
dual-enzyme biosensor systems.61 The side-chain chemistry of
other amino acids can also be brought into play, providing an
extensive repertoire of potential anchoring points.
Fig. 5 (a) Schematic of biosensor platform based on GOx- and
SH-functionalized WPNFs. (b) Typical cyclic voltammograms of the
platform's response to glucose (500mM) in a FCOHmediator (1.5 mM)
(red) and to the mediator alone (blue). (c) Comparison of glucose
responses for different enzyme immobilization methods: adsorption
onto a bare gold electrode (Au/GOx), GOx-functionalized WPNF
deposition (Au/WPNF–GOx), and multi- GOx- and SH-functionalized
WPNF deposition (Au/WPNF–GOx–SH). Potential sweep rates are
100 mV s�1, using an Au counter and Ag reference electrode.
3.2. Biosensor application

The advantage of the multi-functionalization method was
demonstrated by immobilizing enzymes onto a WPNF nano-
scaffold using one anchoring moiety and further attaching
these functionalized components onto electrodes with another,
for use in electrochemical biosensing. The immobilization
technique used had an augmented effect on the detection effi-
ciency, and the use of nanoscaffolds is expected to increase the
overall sensitivity and stability of enzymatic biosensors.62
1632 | Nanoscale, 2014, 6, 1629–1634
A glucose biosensor platform was constructed using GOx-
functionalized WPNFs as nanoscaffolds for enzyme immobili-
zation onto screen-printed gold electrodes (see Fig. 5A). Cyclic
voltammetry was used to characterize the biosensor response to
glucose, using a ferrocene derivative as a mediator (see Fig. 5B).
Several variations of this platform were tested, comparing the
current responses to glucose for different immobilization
methods: (i) enzyme adsorption onto the gold electrode surface,
with no use of the WPNF nanoscaffold (Au/GOx), (ii) physical
adsorption of enzyme-functionalized WPNFs on the electrode
surface (Au/WPNF–GOx), and (iii) surface anchoring of enzyme-
functionalized WPNFs via thiol–metal interactions (Au/WPNF–
GOx–SH). No change in response due to the presence of glucose
in the ferrocene mediator solution was detected for bare Au
electrodes, where no enzyme was present (see ESI Fig. S1†).
This journal is © The Royal Society of Chemistry 2014
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Although the glucose concentration used in the initial charac-
terization was in excess (500 mM), a variation in response to
different glucose concentrations for the biosensor platform (iii)
was observed (see ESI Fig. S2†). Typical voltammograms (see
Fig. 5C) exhibit an increase in anodic peak current response
when using the WPNF nanoscaffolds (ii), compared to simple
enzyme adsorption (i), showing an increase in enzyme immo-
bilization due to the large surface-to-volume ratio of the WPNF
nanoscaffold. The anodic peak currents are even larger when
using the multi-functionalization approach including thio-
lation of the WPNFs (iii), suggesting an increase in WPNF
anchoring to the gold surface due to the thiol–metal interac-
tions when compared to physical adsorption only. Additionally,
this trend in nanoscaffold anchoring is supported by a potential
shi of the anodic current peaks (Fig. 5C), reecting an increase
in mass transport limitations when going from (i) to (ii) to (iii).
The effects of the thiol functionalization on WPNF anchoring to
the electrode surface are also indicated by an increase in elec-
trode roughness when compared with non-functionalized
WPNFs, assessed by AFM-based measurements (see
ESI Fig. S3†).
4. Conclusions

In summary, we have shown in this work a novel, reliable and
versatile approach for the single and multi-functionalization of
WPNFs. The nanostructures were functionalized with several
components utilizing a biotinylation and a thiolation method.
Biochemical and electrochemical characterization, along with
TEM and AFM visualizations, gave an insight into the func-
tionalization methods and validated their performance.

The cross-linking of biotin to the WPNFs' primary amines
was biochemically characterized via OPA assay, showing a
decrease in amine availability with increasing biotin addition.
Using biotin–streptavidin interactions, the WPNFs were func-
tionalized with uorescent quantum dots and GOx enzymes.

The thiolation of the WPNFs via Traut's reagent's reaction
with the nanostructures' primary amines was achieved and
characterized via Ellman's assay. Thiolation of the nanobrils'
surface allowed for the attachment of gold nanoparticles to the
bionanostructures, as well as provided a method for anchoring
them to gold surfaces.

The original multi-functionalization method developed,
based on parallel biotinylation and thiolation, was used to
anchor quantum dots and gold nanoparticles onto the same
individual protein nanobrils. The multi-functionalization
method was also used to create an electrochemical enzymatic
biosensor platform comprising of GOx-functionalized, thiolated
WPNFs. An electrochemical characterization via cyclic voltam-
metry showed an increase in current response when using the
multi-functionalization method, promising an increase in
sensitivity of the biosensor platform.

The future goals of this research will include extending this
versatile multi-functionalization method to other protein
nanostructures with similar surface chemistries. This work
provides a useful tool for the manipulation and
This journal is © The Royal Society of Chemistry 2014
functionalization of biological nanostructures, and specically
for their application in the biosensor eld.
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