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ABSTRACT: Protein analysis is a fundamental aspect of
biochemical research. Gold nanoparticles are an emerging
platform for various biological applications given their high
surface area, biocompatibility, and unique optical properties. The
colorimetric properties of gold nanoparticles make them ideal for
point-of-care diagnostics. Diﬀerent aspects of gold nanoparticle−
protein interactions have been investigated to predict the eﬀect of
protein adsorption on colloidal stability, but the role of surfactants
is often overlooked, despite their potential to alter both protein
and nanoparticle properties. Herein we present a method by
which gold nanoparticles can be prepared in various surfactants
and used for array-based quantiﬁcation and identiﬁcation of
proteins. The exchange of surfactant not only changed the zeta
potential of those gold nanoparticles but also drastically altered their aggregation response to ﬁve diﬀerent proteins (bovine
serum albumin, human serum albumin, immunoglobulin G, lysozyme, and hemoglobin) in a concentration-dependent manner.
Finally, we demonstrate that varying surfactant concentration can be used to control assay sensitivity.

■

INTRODUCTION
Proteins play a vital role in countless biochemical and
physiological processes. Variations in protein concentration or
function can often be associated with ongoing biological
process and overall health. Given their importance, the ability
to detect and quantify proteins is a fundamental part of many
bioanalytical and clinical investigations.1−3 While several
biochemical methods exist for protein quantiﬁcation such as
the Bradford, bicinchoninic acid (BCA), and Lowry assays,
these colorimetric methods are not used for protein
identiﬁcation. The identiﬁcation of proteins in solution is
much more challenging than quantiﬁcation. Gel-based assay
such as polyacrylamide gel electrophoresis (PAGE) may
provide an approximate size for a protein, but this alone
cannot be used for conclusive identiﬁcation because many
polypeptides share similar molecular weights. Western blots
and enzyme-linked immunosorbent assays (ELISA) can be used
for protein identiﬁcation but only when paired with antibodies
for the target of interest.4 Protein mass spectrometry is a
powerful tool for identiﬁcation but requires specialized training
and expensive equipment. These factors make Western blots
and mass spectrometry impractical for the majority of point-ofcare and consumer-level applications. The ideal protein assay
would permit concurrent protein identiﬁcation and quantiﬁcation while reducing overall cost and complexity.
Gold nanoparticles are a common platform for emerging
nanobiosensors because of their unique optical properties and
functionalizability.5−7 Localized surface plasmon resonance
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(LSPR) of gold nanoparticles lends these solutions a variety
of colors from orange-red to purple-blue, depending on particle
size and shape.8 Particle aggregation causes plasmon coupling,
and the resulting shift in color can be visible to the unaided
eye.9 Several studies have shown how colloidal stability of gold
nanoparticles can be controlled with functionalized aptamers,
peptides, or antibodies to detect whole cells,10 proteins,11
nucleic acids,12 and small molecules.13,14 While these systems
oﬀer excellent speciﬁcity due to their “lock and key” design,
high synthesis complexity and probe cost limit their usefulness
for broad-spectrum protein sensing.
Proteins in solution can adsorb onto nanoparticles and
induce changes in colloidal stability without the need for
speciﬁc probes.15−17 Particle size,18−21 shape,22−24 surface
coating,15,17,25,26 and charge25,27 are all thought to aﬀect these
colloidal interactions, and the resultant eﬀects on particle
aggregation. Single-nanoparticle systems for protein quantiﬁcation have been demonstrated based on this phenomenon,
where the adsorption of proteins to gold nanoparticles changes
their colloidal stability.28−30 One group has even shown the
ability to distinguish between diﬀerent protein conformations.31
The advantages of these systems over probe-based systems are
lower synthesis cost and the ability to detect a wide variety of
proteins. By preparing an array of diﬀerent nanoparticles that
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respond diﬀerently to the same analyte, a “chemical nose” type
sensor could generate a unique ﬁngerprint for each
analyte.32−35 Compared with other multiplexed systems that
use displacement of quenched green ﬂuorescent protein
(GFP),36 monitoring the absorbance spectrum and aggregation
of gold nanoparticles does not require the use of expensive
ﬂuorophores or a ﬂuorescence spectrometer. While any given
response is nonspeciﬁc and would not itself allow for
identiﬁcation, an array of nonspeciﬁc responses can generate
an identiﬁable pattern. Furthermore, extending the array to
include many diﬀerent nonspeciﬁc indicators will enhance
speciﬁcity based on the “chemical nose” model. To account for
variability between applications, machine learning can be used
to train these “chemical nose” biosensors on known samples for
speciﬁc applications (i.e., samples with known concentrations of
proteins). The observed responses to known samples can then
be used to identify unknown samples using techniques such as
linear discriminant analysis, as previously shown with ocular
pathogens.33
While many diﬀerent aspects of gold colloid stability have
been studied, the role of surfactants on protein−nanoparticle
interactions is frequently overlooked. It is well known that
surfactants can change nanoparticle surface properties and
induce protein denaturation. Many ionic surfactants such as
sodium dodecyl sulfate (SDS) and cetyltrimethylammonium
bromide (CTAB) are strong denaturing agents.37−39 Nonionic
surfactants such as Triton X and TWEEN 20 (polysorbate 20)
generally do not denature proteins.37,40 The degree to which a
protein is denatured depends on many factors including charge,
hydrophobicity, and structure of the protein and surfactant.37,41
Protein denaturation can also aﬀect protein−nanoparticle
interactions by changing the number and nature of binding
sites, whether they are hydrophobic regions, charged regions, or
exposed thiol groups.31 It is therefore likely that surfactant type
can inﬂuence gold nanoparticle−protein interactions and
govern their colloidal stability. To our knowledge, no study
has leveraged these diﬀerences for protein detection and
identiﬁcation. In this investigation, we demonstrate how the use
of diﬀerent surfactants to stabilize gold nanoparticles can aﬀect
protein-induced aggregation. We also demonstrate how several
diﬀerent proteins can be visually distinguished at nanomolar
concentrations based on their unique response to three
diﬀerent surfactant−nanoparticle combinations. Finally, we
show how varying the surfactant concentration can change
the sensitivity across a range of protein concentrations, allowing
for colorimetric assays with adjustable linear ranges. While an
in-depth characterization of aggregation mechanisms may help
in reﬁning and optimizing this technique, the observation that
diﬀerent protein samples produce diﬀerential response in gold
nanoparticle solutions allows for “chemical nose” classiﬁcation
of protein samples. These ﬁndings have implications beyond
the biosensor application, wherever the inﬂuence of biomolecules on gold nanoparticle stability may alter their
behavior.

■

ON, Canada). 400 mesh Formvar/carbon-coated copper grids were
purchased from Canemco (Gore, QC, Canada). Trisodium citrate
dihydrate and BupH phosphate-buﬀered saline packs were purchased
from Thermo Fisher Scientiﬁc (Burlington, ON, Canada). Sterile UVstar 96-well microplates, scintillation vials (20 mL), sodium chloride
(ACS grade), Nalgene sterilization ﬁlter units (0.2 μm pore size), 15
mL polypropylene centrifuge tubes, and 1.7 mL polypropylene
microcentrifuge tubes were purchase from VWR (Mississauga, ON,
Canada). All procured chemicals were used without further
puriﬁcation. The 20 mL vials used for gold nanoseed synthesis were
cleaned using 12 M sodium hydroxide, and larger glassware was
cleaned using aqua regia as described in a previously published
protocol.42 Water used for the preparation of solutions was puriﬁed
using a Millipore water ﬁltration system to an electrical resistivity
greater than 15 MΩ·cm. All other glass vials were triple-rinsed with
Millipore water and dried completely prior to use.
Gold Nanoparticle Synthesis. Spherical CTAB-coated gold
nanoparticles were synthesized according to a previously published
protocol.43 All synthesis solutions were prepared in Millipore water
(>15 MΩ·cm). In brief, gold seed precursor was prepared by adding
60 μL of ice-cold sodium borohydride to a solution containing 18.812
mL of Millipore water, 188 μL of 10 mg/mL gold(III) chloride, and 1
mL of 2 mM trisodium citrate under vigorous stirring. Following the
addition of sodium borohydride, the solution was stirred for 1 min and
left to mature overnight under dark ambient conditions. Nanoparticle
growth solution was prepared under moderate stirring by adding 8.974
mL of 11 mM gold chloride, 1.344 mL of 5 mM silver nitrate, and
1.442 mL of 100 mM L-ascorbic acid to 210 mL of 1.47 mM CTAB.
Finally, 5.6 mL of gold seed precursor was added to the solution and
stirred for an additional 1.5 min, at which point the solution was
incubated overnight under dark ambient conditions. The ﬁnal
nanoparticle solution was pelleted via centrifugation and resuspended
in 1 mM CTAB solution. These synthesis conditions were previously
shown to produce spherical gold nanoparticles approximately 32 nm in
diameter.43 Dynamic light scattering (DLS) results conﬁrmed that the
mean diameter of gold nanoparticles used in this study was between 32
and 35 nm (Table S2).
Surfactant Exchange. TWEEN-20- and SDS-stabilized nanoparticles were prepared from CTAB-stabilized nanoparticles by
repeated washing and surfactant replacement. Parts of this procedure
were adapted from Tebbe et al.,44 wherein CTAB was displaced from
gold nanoparticles by BSA. Here gold nanoparticles suspended in 1
mM CTAB were added dropwise under ultrasonication to an equal
volume of the new concentrated surfactant (100 mM TWEEN 20 or
100 mM SDS). Solutions were then sonicated for an additional 2 min
prior to centrifugation for 15 min at 10 000 rpm. The supernatant was
discarded and the nanoparticle pellets were resuspended and sonicated
in a 1 mM solution of the new surfactant. This centrifugation and
resuspension process was repeated twice, with the ﬁnal resuspension
being in half the supernatant volume to regain original particle
concentration. Following surfactant exchange, nanoparticles were
suspended in 1 mM solutions of SDS, TWEEN 20, or CTAB, and
no excess surfactant was removed. Nanoparticles were then
characterized and tested for stability in PBS.
Gold nanoparticle solutions with diﬀerent CTAB concentrations
were prepared by centrifuging particles for 15 min at 10 000 rpm,
discarding the supernatant, and resuspending the nanoparticles in a
higher or lower concentration of CTAB. This wash step was repeated
twice to bring the new CTAB concentration as close as possible to the
nominal value.
Gold Nanoparticle Characterization. Characterization of gold
nanoparticles was performed using ultraviolet−visible (UV−vis)
spectroscopy, zeta potential, and DLS measurement. Absorbance
spectra were collected from 300 to 900 nm, at 1 nm increments, on
300 μL samples in 96-well plates using an Epoch microplate
spectrophotometer (Winooski, VT). Zeta potential and DLS measurements were performed concurrently using a Malvern Zetasizer. Prior
to DLS and zeta potential measurement, samples were diluted 1:2 in
1/4× PBS (pH 7.4) to match experimental ionic conditions.

METHODS

Materials. Gold(III) chloride hydrate (HAuCl4·xH2O), CTAB,
sodium borohydride, silver nitrate, hydrochloric acid, nitric acid,
sodium hydroxide, L-ascorbic acid, SDS, TWEEN 20, bovine serum
albumin (BSA) (A2153), albumin from human serum (HSA)
(A1653), immunoglobulin G from human serum (IgG) (I4506),
human hemoglobin (Hgb) (H7379), and lysozyme from chicken egg
white (Lyz) (L6876) were purchased from Sigma-Aldrich (Oakville,
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Table 1. Surfactant Structures and Zeta Potentials of Gold Nanoparticles after Being Stabilized with 1 mM CTAB, 1 mM
TWEEN 20, or 1 mM SDSa

a

Zeta potentials measured following 1:2 dilution in 1/4× PBS (pH 7.4).

Preparation of Protein Solutions. Fresh protein solutions were
prepared prior to each experiment from lyophilized powder as per
supplier’s instructions. These proteins were selected in part due to
their clinical signiﬁcance45,46 and presence in common laboratory
samples as well as their diﬀerences in size and isoelectric points.
Reconstitution was performed by weighing out the lyophilized powder
in a microcentrifuge tube and adding the appropriate amount of sterile
solvent (1/4× PBS). Gentle inversion was used to promote protein
dissolution and prevent denaturation from shear stress due to
vortexing. Following reconstitution, protein concentrations were
veriﬁed and adjusted as necessary based on A280 measurements. The
Beer−Lambert Law was used to calculate molar concentrations from
absorbance values using absorption parameters from the supplier (or
literature where supplier values were not available) (Table S1)

nM. Plates were then placed on a Stovall Belly Dancer orbital shaker
(Peosta, IA) for 2 min prior to 20 h of incubation in the dark at room
temperature. Following incubation, spectral scans for each well
containing gold nanoparticles were obtained from 300 to 900 nm, in
increments of 1 nm.
Data Analysis. Normalized response was deﬁned as a change in
peak height relative to the solvent control. First, the position (in
nanometers) of the control absorbance peak was determined.
Absorbance values at that wavelength were then recorded for all
samples. Baseline absorbance at 800 nm was then determined for each
sample, including solvent controls. Peak height was calculated by
subtracting the sample’s baseline absorbance (800 nm) from the
sample’s absorbance corresponding to the control peak position (eq
1). Peak heights were then normalized against the control to obtain a
normalized response for each protein sample (eq 2).
Protein classiﬁcation was done in R using the FactoMineR package
for Multiple Factor Analysis.47 Each protein assayed consisted of three
data sets (one spectrum for each surfactant). Each spectrum was
treated as a separate category in MFA analysis. All ﬁgures were plotted
using OriginPro. Photographs were taken using a Canon EOS Rebel
T3 digital camera.

A=ε×l×c
where A is the optical density of the sample, ε is the molar absorption
coeﬃcient of the protein, l is the optical path length, and c is the molar
concentration of the protein solution. Serial dilutions were performed
to achieve protein concentrations below the linear range of the Epoch
microplate spectrophotometer (0.1−2.0). Protein concentrations for
samples outside this range were extrapolated from the closest dilution
with a reliable absorbance value. To obtain a ﬁnal concentration of 150
nM, solutions were ﬁrst normalized using A280 to a concentration of
4.5 μM. Samples were then diluted 10× to achieve a concentration of
450 nM. Following the addition of 200 μL of gold nanoparticle
solution to 100 μL of 450 nM protein solution, the ﬁnal protein
concentration was 150 nM.
Protein−Gold Incubation. Concentration-dependent response
and protein identiﬁcation experiments were assessed spectrophotometrically in a transparent 96-well plate. 100 μL of each protein
sample or solvent control was added to the 96-well plate. 200 μL of
the gold nanoparticle solution was then added to each well containing
protein or control solution. Eight replicates were used for each
protein−surfactant combination during protein discrimination at 150

■

RESULTS AND DISCUSSION
Surfactant Exchange. We prepared three nanoparticle
solutions, each with a diﬀerent surfactant to study the
surfactant’s eﬀect on the colloidal stability of gold nanoparticles.
The cationic surfactant CTAB was used to stabilize nanoparticles during their synthesis. A 1 mM surfactant concentration was chosen based on preliminary experiments because
this value was close to the minimum concentration required to
maintain colloidal stability in saline. TWEEN 20 and SDS were
chosen as model nonionic and anionic surfactants, respectively.
A common strategy for displacement of CTAB takes advantage
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of strong thiol−gold interactions;48 however, displacement by
nonthiolated molecules is possible. It has recently been
conﬁrmed through surface-enhanced Raman spectroscopy
(SERS) that complete displacement of CTAB by BSA on the
surface of gold nanoparticles can be achieved without
nanoparticle aggregation.44 Using a similar strategy, dropwise
addition of CTAB-coated nanoparticles into high concentrations of TWEEN 20 or SDS while under ultrasonication was
found to produce stable nanoparticles with negligible changes
in absorption spectra. When resuspended in 1 mM solutions of
their respective surfactant, these solutions were also stable
under moderate ionic conditions (addition of 100 μL of 1/4×
PBS to 200 μL of nanoparticle solution).
CTAB is a cationic surfactant due to its quaternary
ammonium cation. As a result, CTAB-stabilized gold nanoparticles are cationic.43 Because of the nonionic and anionic
nature of TWEEN 20 and SDS, respectively, nanoparticles
coated with these surfactants should adopt neutral and negative
zeta potentials at pH 7.4. The results of zeta potential
measurements at pH 7.4 are shown in Table 1. Reversal of
zeta potential from +25.7 mV for CTAB-stabilized particles to
−46.5 mV for SDS-stabilized particles matches the predicted
outcome based on surfactant charge. While nanoparticles
stabilized with nonionic TWEEN 20 still possessed an
electrostatic potential of approximately −16.2 mV, the polarity
was inverted compared with CTAB-stabilized particles, and the
magnitude of this potential was smaller than that of anionic
SDS. Despite predictions of a neutral particle given to the
anionic nature of TWEEN 20, these results reﬂect other studies
where zeta potential of TWEEN-20-coated gold nanoparticles
was studied.49−51
The process of surfactant exchange instead of de novo
synthesis with diﬀerent surfactants was chosen to preserve the
size and morphology of the gold cores, as both of these
parameters can impact nanoparticle−protein interactions. DLS
results indicate that the average particle diameters were similar
(Table S2). Slight variations were likely due to minor
aggregation during the washing and centrifugation process.
This exchange of surfactant from one type to another is
useful for nanoparticle characterization because it allows each
nanoparticle variety to use the same gold core. While synthesis
of similar nanoparticles can be achieved using diﬀerent
surfactants, maintaining interbatch reproducibility while changing surfactant type would require extensive tuning and quality
control or specialized puriﬁcation. Using gold cores from a
single process and replacing the surfactant postsynthesis helps
control interbatch variability. This technique also allows
nanoparticle morphologies synthesized in a nonbiocompatible
surfactant to be adapted for use in vivo. It is interesting to note
that gold nanoparticles with anionic side chains are generally
considered less toxic than their cationic counterparts.52
Furthermore, nonionic surfactants and particularly the polyoxyethylene sorbitan family (i.e., TWEEN) have lower skin toxicity
than both cationic and anionic surfactants.53 As a result, a
similar surfactant exchange strategy could be used to produce
surfactant-stabilized gold nanoparticles where CTAB toxicity is
of concern.
Protein Identiﬁcation. Because of aggregation-dependent
changes in color, the eﬀects of proteins on gold nanoparticle
stability can be monitored visually or using a spectrophotometer. In some cases, the addition of proteins has been
shown to induce aggregation in a concentration-dependent
response.22,30,31 Other studies have shown that the addition of

proteins can actually stabilize gold nanoparticles against harsh
environments (e.g., high salt conditions).44,54 These observations are dependent on many factors including particle
size,18−21 shape,22−24 and charge.25,27 When multiple proteins
were assessed, the observed changes in absorption spectrum
were also dependent on the protein identity.24,55
To assess whether proteins can be discriminated based on
their interaction with surfactants, we incubated ﬁve 150 nM
protein solutions (BSA, HSA, Hgb, IgG, and Lyz) with each
surfactant−nanoparticle combination and characterized their
UV−vis absorption spectra. Solutions were incubated overnight
under dark ambient conditions to allow solutions ample time
for color change; however, samples were noticeably diﬀerent
within 1 min of incubation. The ﬁnal appearance of each well is
shown in Figure 1. In many cases, clear diﬀerences between the

Figure 1. Visual appearance of gold nanoparticles with diﬀerent 1 mM
surfactants after 20 h of incubation with 150 nM BSA, HSA, Hgb, IgG,
Lyz, or 1/4× PBS (negative control).

proteins were apparent. While the responses of BSA, Hgb, and
PBS appeared similar to the unaided eye, they could be
distinguished based on spectrophotometric data (Figure 2).
Preliminary experiments in CTAB showed a concentrationdependent response to HSA and BSA from 27.46 nM to 450
μM; however, Lyz did not induce a response at any tested
concentration. Unlike the response observed in CTAB, Lyz
caused extensive color shifts in TWEEN 20 particles, whereas
HSA and BSA did not. These changes in color correspond to
red-shifting and peak broadening in the absorption spectra
(Figure 2A−C) and support the notion that the surfactant type
plays a key role in modulating nanoparticle stability.
One of the main protein characteristics believed to alter
protein−nanoparticle interactions is relative charge of proteins
and nanoparticles.29,56 Lyz and IgG have isoelectric points of
11.0 and 8.0, respectively (Table S1). Therefore, under
experimental conditions (pH 7.4), Lyz is positively charged
and IgG is slightly positive. The positive charge of lysozyme
may explain the stability of positively charged CTAB-coated
gold nanoparticles due to mutual repulsion, however BSA (pI
5.1) and Hgb (pI 6.8), which are negatively charged at pH 7.4
only caused minor aggregation. More aggregation was observed
with HSA (pI 5.2) than BSA, despite these two proteins having
nearly identical pIs. Furthermore, positively charged Lyz
induced more aggregation in slightly negative TWEEN-20coated nanoparticles than the highly negative SDS-coated
nanoparticles. Therefore, the relative charge of gold nanoparticles and proteins is insuﬃcient to explain diﬀerences in
stability. In addition to adsorption-driven aggregation, several
studies have shown that nonadsorptive depletion eﬀects of
polyethylene glycol (PEG)57 and proteins58 can alter the
7624
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Figure 2. Diﬀerential response of gold nanoparticles to ﬁve diﬀerent proteins at 150 nM. Average UV−vis absorption spectra (n = 8) are shown for
(A) CTAB-stabilized nanoparticles, (B) TWEEN-20-stabilized nanoparticles, and (C) SDS-stabilized nanoparticles. (D) Multiple factor analysis
(MFA) plot for the combined response of all three nanoparticles to each protein at 150 nM. A b-spline curve (green dash) is shown to help visualize
the concentration gradient for IgG dilutions (IgG Dils) from 1200 to 9 nM.

colloidal stability of gold nanoparticles. This mechanism may be
particularly relevant in cases with negligible protein adsorption.
Because of the role of protein size and electrostatic potential in
determining the strength of depletion forces,58 it is likely that
this mechanism can contribute to protein identiﬁcation based
on observed changes in colloidal stability. As such, an in-depth
investigation of parameters inﬂuencing adsorptive- and
depletion-driven aggregation is underway to improve protein
discrimination.
Multiple factor analysis (MFA) was performed on the full set
of UV−vis absorption curves following the 20 h incubation
period. MFA was chosen because this extension of principal
component analysis (PCA) allows each nanoparticle spectrum
(CTAB, TWEEN 20, and SDS) to be treated as a distinct set of
variables (i.e., separate features of the ﬁngerprint). In this case,
each surfactant−nanoparticle combination was treated as a
separate data set with 48 samples (8 replicates × 5 proteins and
1 negative control). The data from IgG dilutions were also
included, from 1200 to 9 nM, to highlight the eﬀect of protein
concentration. The resultant biplot is shown in Figure 2D.
The MFA biplot of ﬁve proteins and one negative control
shows grouping and separation of samples based on their
protein identities. The largest separation was observed for HSA,
IgG, and Lyz, as these proteins produced large spectral shifts in
at least one surfactant−particle combination. Weaker responses
for BSA and Hgb result in grouping closer to the control;
however, some clustering and separation is still evident. The
two principal components identiﬁed using this method could
account for 90.34% of observed variability between samples.
Concentration-Dependent Response. IgG solutions
were prepared at several concentrations to observe how protein

concentration aﬀects spectral response for the three surfactants.
The resultant UV−vis absorption curves are shown in Figure 3.
As concentration increases from 9.4 to 37.5 nM, we see a
decrease in absorbance for CTAB and TWEEN-20-stabilized
nanoparticles (Figure 3A,B). At higher concentrations (75 to
1200 nM) absorbance of CTAB-stabilized particles increases
but the peak remains broad. Similarly, TWEEN-20-stabilized
particles increase in absorbance slightly at higher concentrations but maintain a relatively narrow peak. In neither case is
the original absorbance peak regained at high protein
concentrations. For SDS-stabilized nanoparticles (Figure 3C),
as IgG concentration increases from 9.4 to 600 nM, we see an
increase in absorbance, contrary to the trend for CTAB and
TWEEN 20. Absorbance then decreases slightly as IgG
concentration increases from 600 to 1200 nM. Even at the
lowest IgG concentration assayed, signiﬁcant spectral shifts and
broadening were observed. The trends of increasing and
decreasing absorbance as protein concentration changes reﬂect
previous observations that nanoparticles can enter diﬀerent
regimes of stability depending on protein concentration.59
The spectra in Figure 3 were analyzed using MFA and
plotted alongside the 150 nM protein samples (Figure 2D). A
b-spline curve is shown to help visualize the dilution order. The
150 nM sample agrees with previously collected replicates,
indicating good reproducibility. Higher and lower dilutions of
IgG indicate that the position of samples on the MFA plot
relative to the PBS control is concentration-dependent. While a
change in direction around 150 nM reﬂects the bell-shaped
response, performing the assay in the linear range would allow
for concurrent identiﬁcation and quantiﬁcation. Furthermore,
noticeable spectral broadening of SDS-stabilized particles with
7625
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tion of BSA.60 The normalized sample response was deﬁned as
a peak-height diﬀerence between sample and control UV−vis
absorption spectra (eqs 1 and 2). Peak-height refers to the
diﬀerence in absorbance between the characteristic peak
wavelength for dispersed nanoparticles and a long-wavelength
baseline (800 nm). As is typical with gold nanoparticles,
aggregation results in decreased absorbance at the peak
wavelength and higher absorbance at longer wavelengths.35
The normalized response compares this peak height to the peak
height of nonaggregated samples to quantify the change in
aggregation. The resultant concentration-dependent curves are
shown in Figure 4.
heightsample = A sample(1° peak position) − A sample(800 nm)
(1)

normalized sample response = heightcontrol − heightsample
(2)
24,28,61

Several diﬀerent papers have observed positive,
negative,31,62 and nonlinear21,63 (e.g., bell-shaped) correlations
between protein concentration and nanoparticle stability. For
bell-shaped response curves, it has been proposed that particles
pass through several regimes of stability as protein concentration increases.59 At low concentrations, protein concentration is too low to induce nanoparticle aggregation. An
increase in protein concentration induces large nanoparticle
aggregates to form. If nanoparticles are exposed instantaneously
to suﬃciently high protein concentrations, the surface becomes
saturated with protein and a large protein corona provides
steric stabilization, thereby preventing aggregation. This
behavior was only recently described with polystyrene.59 The
work by Cukalevski et al. relates this response to the number of
IgG molecules per polystyrene nanoparticle. While their
nanoparticles were devoid of surfactant, it is clear from Figure
4 that this relationship is also sensitive to surfactant
concentration. A general trend emerges in Figure 4A, whereby
increasing CTAB concentrations shift the response curve
toward higher protein concentrations. In other words, higher
protein concentrations are required to induce aggregation
under higher CTAB concentrations. In Figure 4B, we see that
this relationship scales by approximately CTAB to BSA.
Ongoing studies are investigating whether this behavior is due
to competition at the gold surface between CTAB and BSA or
whether denaturation of BSA by CTAB is an important step in
gold nanoparticle aggregation; however, both mechanisms may
allow for tuning of sensitivity and linear range in a surfactantbased gold nanoparticle protein sensor. Finally, we also note
the presence of a dual-peak in the concentration-dependent
response curve, the cause of which is subject to ongoing
investigations.

Figure 3. Changes in UV−vis absorption curves of gold nanoparticles
in response to diﬀerent IgG concentrations. Nanoparticles were
suspended in (A) 1 mM CTAB, (B) 1 mM Tween 20, and (C) 1 mM
SDS. Arrows indicate the trend in absorption following increases in
protein concentration. In panel C, asterisk (*) indicates a decrease in
absorbance as concentration increases from 600 to 1200 nM, contrary
to the overall trend.

9.4 nM IgG suggests the potential for lower concentrations to
induce changes as well; therefore, the detection limit for certain
proteins may be signiﬁcantly lower than 9.4 nM.
CTAB Concentration. Previous studies have shown that
CTAB concentration aﬀects the extent of BSA and HSA
denaturation.39,60 Because BSA conformation aﬀects the extent
of nanoparticle aggregation,31 it is evident that surfactant
concentration should be investigated as a means of controlling
the extent of nanoparticle aggregation and may be useful for
developing colorimetric assays. To assess how diﬀerent
concentrations of surfactant aﬀect the protein concentrationdependent response of gold nanoparticles, we prepared CTABstabilized gold nanoparticles in seven diﬀerent dilutions of
CTAB ranging from 50 to 0.78 mM. Lower concentrations of
CTAB were not used due to particle instability under working
salt conditions. We used BSA and CTAB as models due to
previous studies that characterized CTAB-dependent denatura-

■

CONCLUSION
The eﬀects of proteins on gold nanoparticle stability and
resultant changes in absorption spectra are frequently studied
for applications in biomolecular sensing. Using a simple
washing procedure, we have prepared several stable gold
nanoparticles in cationic, nonionic, and anionic solutions. This
surfactant exchange procedure resulted in nanoparticles with
varying zeta potential and maintained their stability under
moderate ionic conditions. By incubating these gold nanoparticles with diﬀerent proteins, we have shown how the
identity and concentration of a surfactant can change the
particle aggregation behavior. We have also demonstrated how
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Figure 4. Concentration-dependent response of gold nanoparticles to BSA when suspended in varying concentrations of CTAB. Normalized
response is plotted against (A) concentration of BSA in μM and (B) the ratio of CTAB to BSA.

ship. M.S.V. is grateful for the NSERC Vanier Graduate
Scholarship and the Banting Postdoctoral Fellowship.

diﬀerences in response produce a unique color and UV−vis
absorption pattern for each protein, allowing for rapid visual
protein identiﬁcation. The eﬀects of surfactants on nanoparticle
response to proteins can therefore be exploited for multiplexed
protein assays. Finally, we have shown how surfactant-coated
gold nanoparticles can be a tool for studying interactions
between nanoparticles and other biomolecules. Ongoing
projects include kinetic studies to further elucidate the role of
surfactant on aggregation, investigations into the eﬀects of
diﬀerent chemical and physical parameters on the aggregation
mechanism, and determining whether the observed responses
can be extended to identify or group proteins based on their
families.

■

■

ABBREVIATIONS
BCA
bicinchoninic acid assay
PAGE polyacrylamide gel electrophoresis
ELISA enzyme-linked immunosorbent assay
LSPR localized surface plasmon resonance
BSA
bovine serum albumin
HSA
human serum albumin
IgG
immunoglobulin G
Lyz
lysozyme
Hgb
hemoglobin
NP
nanoparticle
CTAB cetyltrimethylammonium bromide
SDS
sodium dodecyl sulfate
GFP
green ﬂuorescence protein
DLS
dynamic light scattering
UV−vis ultraviolet−visible
SERS surface-enhanced Raman spectroscopy
PCA
principal component analysis
MFA
multiple factor analysis
PBS
phosphate-buﬀered saline
OD
optical density
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(53) Lémery, E.; Briançon, S.; Chevalier, Y.; Bordes, C.; Oddos, T.;
Gohier, A.; Bolzinger, M.-A. Skin Toxicity of Surfactants: Structure/
toxicity Relationships. Colloids Surf., A 2015, 469, 166−179.
(54) Dominguez-Medina, S.; Blankenburg, J.; Olson, J.; Landes, C.
F.; Link, S. Adsorption of a Protein Monolayer via Hydrophobic
Interactions Prevents Nanoparticle Aggregation under Harsh Environmental Conditions. ACS Sustainable Chem. Eng. 2013, 1 (7), 833−842.
(55) Khandelia, R.; Deka, J.; Paul, A.; Chattopadhyay, A. Signatures
of Specificity of Interactions of Binary Protein Mixtures with CitrateStabilized Gold Nanoparticles. RSC Adv. 2012, 2 (13), 5617−5628.
(56) Pan, H.; Qin, M.; Meng, W.; Cao, Y.; Wang, W. How Do
Proteins Unfold upon Adsorption on Nanoparticle Surfaces? Langmuir
2012, 28 (35), 12779−12787.
(57) Zhang, X.; Servos, M. R.; Liu, J. Ultrahigh Nanoparticle Stability
against Salt, pH, and Solvent with Retained Surface Accessibility via
Depletion Stabilization. J. Am. Chem. Soc. 2012, 134 (24), 9910−9913.
(58) Zhang, F.; Skoda, M. W. a; Jacobs, R. M. J.; Zorn, S.; Martin, R.
a; Martin, C. M.; Clark, G. F.; Goerigk, G.; Schreiber, F. Gold
Nanoparticles Decorated with Oligo(ethylene Glycol) Thiols: Protein
Resistance and Colloidal Stability. J. Phys. Chem. A 2007, 111 (49),
12229−12237.
(59) Cukalevski, R.; Ferreira, S. a.; Dunning, C. J.; Berggård, T.;
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