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Abstract
The disassembly of a core-satellite nanostructured substrate is presented as a colorimetric
biosensor observable under dark field illumination. The fabrication method described herein
utilizes thiol-mediated adsorption and streptavidin-biotin binding to self-assemble core-satellite
nanostructures with a sacrificial linking peptide. Biosensing functionality is demonstrated with the
protease trypsin and the optical properties of the nanoassemblies are characterized. A figure of
merit is presented to determine the optimal core and satellite size for visual detection.
Nanoassemblies with 50 nm cores and 30 nm or 50 nm satellites are superior as these structures
achieve an orange to green color shift greater than 70 nm that is easily discernible by naked eye.
This colorimetric substrate may prove to be a favorable alternative to liquid-based colloidal
sensors and a useful visual readout mechanism for microfluidic diagnostic assays.
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The simultaneous realization of self-assembled colloidal gold nanocrystals by Mirkin and
Alivisatos established a platform technology for ‘bottom up’ fabrication that utilized
fundamental principles from biology. The advent of this discovery has yielded a multitude
of geometric nanoassembly variations such as lattice networks,1,2 dimer and trimer
configurations,3,4,5 and core-satellite constructs.5–11 These noble metal nanoassemblies have
enabled optical investigations of plasmon resonance coupling10,11 and the colorimetric
detection of biological and chemical analytes such as single nucleotide polymorphisms
(SNPs),12 cocaine, adenosine,13 lead,14 caspase,15 and rabbit IgG.16 Such technologies may
bolster the groundwork for a new generation of point-of-care (POC) diagnostic devices
capable of identifying diverse analyte species, an improvement upon the commercially
available immunoassay-based lateral flow test.17 We propose an advancement upon the
current suspension-based modality of colloidal biomolecular sensors that is better suited for
on-chip diagnostic system integration while preserving the capability for diverse species
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detection. We present the fabrication of nanoassembles constructed on a two-dimensional
glass substrate, demonstrate the colorimetric functionality of biomolecular sensing via
disassembly, and systematically analyze the optical detection properties of the substrate.
Nanoconstructs with 50 nm cores and 30 nm or 50 nm satellites maximized the signal-to-
noise ratio during biosensing and enabled visible colorimetric shifts from orange (>630 nm)
to green (~560 nm) via the observation of scattered light with dark field (DF) illumination.

The construction of colloidal gold biosensors using DNA, peptide, or aptamer linkers has
enabled the detection of an assortment of species outside the typical antigen/antibody
binding interactions observed in traditional immunoassays.12–17 This method is
advantageous as plasmonic nanoparticles are ~500,000 times more luminous than a
fluorophore, have an unlimited photon budget, and do not bleach, blink, or require expensive
spectroscopic equipment.18 However, the technology to date has relied upon nanoconstructs
suspended in solution. This assembly paradigm has five deficiencies that may be overcome
by the use of disassembling nanostructures immobilized on a substrate. First, the sample
analyte is diluted by three orders of magnitude when added to the suspension of
nanostructures, diminishing detection limits. Second, impurities in the analyte such as salts
and pH fluctuations might cause flocculation and subsequently a false positive readout.
Third, the storage life is limited because suspended nanoparticles tend to aggregate and
settle with time. Fourth, liquid-based assays are prone to containment issues such as
spillage. Finally, fifth and arguably the most important fact is that previous liquid-based
sensors rely upon changes in optical absorbance. Since the Beer-Lambert Law states that
absorbance has a linear dependence on path length, colloidal liquid-based sensors are not
feasible in microfluidic diagnostic systems. The colorimetric substrate presented here
bypasses these shortcomings. Previous reports of disassembling colorimetric nanomaterials
on a substrate have included the resuspension of nanoparticles released from nanolattices
dried on hydrophobic paper or constructed on a fluid lipid bilayer membrane.19,20 However,
unlike previous biosensors, we present the first self-assembled substrate that yields a
structural color change directly at the site of disassembly when imaged in DF. The small
optical path length of the biosensing substrate (~nm) is better suited for the length scales of
on-chip diagnostic systems in comparison to suspended nanoassembled networks that
require longer path lengths (~cm) for colorimetric changes to be observable. The utility of
this localized disassembly mechanism may enable functionality for spatiotemporal
monitoring of cellular secretions and POC capability using innovative handheld DF viewing
techniques.

Protease diagnostics are greatly underutilized in clinical settings, thus a substrate able to
detect protease activity was designed as a proof-of-concept to demonstrate the structurally
induced spectral scattering shift of the biosensor. However, we stress that by altering the
core-satellite tether, detection platforms for other biomolecular species can be created.
Detectable levels of proteases present in peripheral fluids taken ex vivo have been shown to
act as diagnostic markers that are presymptomatically indicative of disease.21–24 This article
presents the use of scattered light from coupled gold nanoparticle assemblies and their
subsequent disassembly via proteolysis as a colorimetric assay to detect protease activity.
Cleavage of the nanoassemblies disengages the plasmon coupling between nanoparticles and
shifts the observed DF scattered light from orange to green (Figure 1a). This model system
is not only limited to protease activity monitoring, but is applicable to the detection of
numerous biomolecules.

RESULTS AND DISCUSSION
Gold nanoparticles (AuNPs) were first deposited onto APTES (3-
aminopropyltriethoxysilane) functionalized glass microscope slides. The sodium citrate
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reduction (Turkevich) method25 produces negatively charged AuNPs and the AuNPs, which
served as the core of the nanoconstruct, were electrostatically immobilized onto the
positively charged surface of the APTES glass slide through Coulombic attraction (Figure
1b, left). Next, a biotinylated ten amino acid long peptide substrate, cleavable by the serine
protease trypsin, was incubated on the substrate. The C-terminus of the peptide is a cysteine
residue, enabling the thiol-mediated adsorption of the peptide onto the surface of the core
nanoparticle. The peptide sequence is biotin-GGRGDGKGGC-OH. Streptavidin conjugated
satellite nanoparticles bind to the biotinylated N-terminus of the peptide for controlled,
directional self-assembly (Figure 1c). The incubation of methoxy polyethylene glycol
succinimidyl valerate (mPEG-SVA, MW = 2 kDa) on the substrate before satellite
deposition blocks the microscope slide such that the satellites only attach to the core
nanoparticles. This essential step prevents the satellites from nonspecifically adsorbing onto
the substrate and facilitates a reversible color shift. The APTES functionalized slide enables
passivation as the mPEG-SVA reacts with the exposed primary amine, releasing 1-
Hydroxy-2,5-pyrrolidinedione and immobilizing the PEG chain onto the slide (Figure 1b,
right). It should be noted that the linking peptide chain could be replaced by a variety of
other biomolecules such as an oligonucleotide or aptazyme for diverse analyte identification.
All substrates were stored in deionized (DI) water to prevent capillary remodeling caused by
evaporation. The substrates remained functional for more than 28 days when stored in DI
water at 4°C.

Pairs of slides were created for each geometrical combination of core and satellite size and
analyzed under DF. A spectrophotometer measured the far-field scattering spectra from the
substrate and data taken from five random positions on each substrate were averaged to
determine peak position and full width at half maximum (FWHM). AuNPs cores were
deposited at high densities, ~33.1 cores µm−2 for 50 nm AuNP cores, enabling easy
visualization of the scattered color yet substrates were not overly dense, which would cause
unfavorable plasmonic coupling between core particles. Four variations of core diameter
were investigated. 30 nm and 50 nm cores scattered green in comparison to 80 nm and 100
nm cores, which appeared chartreuse (Table S1 and Figure S1 in the Supporting
Information). Additionally, the two larger core sizes have broader peakwidths (FWHM).
Radiation damping has been shown to be responsible for the redshift and bandwidth
broadening observed in both the near- and far-field scattering as nanoparticles increase in
size.26 Core sizes with green scattering, which is the most sensitive color to the human eye,
are optimal as their plasmon peak will be redshifted upon satellite attachment and plasmon
coupling. The redshift for assemblies with a large core size cannot be visually discerned as
the far-field scattering spectra shifts into the near IR, however such shifts are detectable with
spectroscopy. Another important property for core size is the scattering cross section (σs).
When a particle radius (r) is much smaller than the wavelength of light (r ≪ λ), Rayleigh
theory states σs ∝ r6/λ4. Thus, core sizes of 30 nm and smaller have a small scattering cross
section, resulting in dimly scattered green light which is difficult to visualize (Table S1).
The optimal core size, as determined by its spectral peak position and scattering cross
section, is 50 nm.

The serine protease trypsin, known to cleave the carboxyl end of lysine and arginine, was
used to initiate substrate disassembly (Figure 1d). Trypsin (100 µM) was spotted directly
onto the substrate at room temperature (25°C) and produced a complete color change in less
than 40 minutes as seen in the images captured by a true-color charge-coupled device (CCD)
camera (Figure 2). Figures 2a, 2b, and 2c are time-lapse images of a substrate at 0 min, 30
min, and 60 min after trypsin exposure. The white spots observable in Figure 2c are believed
to be scattering from mPEG-SVA aggregates that accumulated during surface passivation. A
representative DF spectrum depicts a colorimetric shift greater than 70 nm for a substrate
with 50 nm cores and 50 nm satellites (Figure 2d). Modified Gaussian curves have been fit
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to the data. An SEM image of a 100 nm core with 10 nm satellites is shown in Figure 2e.
Core sizes larger than 100 nm scatter light greater than 600 nm and satellite disassembly is
visually indiscernible. Thus, larger sized core particles were eliminated from the study. A
nanoassembled substrate with 50 nm cores and 50 nm satellites, before and after trypsin-
mediated disassembly, is shown under bright field illumination in Figure 2f. The short path
length of the monolayer of core-satellites does not scatter enough of the incident light for a
colorimetric change to be noticeably observable by eye. A technique similar to resonance-
enhanced adsorption may be able to amplify this faint color shift under bright field
illumination and facilitate detection without the constraint of DF illumination.27

Polydimethylsiloxane (PDMS) droplet immobilizers, visible in Figure 2f, were used to
contain the droplet and prevent capillary-induced remodeling of the nanostructures due to
evaporation. All of the images presented in Figure 2 are unaltered.

A large-scale study was performed for an array of nanostructures to characterize assembly
and disassembly (Figure 3). Core sizes ranged from 30 nm to 100 nm and satellite sizes
ranged from 10 nm to 50 nm. Satellites larger than 50 nm are difficult to conjugate with
streptavidin as the surface-to-volume ratio is large and the colloid becomes unstable during
physio-adsorption of the streptavidin onto the AuNP surface. Substrates were prepared in
duplicate and optical measurements were acquired at random locations in quintuplicate for
each slide (n=10). The acquisitions were collected over a large field of view such that
substrate inconsistencies and variations were averaged over the acquired spectrum.
Disassembly was achieved by exposing the substrates to trypsin for 60 minutes at room
temperature. The ten spectral measurements were averaged and are graphed in Figure 3. The
peaks observed at ~670 nm and ~740 nm in Figure 3 are attributed to source normalization
artifacts due to a poor signal-to-noise ratio at the spectral extremities of our
spectrophotometer (see Figure S5 for the emitted spectrum from the Xenon light source). A
MATLAB script (Supporting Information) individually calculated the peak shift and FWHM
for each spectral measurement and the values were averaged to obtain peak shift and
FWHM statistics.

Two important optical characteristics for visual detection are the peak shift and change in
FWHM upon assembly and disassembly. Peak shift upon assembly is defined as: Δλpeak =
λpeak,core+sat. - λpeak,core and is depicted on the x-axis of Figure 4a. The maximum attained
assembly redshifts were approximately ~70 nm for all combinations of 50 nm and 30 nm
AuNPs. 30 nm satellites consistently produced the largest peak shift of all the satellite sizes.
This behavior seems contrary to intuition as 50 nm satellites cause a larger structural change
than 30 nm satellites. Limited streptavidin conjugation onto the larger 50 nm AuNPs may
have resulted in fewer satellites capable of binding to the core particles. Next, the peak shift
upon disassembly was analyzed and is depicted on the x-axis of Figure 4b. Combinations of
30 nm and 50 nm AuNPs provided the largest blue shift, with 30 nm core and 50 nm satellite
assemblies causing a maximum shift of 48.3 nm. The investigation reveals that the assembly
redshift is not completely reversable, which may be caused by nonspecific aggregation of
the satellites to the substrate and/or irreversible core-satellite attachment. Overall, core-
satellite combinations of 30 nm and 50 nm result in the largest spectral peak shifts. The
findings of this analysis correlate well with previous theoretical simulations of core-satellite
plasmon band redshifting due to interparticle dipole coupling and radiation damping.10,28

The second optical characteristic analyzed was the FWHM assembly broadening and
disassembly narrowing properties of the nanoassemblies. Analysis of the FWHM is
necessary to maximize the signal-to-noise ratio during biosensing as large FWHM increases
may cause disassembly blue shifts to be indiscernible. The change in the bandwidth upon
assembly, defined as ΔFWHM = FWHMcore+sate. − FWHMcore, was a maximum, 75.9 nm,
for the 50 nm core and 30 nm satellite assembly (Figure 4a). Other combinations of 30 nm
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and 50 nm AuNP produced ~56 nm in bandwidth broadening. During disassembly, 50 nm
cores with 30 nm satellites obtained the maximum bandwidth narrowing (Figure 4b).
Minimizing the bandwidth upon assembly and disassembly is essential such that only one
color, a single peak, can be easily resolved by human eye for both cases. Thus optimal core-
satellite combinations would lie in the lower right side of Figures 4a and 4b. However, our
data reveals that shifts in peak position appear to be positively correlated to changes in
bandwidth. These results coincide with recent findings that larger satellite sizes broaden the
plasmon band when assembled onto core AuNPs.28 This characteristic is mainly due to
retardation effects as the nanoassembly size becomes significant in comparison to the
wavelength of light. Radiation damping has been shown to be a large factor in the redshifts
observed in the far-field scattering as nanoparticles increase in size.26 Ultimately, larger
satellite sizes should lead to greater changes in FWHM upon assembly and disassembly.
Similar to the nanoassemblies’ characteristics with regard to peak shift, 30 nm satellites
consistently produced the greatest fluctuations in bandwidth for both assembly and
disassembly.

In order to quantify the overall biosensing capability of each nanoassembly variation, we
have proposed the use of a figure of merit (FOM) for detecting plasmon peak shifts28

where 〈FWHM〉 is the average of the two FWHM values. The FOM takes into account both
the peak shift and plasmon bandwidth, quantifying the nanoassemblies’ ability to provide a
resolved and observable colorimetric change. The experimentally obtained FOM values are
shown in Table 1 for the nanoassembly variations we have studied. The substrate with 30
nm cores and 50 nm satellites has the highest FOM value, 0.37. However, the small
scattering cross section of a 30 nm core AuNP made this substrate very difficult to observe
by naked eye. The second and third nanoassemblies with the next highest FOM values, 50
nm cores with 30 nm and 50 nm satellite sizes, yielded spectacular color shifts for our given
experimental setup (Figure 2). These two combinations of nanoassembly are optimal.

CONCLUSION
We have proposed an advancement upon the current suspension-based modality of colloidal
biomolecular sensors that is better suited for on-chip diagnostic system integration while
preserving the capability for diverse species detection. We present the fabrication of
nanoassemblies self-assembled on a two-dimensional glass substrate, demonstrate the
colorimetric functionality of biomolecular sensing via trypsin-mediated disassembly, and
systematically analyze the optical detection properties of the substrate. A FOM was
determined to quantify visual resolution the of the color change and nanoassemblies with 50
nm cores and either 30 nm or 50 nm satellites were concluded to be optimal. To the best of
our knowledge, this plasmonic biosensor is the first self-assembled substrate that yields a
structural color change directly at the site of disassembly. This new modality may enable a
new generation of robust POC diagnostic devices with enhanced sensing capabilities.

METHODS
Nanoassembled Substrate Fabrication

Droplet immobilizers were prepared by cutting 1 in. × 1 in. squares of cured, 4 mm thick
PDMS (Dow Corning) and punching a 20 mm circle through the center. One droplet
immobilizer was placed in the middle of a 1 in. × 3 in. 3-aminopropyltriethoxysilane
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(APTES) treated microscope slide (The Microscope Store). The slides were cleaned with a
stream of nitrogen and immediately placed in a Petri dish. The surface adhesion of the
PDMS to the APTES treated slide prevented liquid leakage and capillary remodeling due to
surface dehydration. Gold colloid (800 µL, British Biocell International) at stock
concentration was pipetted into the PDMS well and incubated at 4°C for 18 hrs. The wells
were then washed multiple times with DI water (Milli-Q). A 50 µg/mL solution of the
biotinylated peptide, biotin-GGRGDGKGGC-OH (Chi Scientific), in 1× PBS buffer (Gibco,
Invitrogen) was prepared. The peptide solution was pipetted (800 µL) into the PDMS well
and incubated at 4°C for 18 hrs. The wells were again washed with DI water. A 2 mM
mPEG-SVA (MW = 2kDa, Laysan Bio) solution was prepared in 100 mM NaHCO3 (pH
8.25, Sigma-Aldrich) and sonicated briefly.29 The mPEG-SVA solution was then pipetted
(800 µL) into the PDMS well and incubated at room temperature (25°C) for 6 hrs. The wells
were again washed with DI water. Finally, streptavidin conjugated AuNPs were pipetted
(800 µL) into the well and incubated at 4°C for 12 hrs. The slides were then washed with DI
water and stored at 4°C before exposure to 0.25% Trypsin-EDTA 1× (Gibco, Invitrogen).

Streptavidin Conjugation onto AuNPs
A modified version of a previous protocol was used.30 A sodium borax buffer was prepared
by titrating 10 mL of 200 mM H3BO3 (pH 5.4, Sigma-Aldrich) with 2 mM Na2B4O7 (pH
8.9, Sigma-Aldrich) to a final pH 7.1 (~18 mL of 2 mM Na2B4O7 was added). The pH of the
buffer is essential as it must be above the isoelectric point of streptavidin (pI ≈ 5.0) such that
streptavidin can displace the negatively charged citrate groups adsorbed on the surface the
AuNPs, but not too high of a pH as excess salt ions from Na2B4O7 will induce flocculation.
1 mL of 10 nm, 30 nm, and 50 nm AuNPs (stock concentration) were spun down at 14,000,
10,000, and 7,000 RPM for 10, 8, and 5 min, respectively. The supernatant was discarded
and the particles were resuspended in an equal volume (1 mL) of 5 µg/mL streptavidin
(SouthernBiotech) in the sodium borax buffer. The suspension was placed on a rocker for 15
min to allow physio-adsorption. The streptavidin conjugated AuNPs were spun down again
and the supernatant was discard. The conjugated AuNPs were resuspended in DI water. A
1% w/v NaCl (Sigma-Aldrich) test was performed to ensure streptavidin conjugation.
Conjugated AuNPs can withstand salt concentrations up to 2–3% before crashing out of
solution.

Dark Field Spectroscopy
The nanoassemblies were imaged in dark field with an inverted microscope (Carl Zeiss
Axiovert 200) under illumination from a Xenon light source (Karl Storz). The scattered light
was collected by a 20× microscope objective (Carl Zeiss, LD Achroplan) with a numerical
aperture (NA = 0.40) smaller than that of the Nikon DF dry condenser lens (NA = 0.80 –
0.95). The spectra were acquired with a Princeton Instruments Acton SP2300 using
WinSpec and images were taken with a true-color CCD (QImaging Micropublisher 3.3
RTV). All measurements were taken with the nanoassemblies immersed in DI water and at
room temperature (25°C).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
a) Core-satellite Au nanoassemblies before and after proteolytic cleavage. b) Immobilization
of the negatively charged AuNP cores is enabled by Coulombic electrostatic attraction to an
APTES monolayer on glass. The glass slide is subsequently passivated with an mPEG chain
to block nonspecific satellite adsorption. c) Satellite attachment is enabled by a directional
cysteine/biotin-streptavidin peptide tether. d) The addition of trypsin cleaves the peptide,
releasing the satellites into solution and enabling colorimetric detection of the protease.
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Figure 2.
Dark field microscopy images representative of the observable colorimetric shift upon
disassembly by proteolytic cleavage with 100 µM trypsin at a) 0 minutes, b) 30 minutes, and
c) 60 minutes. The substrate is composed of 50 nm core AuNPs and 50 nm satellite AuNPs.
(scale bar: 100 µm) d) The corresponding normalized spectra taken simultaneously with the
images. e) SEM image of an individual core-satellite nanoassembly with a 100 nm core and
10 nm satellites. (scale bar: 100 nm) f) A 50 nm core and 50 nm satellite nanoassembled
substrate before and after trypsin cleavage via bright field illumination. The short path
length of the core-satellite nanoassembled substrate does not scatter enough of the incident
light for a colorimetric change to be noticeably observable by eye.
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Figure 3.
Spectral characterization study for a combination of core and satellite diameters. Scatter
from single AuNP cores (black), assembly redshift (red), and disassembly blue shift (green)
are depicted. Spectra are averaged results (n=10). Core-satellite nanostructures with
combinations of 30 nm and 50 nm nanoparticle sizes consistently produced the greatest peak
shifts. Dashed black lines depict initial peak position and FWHM as a visual aid for the
reader.
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Figure 4.
Correlation between peak shift and FWHM broadening/narrowing upon a) assembly and b)
disassembly. Data points are extracted from Figure 3 with the shape corresponding to the
core size and the color corresponding to the satellite size. 10 nm, 30 nm, and 50 nm satellites
are represented by black, green, and red, respectively.
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