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ABSTRACT: Gold nanoparticles (Au NPs) have been extensively
used for colorimetric and optical detection of various analytes,
exploiting the difference in optical properties when the NPs are
dispersed or aggregated. The properties of Au NPs-based optical
sensors depend strongly on the particle size, spacing, number, and
disposition in the aggregate, which explains the different
performances reported so far for this class of sensors. Here, we
investigated the optical response of a model Au NP immunosensor
and the correlation of its plasmonic absorption with the analyte-
dependent aggregation state, supported by transmission electron
microscopy and numerical calculations. The antigen−antibody
system used for this study is the C-reactive protein (CRP)/anti-
CRP couple, well-established and of great applicative interest. The
results provide several insights into the evaluation of the extent and type of antigen-induced aggregation for receptor-conjugated Au
NPs and point toward the identification of a figure of merit of great utility in the development of particle aggregates with the optimal
structure for desirable nanosensor response.
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■ INTRODUCTION

Gold nanoparticles (Au NPs) are chemically stable, not toxic,
photostable, surface functionalizable in one step with any
thiolated ligand,1,2 and easily synthesizable even at very low
cost.3,4 Most importantly, Au NPs exhibit an intense coloration
due to the plasmon resonance band, which is shape-dependent
and aggregation-dependent.5,6 This set of deeply investigated
features has been exploited for decades in colorimetric and
optical sensing to detect a variety of analytes such as
biomolecules, organic compounds, and metal ions.1,5 The
typical Au NP optical sensor is based on the specific molecular
recognition between a receptor bound to the particle surface
and an antigen to be detected.1,7−9 The receptor can be an
antibody, scFv, nanobody, aptamer, or any other chemical
function selective for the analyte.1,7,8,10−12 When Au NPs are
conjugated with antibodies, the binding of the antigen will
induce specific particle aggregation by immunocomplexa-
tion.1,5,7,12,13

While the working principle of Au NP optical sensors is
simple and general, there is a list of parameters which influence
their response, such as the particle size and shape, interparticle
distance, and number and disposition of particles in the
aggregate.14−18 The variety of these parameters has a direct
correspondence with the different responses reported so far for
this class of detection systems. Indeed, several examples of
colorimetric sensors based on Au NPs have been proposed in

recent times.19−21 For instance, a colorimetric serological assay
to detect SARS-CoV-2 IgG antibodies was developed by
coating Au NPs with epitopes located on the spike and
nucleocapsid proteins of the virus.22 Another example consists
in the evolution of the optical properties of Au NPs
functionalized with a red blood cell membrane, which has
been assessed over time in the presence of the antigen
fibrinogen to identify the best timing and spectroscopic
features for analytical applications.23 Aptamer-conjugated Au
NPs showed reversible aggregation in the presence of analyte
thrombin and external physical stimuli such as ultrasound.24 In
a model albumin assay, a mixture of 20 and 50 nm Au NPs was
shown to enhance the signal compared to the single-sized 20
nm Au NP samples and to provide acceptable colloidal stability
compared to the single-sized 50 nm Au NPs.15

However, the precise correlation between the NP aggregate
structure and optical properties still requires a clear
identification in most of the nanosensors described in the
literature, introducing a gap of uncertainty about design criteria
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for the bioconjugate and the best practice for the analysis of
the optical response. It is thus of utmost importance to
elucidate the optical properties of immunocomplexes which
can guide the design and development of new Au NP optical
sensors for a specific analyte.14,15 This is especially relevant for
nanosensors affected by a limited detection interval, which may
block the exploitability for real life application. Typically, a
limited detection interval is due to low sensitivity, signal
saturation already at a low analyte concentration, or the “hook”
effect, namely, the disaggregation of immunocomplexes when
the analyte concentration exceeds a threshold defined by the
affinity constant of the receptor−antigen couple.25,26

Here, we studied the optical properties of an Au NP
immunosensor, identifying the spectroscopic features most
relevant for analytical purposes and their correlation with the
immunocomplex structure by using transmission electron
microscopy (TEM) and numerical calculations of the observed
plasmonic absorption. To this end, we selected the model
immunocomplexation reaction between human C-reactive
protein (CRP) and its antibody (anti-CRP), which were
immobilized on the Au NP surface. CRP is an important
biomarker involved in the organism response to inflammation

states, during which its plasma concentration can increase to
up to hundreds of milligrams per liter.27 This feature is
routinely used for monitoring a variety of clinical conditions
such as cancer and cardiovascular and neurological dis-
eases.7,27,28 Hence, several assays based on the change of the
physical properties of Au NPs functionalized with receptors of
CRP have been proposed, including optical sensors.7,26,29−31

■ MATERIALS AND METHODS
Synthesis. The Au NPs were synthesized by laser ablation in

liquid (LAL).4,32 In LAL, the laser pulses at 1064 nm (6 ns, 50 Hz)
were focused to 8 J/cm2 with an f 100 mm lens on a 99.99% pure Au
plate dipped in distilled water with 10−4 M NaCl. Then, the colloid of
Au NPs was centrifuged for 1 h at 50 rcf to discard the heavy fraction
and for 1 h at 250 rcf to collect the sediment and discard the
supernatant containing the smallest NPs. The resulting Au NP size,
assessed by TEM with the ImageJ software on >800 NPs, was 17 nm
with a standard deviation of 12 nm and a lognormal size distribution.
No other additives or solutes were used for the synthesis of Au NPs,
which have a surface free of contaminants and ready for
bioconjugation.

The anti-CRP-PEG-SH conjugate was obtained in the following
steps:30

Figure 1. (A) Sketch of the synthetic procedure for immunoconjugated Au NPs. (B) Sketch of the immunocomplex formation in the solution of
Au NPs coated with anti-CRP-PEG-SH: the coordination of CRP (antigen) induces Au NP aggregation and consequent changes on the optical
properties. (C,D) UV−vis spectra of Au NPs coated with anti-CRP-PEG-SH upon the addition of CRP up to 1.43 mg/L, reported in absolute
absorbance (C) and after normalization to the plasmon peak absorbance (D). The magnification of regions affected by the most relevant spectral
changes is also reported.
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(i) Antibody concentration in the conjugation buffer. Before
performing the conjugation reaction, the anti-CRP [goat
antibody to human CRP, immunoglobulin G, affinity purified,
MW = 150 kDa and ε(280 nm) = 210,000 M−1 cm−1,
purchased from IIC at 10 mg/mL0.066 mM] was
concentrated to 10.5 μM in a CO3

2−/HCO3
− buffer at a pH

of 9.2 by exhaustive dialysis. To this purpose, 2 mL of the
initial solution of anti-CRP was dispersed in 20 mL of buffer
and centrifuged two times in Vivaspin PES 10 kDa
concentration membranes for 30 min (3864 rcf, 20 °C)
using a MPW351 centrifuge equipped with a swing-out rotor.

(ii) Conjugation. 3000 μL of the 46.2 μM anti-CRP solution (0.13
μmol) and 7500 μL of 36.7 μM OPSSPEG (orthopyridyldi-
sulfide-polyethyleneglycol-N-hydroxysuccinimide, 2 kDa, pur-
chased from Creative PEGworks) solution (0.082 mg/mL,
0.26 μmol) in sodium bicarbonate (100 mM, pH 8.5) were
mixed in a round-bottom flask and magnetically stirred
overnight at 4 °C.

(iii) Purification. The reaction mixture was purified by dialysis
within the same buffer (centrifuged two times in Vivaspin PES
10,000 Da with 20 mL of buffer for 20 min). The final solution
was used for the next step of Au NP conjugation with the
antibody.

The immunoconjugate of Au NPs and anti-CRP-PEG-SH was
obtained in the following steps:30

(i) Bioconjugation. The Au NP solution (9.9 nM) was mixed with
the anti-CRP-PEG-SH solution (41.4 μM) at a volume ratio of
500:9, corresponding to a ratio of anti-CRP/Au NPs of 75.
This ratio was selected based on previous binding studies of
anti-CRP-PEG-SH on Au NPs, suggesting that the surface of
the particles is close to complete coverage at >50 anti-CRP-
PEG-SH for each Au NP.30 A bicarbonate buffer solution was
also added at a volume ratio of 192:509 with the previous
solutions. A volume ratio close to 2:5 for the buffer and Au NP
solution was selected to avoid excessive dilution and accelerate
the subsequent washing steps. The solution was incubated for
2 h at 4 °C, namely, in the same reaction bath as that of the
previous steps and for a time long enough to achieve the
conjugation of the thiolated PEG derivatives on the free
surface of laser-generated Au NPs.

(ii) Au NP surface saturation. PEG-SH (8 μM, 800 Da, Sigma-
Aldrich) at a volume ratio of 10:701 with the previous
solutions (corresponding to ca. 20% of the mol of anti-CRP-
PEG-SH) was added for the total saturation of the NP surface,
and the solution was incubated for an additional 2 h at 4 °C.
The 800 Da PEG-SH has lower steric hindrance than anti-
CRP-PEG-SH; thus, it can saturate the surface of the Au NPs
which may have remained available after coating with the
bioconjugate PEG ligand. In this way, stabilization of the Au
NPs is maximized against nonspecific adsorption of serum
proteins.

(iii) Purification and resuspension in Ca2+ buffer. The Eppendorf
tubes containing the bioconjugates were centrifuged at 13.2
krpm for 20 min twice to remove the supernatant. The
precipitate was diluted in HEPES 20 mM buffer with 1 mM
Ca2+, reaching a final concentration of immunoconjugated Au
NPs of 2.0 nM.

A sketch of the process for the preparation of immunoconjugated
Au NPs is shown in Figure 1A.
Immunocomplexation. To 900 μL of immunoconjugated Au

NPs (2 nM), increasing aliquots of a standard CRP solution (CRP
calibrator 52.0 mg/L, 455 nM, from AMS, datasheet ref.
GD8429_00) were added. The final achieved antigen concentrations
(in mg/L) were 0, 0.11, 0.22, 0.33, 0.44, 0.55, 0.66, 0.77, 0.88, 0.99,
1.1, 1.21, 1.32, and 1.43, corresponding to the addition of 0, 2, 4, 6, 8,
10, 12, 14, 16, 18, 20, 22, 24, and 26 μL, respectively, of the standard
solution with a high precision calibrated micropipette. The ultra-
violet−visible (UV−vis) spectroscopy and other measurements were
performed just after the addition, following the results of preliminary

experiments where the mixtures have been monitored at different
antigen volumes and aging times to confirm that the optical
absorption remained constant from a few seconds to tens of minutes
after antigen addition. As a control, UV−vis spectroscopy was
performed on the same immunoconjugated Au NPs upon the
addition of 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, and 26 of a
serum protein (bovine serum albumin, BSA, 40,000 mg/L) solution
with the same protein concentration of the real serum containing
CRP (see Figure S1 in the Supporting Information), and no effects
were observed due to BSA nonspecific interaction, in agreement with
our previous study.30

The UV−vis spectra were analyzed after the correction for the
dilution factor given by (Vadd + V0)/V0, where V0 is the initial volume
and Vadd is the volume of each antigen addition.

Characterization. UV−vis spectroscopy was performed in 0.2 cm
optical path quartz cuvettes using a JASCO V770 spectrophotometer.
Dynamic light scattering (DLS) analysis was performed using a
Malvern Zetasizer Nano ZS in ZEN0040 cells. TEM was performed
on a FEI Tecnai G2 12 instrument operating at 100 kV and equipped
with a Veleta (Olympus Soft Imaging System) digital camera.
Following the procedure described in refs 33 and 34, before the
deposition, the Au NP samples were mixed in a 1:10 vol/vol ratio
with a 10 mg/mL solution of polyvinyl alcohol (PVA, 87−89%
hydrolyzed, 18 kDa) in deionized water. Then, one drop of the
mixture was cast on a 400-mesh carbon-coated copper grid, with the
excess liquid removed by capillarity with laboratory paper and the
liquid remaining on the grid left to dry in air at room temperature.
Note that the NP solutions were diluted 1/10 vol/vol with the PVA
solution also to avoid accidental agglomeration of particles during
solvent drying. No effects on the Au NP optical absorption spectra
were observed upon the addition of the aqueous PVA solution (as
shown in Figure S2 in the Supporting Information).

Numerical Calculations. The extinction cross-section (σext) of
the Au NP aggregates was evaluated through numerical calculations
based on discrete dipole approximation (DDA) using the DDSCAT
code.35 The targets representing the different aggregates of Au NPs
were created ad hoc with the same structure (NP size and geometric
position) as that observed from the TEM pictures.

The number of dipoles (N) was set between 104 and 105 to
minimize the computational errors on the absolute value of the
extinction cross-section and to allow reliable comparison of calculated
optical properties for the different targets.35−37 This guaranteed an
interdipole spacing at least 0.08 times smaller than the NP size and at
least 0.005 times smaller than the incident wavelength in the 325−900
nm range. In effect, for metal particles in the 2−200 nm size range, an
error smaller than 10% is achieved using an interdipole spacing much
smaller than the wavelength of interest.35−37 Results were further
checked for convergence for several targets by increasing the number
of dipoles, which allowed us to confirm the accuracy of results well
below 5%.

All the calculated σext values resulted from the arithmetic average
over two orthogonal polarization directions and 27 sets of Euler
angles of rotation of the target with respect to the incident plane wave
(i.e., a total of 54 different orientations for each σext) to simulate the
dispersion of immunocomplexes with a random orientation in the
liquid solution.

The effect of the water solvent was accounted for by setting the
refractive index of the nonabsorbing matrix to 1.334. The complex
dielectric constant of Au was obtained from ref 38 and corrected for
the intrinsic size effects according to what was described in refs 5 39,
and 40.

■ RESULTS
In this study, the anti-CRP unit was conjugated by an amide
chemical bond with a 2000 Da polyethylene glycol spacer with
a thiol group on the opposite end (PEG-SH). In this way, anti-
CRP retains the necessary orientational freedom for binding
the antigen, even after the immobilization of the anti-CRP-
PEG-SH unit on the surface of Au NPs by the formation of the
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sulfur−gold chemical bond (Figure 1A). The surface of Au
NPs is finally saturated with a shorter PEG-SH (800 Da) to
avoid any nonspecific interaction between the particle surface
and the constituents of serum in the human CRP samples.
Hence, the colloid of Au NPs conjugated with anti-CRP-PEG-
SH can form immunocomplexes after the addition of real
samples containing the antigen (Figure 1B), as previously
demonstrated by immunofluorimetric assays.30 The UV−vis
spectra of the sensor solution upon the addition of increasing
amounts of CRP (Figure 1C) show a change in the surface
plasmon resonance, as indicated by the decrease of plasmon
peak absorption in the proximity of 520 nm, which is
associated with the formation of immunocomplexes. The
other spectral changes are better appreciable from the UV−vis
spectra normalized on the plasmon peak (Figure 1D), such as
the red shift of the plasmon band and the increase in the
optical density in the 550−800 nm range.
From this set of spectral changes, the quantitative detection

of the analyte concentration can be performed using as
endpoints the plasmon peak position, the plasmon peak
absorbance, or the change in absorbance at a convenient
wavelength. The plasmon peak position (i.e., the wavelength at
which the maximum of the plasmon absorption occurs,
according to the spectrum recorded by the UV−vis
spectrometer) increases with the CRP concentration (Figure
2A), but the typical resolution of UV−vis spectrophotometers
is unfit for the continuous monitoring of this parameter. For
instance, under our experimental conditions, the spectrometer
registered the absorbance at an interval of 0.5 nm, which is less
than the resolution required to monitor the red shift of the

plasmon peak in the experiment, resulting in a plot of the peak
position changing discontinuously with a step of 0.5 nm.
Although this problem may be resolved by increasing the
spectral resolution or by a Lorentzian fit of the absorption
peak, these operations are time-consuming and suggest
resorting to absorbance as a parameter that varies continuously
in the interval of interest. Indeed, the UV−vis spectrometers
are built to offer the best performances for this type of
measurement. The absorbance at the plasmon peak decreases
continuously with the CRP concentration (Figure 2B).
However, the spectral position of the plasmon peak changes
when the analyte concentration is increased. Instead, a fixed
spectral position would be more convenient for monitoring the
immunocomplexation process in a real nanosensor. Usually,
this spectral position is arbitrarily identified in the red or near-
infrared regions. In this case, the absolute change of
absorbance (ΔAbs) at all wavelengths between 500 and 800
nm was plotted (Figure 2C) to identify the best spectral
position for quantitative assessment in our experimental
conditions. The plot of Figure 2C indicated a decreasing
trend for wavelengths in the proximity of the plasmon peak, as
anticipated in Figure 1B, and an increasing trend in the red and
infrared regions. In more detail, a negative ΔAbs is observed at
wavelengths from 500 to 550 nm, with the largest values
measured at 519 nm. At this wavelength, the change in
absorbance is even larger than that at the plasmon peak, thus
indicating a better sensitivity for the nanosensor, intended as
the change in the response versus the change in the analyte
concentration. At 550 nm, the ΔAbs becomes positive for a
small CRP concentration, with the largest positive value

Figure 2. (A) Plasmon peak position (in nm) vs CRP concentration. (B) Plasmon peak absolute absorbance vs CRP concentration. (C) Change in
absolute absorbance (ΔAbs) vs CRP concentration at different wavelengths from 500 (light-green line) to 800 nm (red line). The lowest and
highest curves are found at, respectively, 519 nm (green line) and 612 nm (blue line). The ΔAbs at the plasmon peak is reported as a yellow line.
(D) Relative change of absolute absorbance (ΔAbs/Abs) vs CRP concentration at different wavelengths from 500 (light-green line) to 800 nm (red
line). The lowest and highest curves are found at, respectively, 515 nm (green line) and 800 nm. The ΔAbs at the plasmon peak is reported as a
yellow line. (E) Change in normalized absorbance (ΔAbs_Norm) vs CRP concentration at different wavelengths from 500 (light-green line) to
800 nm (red line). The lowest and highest curves are found at, respectively, 516 nm (green line) and 573 nm (blue line). (F) Relative change of
normalized absorbance (ΔAbs_Norm/Abs_Norm) vs CRP concentration at different wavelengths from 500 (light-green line) to 800 nm (red
line). The lowest and highest curves are found at, respectively, 515 nm (green line) and 800 nm. The trend in (C−D−E−F) is described by the
arrows.
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measured at 612 nm. The trend remains positive until 800 nm,
but it should be noted that in the red spectral region, the
nanosensor response saturates (the curve becomes flat) already
at 0.5−0.6 mg/L of CRP.
Given the higher optical density in the proximity of the

plasmon resonance, the plot of the relative absolute absorbance
ΔAbs/Abs is also meaningful to stress the relative increment of
optical density over the whole 500−800 nm spectral range
(Figure 2D). Here, it is shown that the relative change at 500−
520 nm is comparable, with a minimum at 515 nm. The
maximum is found at 800 nm, but the low absolute intensity
also implies the largest influence from the experimental error.
The normalization to the plasmon peak is useful for

evidencing the spectral differences due to immunocomplex
formation; hence, the change in absorbance in the normalized
UV−vis spectra (ΔAbs_Norm) has been considered at all
wavelengths between 500 and 800 nm (Figure 2E). The
general scenario is similar to that of ΔAbs, with a decrease in
response from 500 to 516 nm, a trade-off at 527 nm, and an
increase up to a maximum at 573 nm, after which the response
remains positive but of lower intensity until 800 nm. The
largest response is found at 573 nm and is due to an increase in

ΔAbs_Norm. When the relative normalized absorbance
(ΔAbs_Norm/Abs_Norm) is considered, the general trend
shows a limited decrease from 500 to 515 nm and a trade-off at
537 nm where the response is positive, after which it
continuously grows until 800 nm, where the noise due to
the experimental error becomes comparable to the signal
change due to the low absolute absorbance.
It is worth stressing that in all the best cases of Figure 2, the

nanosensor did not exhibit the hook effect, even at the
maximum CRP concentration, which corresponds to acute
inflammation conditions.7,27,28 The behavior of the nanosensor
was also tested at concentrations higher than those typical of
the acute inflammation conditions, that is, up to 3.3 mg/L
CRP, without observing a recovery of the spectral changes due
to the hook effect.
Then, we investigated the structure of immunocomplexes at

three relevant stages of the process over the whole range of the
experiment, namely, without the analyte, at intermediate
amounts of the analyte (0.44 mg/L CRP), and at the upper
analyte limit of this experiment (1.43 mg/L CRP). For TEM,
the Au NP solutions were mixed with PVA (see the Materials
and Methods section and the Supporting Information for

Figure 3. (A) Representative TEM images of Au NP aggregates of the three samples at 0, 0.44, and 1.43 mg/L CRP. PVA was added before the
deposition to preserve the aggregate structure and interparticle distance and avoid additional agglomeration during solvent evaporation. (B)
Average number of Au NPs in aggregates observed by TEM. (C) DLS analysis of the three Au NP samples and of free CRP. (D) Targets used for
DDA calculations of the corresponding extinction cross-sections. (E) Extinction cross-section normalized to the total volume of Au NPs (σext/V)
for the aggregates showed in (A), reported as dotted lines for the single aggregate and as a continuous line for the resulting average. The position
and σext/V of the plasmon peak for the sample with 0 mg/L CRP are indicated by the black dashed lines. (F,G) Calculated peak position (F) and
extinction change Δσext/V (G) for the three samples.
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details) before drop-casting on the TEM grid, following a well-
established procedure that preserves the aggregate structure
and avoids additional agglomeration during the liquid
evaporation on the grid.33,34 TEM images (Figure 3A and
Figure S3 in the Supporting Information) clearly show the
evolution of Au NPs from the fully dispersed state (0 mg/L
CRP) to the immunocomplexed state (0.44 and 1.43 mg/L
CRP). This is quantifiable with the statistics of the number of
Au NPs per aggregate in the three samples (Figure 3B), which
results in 1.6 ± 0.5 at 0 mg/L CRP, 10 ± 7 at 0.44 mg/L CRP,
and 31 ± 17 at 1.43 mg/L CRP. DLS (Figure 3C) confirms
this trend, with an average hydrodynamic size of 47 ± 22 nm at
0 mg/L CRP, 62 ± 29 nm at 0.44 mg/L CRP, and 73 ± 16 nm
at 1.43 mg/L CRP, while for the CRP alone, the measured
average size is 5.9 ± 1.3 nm. The discrepancy between the Au
NP size measured using TEM and DLS may be due to the role
of Brownian motion in the colloidal solution, which has been
suggested to depend on the shape, size, composition, and
surface chemistry of particles, thereby contributing in various
ways to particle−solvent interactions, especially in the case of
anisotropic or fractal structures.41 Z-potential analysis of the
three samples (Figure S4 in the Supporting Information) did
not evidence any remarkable difference or trend versus the
CRP concentration, thus confirming that Au NP aggregation
occurs for antigen−antibody interaction and not for a change
in the colloidal stability of the immunoconjugated Au NPs.
Noticeably, TEM images of Figure 3A show that Au NPs in

the immunocomplexes are not densely packed yet are arranged
at distances of several nanometers, often comparable to the NP
size, in accordance with the presence of the spacing due to
CRP, anti-CRP, and the PEG spacer between anti-CRP and
the gold surface.42−44 The measured thickness of CRP bound

to anti-CRP is 2 nm, despite the fact that the longitudinal size
of the CRP pentamer is of the order of 10 nm, in agreement
with the overall hydrodynamic size of 5.9 ± 1.3 nm measured
using DLS.44 The thickness of an anti-CRP layer is also of the
order of 2 nm according to atomic force microscopy
measurements.44 Besides, the chain of 2000 Da PEG can
extend up to ∼10 nm in its brush conformation.42,43 Therefore,
the spacing between Au NPs in TEM images is compatible
with their surface bioconjugation and antigen-induced
aggregation after the inclusion in the dried PVA matrix.
The interparticle distance has crucial importance for the

optical properties of Au NP aggregates, but the complex fractal
structure and the variety of interparticle distances do not allow
for an easy prediction of the resulting optical properties of the
immunocomplexes just from TEM images. Thus, the DDA
method36,40,45 was used to accurately reproduce the position
and shape of Au NPs in the aggregates (Figure 3D) and
calculate the corresponding extinction cross-section (σext, see
the Materials and Methods section and the Supporting
Information for details). It should be noted that the TEM
images provide a 2D projection of 3D objects embedded in the
polymeric matrix after water evaporation and that the
interparticle distance in the actual solution may be different
(likely larger) than that in the dried PVA matrix; hence, the
DDA simulations are just a first approximation of the expected
extinction profiles for the corresponding tridimensional
immunocomplexes in the colloidal solution. For instance, it
should be considered that 2D targets tend to emphasize the
aspect ratio and the consequent effects on the extinction
profiles compared to the 3D structure yet retain the main
spectral features and interparticle distances and provide

Figure 4. (A) Sketch of the panel of parameters guiding the design of efficient optical sensors based on Au NPs. (B) R-square of the linear
regression applied to the plot of σext/V (at 520 nm) for the eight Au NP aggregates reported in Figure 3 as a function of the parameter or
combination of parameters indicated in the histogram. (C) Plot of the σext/V (at 520 nm) for the eight Au NP aggregates vs the FOM of eq 1,
which has the highest R-square among those tested (circles). The corresponding linear regression (continuous line) and the σext/V (at 520 nm) for
isolated Au NPs (dashed line, according to the calculation in Figure 3E) are also reported.
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qualitative trends for the optical properties of immunoag-
gregates.
As shown in Figure 3E, the orientational average of the σext

calculated with the DDA method was divided for the volume
(V) of each object to allow for the direct comparison of the
optical properties independent of the number and size of Au
NPs considered. At 0 mg/L CRP, the spectral profiles of the
four targets (dotted lines) are very similar and nearly overlap
with their average (red line), with a plasmon peak centered at
520 nm with a σext/V of 9.23 × 10−11 m−1 (highlighted by the
dashed black lines in the plot). At 0.44 mg/L CRP, the
extinction shows a dependence on the aggregate type (dotted
lines), with a difference between complexes with an elongated
structure such as #2 and #3 and the complexes such as #1 and
#4 having a more isotropic ramification (higher fractal
number). The average of the calculated σext/V profiles exhibits
the red shift of the plasmon peak (at 530 nm) and the increase
in the optical density in the red region. This is quite
appreciable by the comparison of the average σext/V of the
four aggregates (black line) with the position for the 0 mg/L
CRP sample (dashed black lines). The plasmon peak
maximum of the calculated σext/V resulted to be 9.23 ×
10−11 m−1.
The trend further persists in the calculations for the 1.43

mg/L CRP sample, with the average σext/V of 8.52 × 10−11

m−1 and peaked at 540 nm. Although remarkable spectral
differences are observed among the four aggregates (see #1 and
#3 vs #2 and #4), all of them show a red shift and the increase
in absorbance in the red and near-infrared regions.
Overall, the numerical calculations succeeded in reproducing

the experimental trends of Figure 2 with increasing NP
aggregation, namely, the red shift of the plasmon peak (Figure
3F), the decrease in the optical density at wavelengths shorter
than the plasmon peak of isolated Au NPs, and the
concomitant increase of light extinction in the red and near-
infrared regions (Figure 3G). The plots of Figure 3F,G also
support the experimental data in indicating that the sensitivity
is larger and more reliable at 520 nm or 800 nm than that at
the plasmon peak. This is an indication that the approach
based on the TEM analysis and DDA calculations was able to
reproduce qualitatively the optical behavior of Au NP
immunoaggregates in the colloidal solution. On the other
hand, it is worth noticing that the studies which addressed the
optical behavior of immunoaggregated Au NPs in conditions as
close as possible to those in the colloidal solution are really
limited in number,1,5 despite the technological relevance of
these systems.

■ DISCUSSION
Taken together, the experiment and calculations indicate that
the change in optical properties depends crucially on the
selected wavelength, with the optimum in terms of ΔAbs and
signal-to-noise ratio expected in the proximity of the plasmon
peak. The change in absorbance is more precise and has better
linearity than the spectral shift of the plasmon peak (Figure
4A).
Concerning the structure of the aggregates, calculations

show that the spectral modifications increase with the number
of Au NPs in the aggregate. Besides, the PEG spacer between
the receptor and the Au NP surface has the effect of keeping an
interparticle distance of several nanometers in the immuno-
complexes,42,43 with a consequent effect on the resulting
optical properties. That the extinction cross-section undergoes

a higher red shift and broadening when the interparticle
distance is lower is suggested, for instance, by the comparison
of the calculated extinction profile for aggregates #1
(interparticle distance generally lower than the NP size) and
#3 (interparticle distance generally comparable to the NP size)
in the 1.43 mg/L CRP sample of Figure 3.
Another observation is that elongated aggregates have a

lower red shift and plasmon peak broadening than isotropic
aggregates (for instance, aggregates #2 and #3 with respect to
aggregates #1 and #4 in the 0.44 mg/L CRP sample of Figure
3). This may be related to the fact that the orientational
average of elongated aggregates considers several orientations
where the plasmon band is similar to that of isolated particles
(incident electric field along the main axis of the aggregate),
which is not the case for isotropic aggregates with different
optical properties along all the directions.5,46 Overall, one can
infer that the number of receptors and their orientational
degree of freedom on the Au NP surface should be maximized
for optimal nanosensor response. The role of the aggregate
aspect ratio also becomes very relevant in other classes of Au
NP nanosensors, such as those based on fluorescence
dequenching, where the orientation of anisotropic aggregates
with respect to polarized light and fluorophores is crucial for an
optimal response.47,48

The average NP size may have a contribution in explaining
the larger change in σext/V (at 520 nm) for aggregate #4 than
that for aggregate #1 in the 0.44 mg/L CRP sample of Figure
3, as well as for aggregate #1 than that for aggregate #4 in the
1.43 mg/L CRP sample of Figure 3. The calculations also
indicate a larger red shift and broadening of the plasmon peak
when the NPs of the immunocomplex are of comparable size,
instead of being constituted of small particles and a single
larger NP, as shown by aggregate #2 of the 1.43 mg/L CRP
sample of Figure 3.
In summary, from the numerical calculations, it is possible to

identify five parameters of Au NP aggregates with a possible
effect on their optical properties (Figure 4A): the number of
Au NPs in the aggregate (#NPs), the average of the minimum
interparticle distance among next-neighbor NPs (⟨gap⟩), the
aspect ratio of the aggregate (i.e., the ratio of its length to its
width, ar), the average size of the NPs in the aggregate (⟨d⟩),
and the corresponding standard deviation [expressed in
percentage, sd(%)]. As a first approximation, linear regression
can be used to verify the existence of a correlation between the
calculated σext/V (at 520 nm) and each of the five parameters
for the Au NP aggregates of Figure 3. The R-square of the
linear regressions, reported in Figure 4B, suggests a possible
correlation with #NPs and ⟨gap⟩. To further verify a cross-
correlation between the five parameters, according to the
observations reported above, a combinatorial linear regression
approach was applied to a figure of merit (FOM) depending
on #NPs, ⟨gap⟩, ar, ⟨d⟩, and sd(%). In all combinations, the
proportionality of the σext/V (at 520 nm) with the #NP was
the only constraint, while the correlation with other parameters
has been checked considering the R-square of the linear
regression. The results of Figure 4B−C show that the best R-
square is found for the adimensional FOM

= # ⟨ ⟩
⟨ ⟩

FOM
NPs d

gap ar sd(%) (1)

which is in agreement with all the above observations extracted
from the calculated extinction cross-sections. Thus, eq 1 can be
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considered a possible FOM for the design of optical sensors
based on Au NP aggregation. However, it is worth noticing
that this FOM is extracted from numerical calculations for 2D
aggregates of spherical Au NPs; thus, further validation by
experimental verification on single aggregates, also with
nonspherical particles such as nanorods or nanostars, would
be required in the future.49

■ CONCLUSIONS
In summary, the optical properties of a model nanosensor
based on the immunocomplexation of anti-CRP-PEG-SH-
coated Au NPs in the presence of CRP were studied. The
aggregation of NPs is associated with a change in the plasmon
peak position and optical density in the 500−800 nm range,
with optimal effects in terms of sensitivity and the signal-to-
noise ratio depending on the observation wavelength, which is
the first relevant parameter for optical sensing. The
immunocomplexes were observed by TEM after freezing
their structure in a polymeric matrix to verify the relation
between the number of Au NPs in the aggregate and the
observed optical properties. Numerical simulations for
representative immunocomplexes supported and explained
the experimental results, in addition to identifying the
interparticle distance, size homogeneity, aggregate isotropy,
and number of NPs as key parameters for optimal nanosensor
response. These results provide a panel of parameters that have
been collected in an FOM useful for designing efficient optical
sensors based on Au NPs conjugated with any type of
receptors for the desired analyte.
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