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ABSTRACT: Spurred by outstanding optical properties, chemical Max(AHue)

stability, and facile bioconjugation, plasmonic metals have become the NP shape it
first-choice materials for optical signal transducers in biosensing. While O @

the design rules for surface-based plasmonic sensors are well-established . Sph Cub Q
and commercialized, there is limited knowledge of the design of sensors ODec D
based on nanoparticle aggregation. The reason is the lack of control

over the interparticle distances, number of nanoparticles per cluster, or _ I
multiple mutual orientations during aggregation events, blurring the gap distance R
threshold between positive and negative readout. Here we identify the Q o ,0 0\‘
geometrical parameters (size, shape, and interparticle distance) that g ‘\‘ O !
allow for maximizing the color difference upon nanoparticle clustering. bt

Finding the optimal structural parameters will provide a fast and reliable
means of readout, including unaided eye inspection or computer vision.

KEYWORDS: colorimetric sensing, gold nanoparticles, geometrical parameters, clustering, numerical spectra, color difference,
RGB color space, HSV color space

he working principle of biosensors built around colloidal solution of gold plasmonic nanoparticles (e.g.,

plasmonic nanoparticles (NPs) is based on their localized spherical) aggregates in the presence of molecules (e.g,
surface plasmon resonances (LSPRs), coherent oscillations of DNA), the solution turns from red to blue as a result of the so-
the free electrons in metals usually driven by an incident called plasmon coupling.*~'® The readout assessment through
electromagnetic wave." The most general approach for color change does not require spectrophotometers and data
plasmonic sensing is based on a spectral shift of the plasmon interpretation by expert users. In addition, the readout can be
resonance as a response to the selective binding of an analyte digitalized in situ with mobile devices and converted into a
to a metal surface (change in local refractive index).” ¢ given color space (RGB) that conveys more information than
Although highly reproducible and quantitative, plasmonic single-wavelength data analysis.""'"~'” Although sensing by
sensors based on spectral shifts are difficult to implement as aggregating nanoparticles has improved considerably over the
a mass testing method since they usually require sophisticated last years, its commercial use remains out of reach. The main

reason is that aggregating nanoparticles can lead to
inhomogeneous interparticle distance and uncertainties in the
number of nanoparticles per cluster or mutual arrangement
affecting the readout consistency and reproducibility.

To tackle these issues, we establish a set of optimal
parameters—size, shape, and interparticle distance of gold
nanoparticles—that allow for reaching the largest possible
color difference in visible spectral range upon clustering
(Figure 1). As an experimental model implementation, we

optical readouts, such as spectrophotometers and data
processing. Moreover, a single wavelength data analysis,
often implemented in spectral sensors, can lead to information
loss.” Thus, spectral sensors are convenient for centralized
laboratory testing, operated by expert personnel. On the other
hand, the current pandemic has demonstrated that colori-
metric sensing based on gold nanoparticles is a convenient tool
for mass testing, where the untrained human eye completes the
readout without medical assistance.® '° Facile fabrication, low
cost, fast readout, and societal acceptance pave the way toward

further improvements of this type of sensor by taking Received: February 14, 2023
advantage of the outstanding optical properties of gold Accepted:  April 5, 2023
nanoparticles.”’lz Published: April 13, 2023

A convenient means of plasmonic sensing, particularly gold
nanoparticles, involves their selective aggregation in the
presence of surface-binding bio(macro)molecules. When a
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Figure 1. Geometrical parameters defining the performance of
colorimetric sensing based on nanoparticle aggregation. (a) Selective
binding of an analyte to the surface ligands induces aggregation of the
initially stable plasmonic nanoparticles (gold), resulting in a gradual
color transition from red to blue. (b) Geometrical parameters
affecting the extent of color difference: (i) the number of NPs per
formed cluster, (i) diameter, (iii) shape, and (iv) gap between
nanoparticles in the clusters. (c) Aggregation-induced color transition
mapped on hue, saturation, value (HSV) or RGB color spaces.

selected DNA-driven aggregation of nanoparticles stabilized
with complementary single-stranded DNA. Numerical calcu-
lations and experimental data show that decahedra with an
edge length of 30 nm forming clusters of 10 units at 2 nm
interparticle distance are the best-performing nanoparticles in
terms of red-to-blue color transition in RGB space.

B RESULTS

A binary readout is often used for interpreting colorimetric
biosensors (e.g, COVID-19 antigen and serological
tests),”*>*" in which red color indicates positive while no
color indicates negative readout, for instance. In colorimetric
testing based on the aggregation of nanoparticles, the readout
is often binary as well. However, the limiting color is either red
or blue, and the assignment to a negative or positive reading
depends on the principle of operation of a given
sensor.' "'>**7** To ensure red-to-blue color transition upon
aggregation, we selected spherical (Sph), cubic (Cub), and
decahedral (Dec) nanoparticles that feature the primary LSPR
in the visible spectral range and red-shifts upon clustering.
Anlsotroplc gold nanoparticles such as rods, bipyramids, or
plates™ were ruled out since they exhibit their primary LSPR
in the infrared spectral range that can either be blue- or red-
shifted depending on the mutual orientation. The selected size
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range was limited to the available experimental protocols for
nanoparticles of reasonable monodispersity. Thus, for spherical
nanoparticles, the diameter of choice ranged from 30 to 60 nm;
for cubes, the side length was from 30 to 60 nm, and for
decahedra, the edge length was from 20 to 50 nm (Figure S1,
Figure S2, and Figure S3).

To emulate a sensing event, we perform testing experiments
on selected DNA-driven aggregation of gold nanoparticles
functionalized with single-stranded DNA”® (Table S1). DNA is
a versatile and tunable biomolecular platform driving nano-
particle aggregation, which has been proposed for numerous
sensing applications, including food safety”’ and liquid
biopsy.”® When two batches of gold nanoparticles bearing
complementary DNA are put in contact, aggregation starts,
leading to a gradual color transition from red to blue (Figure
2). To study and quantify the sensing performance of the three
selected types of NPs and obtain a comparable color
estimation, we calculated the RGB values from both
experimental and optical absorption spectra (see Section
1.3.3 in the Supporting Information). Note that, for the sake of
simplicity, we used the Hue (H) parameter to classify color
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Figure 2. Typical spectral shift in colloidal sensors based on an
aggregation of (a) spherical nanoparticles (Sph-NPs) of diameter D,
(b) cubic nanoparticles (Cub-NPs) of length L, and (c) decahedral
nanoparticles (Dec-NPs) of length L. The initially stable gold
nanoparticles (black lines) undergo clustering (cyan lines) due to the
hybridization of complementary DNA strands. The bars at the bottom
represent the colors perceived by the human eye.”
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Figure 3. Calculated extinction cross-section spectra (6., top panels) and experimental absorbance spectra (bottom panels) of (a, d) spherical, (b,
e) cubic, and (c, ) decahedral single (dispersed) gold NPs. The RGB colors derived from o,y are shown at the bottom of the calculated spectra
(a—c), and photos of the colloidal solutions are shown at the bottom of the absorbance spectra (d—f) for different sizes.

(Figure S6), which exhibits superior sensitivity to the
environmental changes (e.g., aggregation).""

As mentioned above, the colorimetric sensor based on the
aggregation of nanoparticles should operate between two
limiting colors: red (dispersed nanoparticles absorbing in the
blue-green range) and blue (aggregated nanoparticles absorb-
ing in the yellow-red range). It is well-recognized that the
absorption bands of dispersed nanoparticles red-shift with
increasing size of nanoparticles, which can alter the initial red
color. Our calculated (Figure 3a—c) and experimental (Figure
3d—f) spectra show that, indeed, as the size of the initial
nanoparticles increases, the progressive red-shift of LSPR alters
the red color. Furthermore, this effect is also dependent on the
shape of the nanoparticles.

The RGB color scheme can be summarized in the single-
valued Hue number (H). For experimental dispersed Sph-NPs
the Hue value remained invariant with increasing diameter
from 20 nm (H = 0.99) to 50 nm (H = 0.94), thus conserving
the red color of the solutions (Figure 4a, top panel). Dispersed
Cub-NPs maintained a magenta color with increasing size but
with a slight decrease in Hue value from 0.97 (30 nm) to 0.92
(50 nm) (Figure 4a, central panel). The color of the
dispersions containing Dec-NPs turned from magenta (H =
0.93) to purple (H = 0.83) and to blue (H = 0.56) with
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increasing edge length from 20 and 40 to 50 nm, respectively
(Figure 4a, bottom panel). The invariance of color with the
increasing size of spherical nanoparticles suggests that this
particular shape exhibits high tolerance to size polydispersity,
which is quite the opposite behavior for faceted nanoparticles.
The increase of electron interactions at more localized spaces
in the Dec-NPs broadens the absorption spectrum,’ leading to
a drastic change of the H value, which is more pronounced
with increasing size distribution (Figure 4a, bottom panel).
Thus, using faceted nanoparticles (e.g., cubes, or decahedra) in
colorimetric sensing demands high monodispersity.

For dispersed colloids, the initial H value of 1 (red color)
drops to 0.55 (blue color) during aggregation (see the Hue
wheel in Figure S6 as reference). Note that H values that are
between 0 and 0.55 (green and yellow colors, Figure S6) are
inaccessible for aggregated nanoparticles since their absorption
band falls precisely at the green and yellow spectral range
(500—600 nm, cyan lines in Figure 2). Hence, the maximum
allowed change of Hue values is 0.45 (1-0.55) for an
aggregation-based colorimetric sensor (see the arrow in the
Hue wheel, Figure S6). Our experimental data confirmed such
a limit (Figure 4a). For the three shapes used, the H value is
nearly unity while nanoparticles remain dispersed and
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Figure 4. Color transition upon nanoparticle aggregation. (a) Experimental results show the change of color (through Hue values) from dispersed
(black line) to aggregated (cyan line) for spherical, cubic, and decahedral NPs. (b) Theoretical results show the change of Hue values upon
clustering of 10 NPs/cluster with an interparticle gap of (left column) 6 nm and (right column) 2 nm. The circle markers along the lines have the

computed colors in RGB space obtained from spectral analysis.

progressively decreases toward the limiting value of 0.55 upon
aggregation.

In a typical sensor based on nanoparticle aggregation,
appreciable clustering occurs within the first few minutes after
the addition of the analyte (Figure S8). The change of color
during clustering stems from interparticle plasmon coupling
that becomes dominant when the interparticle distance
decreases and the number of particles per cluster increases.’'
To evaluate the effect of interparticle distance on the color
difference, we calculated the extinction spectra of clusters
comprising 10 nanoparticles with interparticle gaps of 6 and 2
nm (Figure 4b, Figure S2). The RGB values generated from
the extinction spectra confirmed that red-colored dispersed
nanoparticles undergo a transition toward blue color with
decreasing interparticle distance. At interparticle gap distance
of 6 nm and small diameter, the calculated Hue values barely
decreased (first purple point in the line of cyan points in Figure
4b), which is the experimental trend found for Sph-NPs, but
not for Cub-NPs and Dec-NPs. In contrast, for larger
dimensions, the theoretical Hue values decreased toward
0.5S, corroborating the experimental trend in all cases. Further
decrease of the interparticle gap distance down to 2 nm
(keeping constant the number of 10 nanoparticles per cluster)
showed an improved agreement of the Hue value between
theory and experiments (blue points in Figure 4a,b),
suggesting that this shorter distance reproduces more
accurately the molecular dimensions in between the aggregated
nanoparticles.

From the above analysis, one concludes that colorimetric
sensing exhibits intrinsic limitations arising from two factors:
(i) insufficient decrease of Hue value during aggregation, as
observed experimentally for small nanoparticles, and (ii) small
variation of Hue value of dispersed nanoparticles versus
aggregated ones (experimentally and theoretically) for large
nanoparticles, particularly decahedra with 50 nm of edge
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length. To quantitatively account for these two aspects we
develop the following Figure of Merit (FOM) as a general
descriptor for colorimetric sensing, namely, the relative change
of Hue value upon aggregation

HD — HA
045

(1)

where Hp and H, are the Hue values of dispersed and
aggregated states, respectively, normalized by the maximum
possible change. Thus, the larger the AH, the greater the
colorimetric sensitivity. By taking the calculated Hue values
from both experimental and theoretical results in Figure 4, we
calculated AH as a function of the nanoparticle size for the
three types of particles (ie., AHg,,, AHgy, and AHp,,
respectively, in Figure Sa—c). As expected, the efficiency of
colorimetric sensing based on the red-to-blue color transition
showed a peak centered at an optimal (maximum) diameter
window for each shape, where the values of AH are the highest
(~80%). On the left side of the peak, AH is rather small
because the plasmon coupling is not pronounced enough
(even at a 2 nm gap) due to the small volume of nanoparticles.
On the right side of the peak, the values of AH decreased
because the dispersed nanoparticles are large enough to
partially overlap the spectral range corresponding to red. As a
result, the large nanoparticles in dispersed mode exhibit blue
color that, upon aggregation, does not undergo further
transition, hence, the smaller AH in this size range. These
results show that the optimal dimensions (the highest AH) are
spheres and cubes of 50 nm and decahedra of 30 nm.

The theoretical predictions for maximum AH align well with
the values obtained experimentally (dashed lines in Figure Sa—
c). In particular, this is valid for cubes and decahedra (Figure
Sb,c). Decahera of 30 nm received the highest values of AH
equal to 72% and 70% for experimental and calculated spectra,
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Figure 5. (a—c) FOM AH (eq 1) resulted from the theoretical and experimental Hue values (see Figure 4) of (a) spherical, (b) cubic, and (c)
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and RGB colors of (d, g) spherical, (e, h) cubic, and (f, i) decahedral single gold nanoparticles (d—f) and clusters (g—i), for the sizes in which AH
is maximum for each theoretical case (see the blue circles in (a—c)). The bars at the bottom represent the colors perceived by the human eye.*

respectively (Figure Sc). Similarly, for cubelike nanoparticles,
the maximum theoretical value obtained was AH = 75% at an
edge length of SO nm, as observed experimentally (Figure Sb).
The spherical maximum values of AH showed slight
discrepancies between experimental and theoretical data. The
experimental value was 88% for 40 nm nanoparticles (Figure
S9), while the theoretical was 75% for 50 nm (Figure Sa). We
postulate that such a discrepancy in diameter between theory
and experimental values is due to (1) anisotropy considered in
the theoretical clusters altering absorption bands at longer
wavelengths (Figure Sg, arrow) and (2) heterogeneous
interparticle distance in experimental samples (sub-2 nm)
altering the plasmon coupling and thus shifting the maximum
of AH to lower particle diameters.

As a general trend, one can notice that, for small diameters
(20—30 nm), the theoretical values of AH are smaller than
those observed experimentally (Figure Sa—c). This discrep-
ancy stems from the fact that, in our calculations, we limited
the number of NPs per cluster to 10 while in colloidal solution
the cluster grew in size until phase separation.

Next, we analyze the calculated extinction cross-section
spectra and RGB color transitions of the largest color
difference (Figure Sd—i), showing that the important
optimization procedure does not rely on the starting color of
the dispersed solution but rather on the color difference after
aggregation. For example, by turning blue upon aggregation,
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the red-colored spherical NPs of D = 50 nm allow for a similar
colorimetric difference (Figure Sd,g) as the initially magenta-
colored decahedral NPs of L = 30 nm, also turning blue upon
aggregation (Figure Sf,i). This behavior is corroborated by the
experimental results obtained for the same particle dimensions
(Figure S9). Note that the small bands emerging at longer
wavelengths in the spectra of aggregated nanoparticles are
caused by the longitudinal modes of NP chains sustained in the
clusters®>** (indicated by black arrows in Figure 5g—i). Such
bands further red-shift with increasing nanoparticles and
cluster size (more nanoparticles per cluster). Besides, the
wide band at lower wavelength stems from the contributions of
the plasmon absorption of individual NPs and the interactive
dimers in the cluster, which slightly redshift with the NP and
cluster sizes.””>

One can wonder which parameter—the interparticle
distance or the number of particles per cluster—has the
largest impact on the colorimetric sensitivity. To answer this
question, we estimated the AH values for model clusters
containing 6 and 10 nanoparticles and interparticle distances of
12, 6, and 2 nm (Figure S11). For decahedra, AH increased
four times upon decreasing the interparticle distance from 12
to 6 nm at 6 NPs/cluster. Further 3-fold increase in AH was
observed while decreasing the gap from 6 to 2 nm (10 NPs/
cluster) for a decahedron of 20 nm. Interestingly, the effect of
interparticle distance on the color difference was more
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pronounced for smaller diameters (20—40 nm). The values of
AH were barely affected for larger diameters (e.g,, SO nm).
Overall, these results suggest that the interparticle gap, rather
than the size of the clusters, has a major effect on the
colorimetric transition for nanoparticles, given that nano-
particles are of small diameter.**

In light of the potential application in sensing, our results
suggest that gold decahedra of 30 nm are the optimal shapes
for efficient colorimetric sensors. Although AH for spheres is
larger by 17% than that of decahedra, the volume of the
decahedra (15909 nm?® for an edge length of 30 nm) is four
times smaller than the volume of the sphere (65 460 nm® for a
diameter of 50 nm), which reduces the amount of noble metal
needed for sensing purposes, making decahedra a preferable
choice. Figure 6 shows the theoretical extinction cross-section
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Figure 6. Optical properties of optimal nanoparticle shape —
decahedra —. (a) Calculated extinction cross-section spectra of
decahedral Au NPs with edge size L = 30 nm: single NP (black) and a
cluster of 10-NPs with 2 nm-gap (blue). (b) Experimental absorbance
spectra of a sample containing decahedra nanoparticles. (insets)
Calculated RGB colors corresponding to each situation.

and experimental absorbance spectra for gold decahedra with
an edge length of 30 nm. The experimental and theoretical
spectral shifts and RGB color transitions correlate very well for
10 nanoparticles per cluster at a 2 nm interparticle gap,
suggesting that the color transition can already be appreciable
for the human eye for relatively small cluster sizes.”

To put the proposed FOM here in a general context of
quantifying the difference between two colors, we compared all
AH values with that of a standard measure, namely, AE,&%%
(Section 4 in Supporting Information). AE, is a numerical
scale quantifying the color difference in the CIE 1976 L*a*b*
color space. We found that all nanoparticle shapes and cluster
configurations studied here fall in the range of 3.5 < AE, < §,
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indicating that the aggregation of nanoparticles can be clearly
differentiated and noticed by an inexperienced observer (Table
S2). However, we found that the AH indicator is a more
convenient measure for our purpose than AE, since we aimed
at maximizing the difference between two colors (upper
bound) rather than defining a lower color contrast threshold.

B DISCUSSION

In summary, our experimental and theoretical results of the
absorbance during particle aggregation are put in the context of
binary colorimetric sensing, where the transition from red to
blue indicates the presence or absence of an analyte under
study that induces NPs aggregation. By comparing exper-
imental and theoretical data, we found that gold decahedrons
of 30 nm in edge length are the best-performing nanoparticle
morphology for colorimetric sensing (red-to-blue) based on
aggregation. The analysis presented here focused on
aggregating one type of nanoparticles, ie., of the same size
and shape. The aggregation of nanoparticles via biomacromo-
lecules, in particular, DNA, makes heterogeneous clustering
possible, where one can use two batches of nanoparticles of
different shapes. Such a strategy can lead to the formation of
satellitelike structures with much richer optical responses as
compared to homogeneous clusters of the same shape. The
systematic codification of specific cluster architectures with
their optical outcome at the aggregated state can open up the
possibility of colorimetric multiplexing. The proposed method-
ology of calculating Hue values (and the FOM AH) from
input spectra opens up the possibility for tracking color
transition in real-time through computer vision, where the
resolution between colors of such transitions can be
considerably augmented. As such, finding a linear relationship
between the Hue value transition and the analyte concen-
tration would pave the way for a quantitative readout.
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