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1. ABSTRACT
Plasmonic nanoparticles are expected to impact various fields, such as chemical analysis, superresolution imaging, and therapeutics. However, since plasmonic nanoparticles are known to be prone
to aggregation, widespread use of plasmonic nanoparticles is still limited. While many methods have
been proposed to enhance colloidal stability, a universal method to comprehensively detect stability is
still lacking. We present a new comprehensive stability parameter (CSP) as a robust and universal
method to quantify stability. Unlike other methods, CSP utilizes the entire UV-Vis spectrum to
evaluate the aggregation and to avoid potential biasing issues by only looking at a single parameter.
We quantitatively analyzed the colloidal stability of plasmonic particles with different surface coatings
using CSP. This work establishes a standardized quantification method which can be used in the future
nanoparticle applications.
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2. INTRODUCTION
Plasmonic nanoparticles demonstrate intriguing optical properties, including strong scattering,
tunable optical resonant wavelength, polarization dependent scattering responses, and versatile surface
functionalization, and are expected to impact the biological sciences [1]. Despite their huge potential,
one main challenge to broaden the usage of plasmonic nanoparticles lies in improving and
characterizing their colloidal stability [2]–[5]. The nanoparticles can maintain stability because of the
dense bilayer structure of ligands (CTAB) on the surface of particles which prevents aggregation.
However, as the environmental CTAB concentration goes below the critical micellar concentration
(CMC), or under high salt conditions, the particles will become unstable and aggregate, resulting in
loss of optical properties and extinction ratio changes [6]–[7] and can be observed under UV-Vis
spectroscopy. As demonstrated in Figure 1(a), we show two spectra of stable versus unstable gold
nanorods. As one can see, the stable gold nanorods have two resonant peaks which correspond to the
longitudinal surface plasmon resonance (LSPR) and the transverse surface plasmon resonance
(TSPR), respectively. When aggregation occurs, an obvious broadened shoulder will appear on the
resonant wavelength peak. In addition, the LSPR peak value may drop and the ratio of peak value of
LSPR and TSPR will decrease. In some cases, the resonant wavelength may also shift. These spectral
changes can be used as indicators of instability.
Even though the aggregation behavior can be easily identified, it is difficult to quantify their
stability/ degree of aggregation and therefore detect the onset of aggregation. Several quantitative
methods that utilize changes of spectral features to determine stability, such as peak wavelength shift,
peak broadening of LSPR, decrease of LSPR to TSPR ratio (peak ratio method)[8], aggregation index
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(AI method)[9], change of ratio of absorbance at 800 nm to absorbance at 400 nm (A800/A400
method)[10], the flocculation parameter[11], or particle instability parameter (PIP) are reported[12];
however, they are not well accepted because they are subject to evaluation errors. In Figure 1(a), we
illustrate the implementation of (i) peak ratio method, (ii) A800/ A400 method, and (iii) aggregation
index method (AI method). The peak ratio method directly calculates the ratio of LSPR to the TSPR
peak value. The A800/ A400 method calculates the ratio of absorbance at 800 nm and 400 nm. The AI
method firstly calculates the area under the curve from 600 nm to 800 nm. The area is then divided by
the LSPR peak value to obtain the aggregation index. Even though these methods can quantitatively
evaluate the stability, these methods rely on a single spectral feature and/or a subset of spectral features
to quantify particle stability. These restrictive considerations can result in quantification errors. Figure
1 (b), i shows seven gold nanorod samples of varying degrees of stability and their corresponding UVVis spectra. It can be clearly seen from the spectra that aggregation becomes severe as the gold
nanorods stability decreases. However, the difference of stability between samples cannot be captured
by using the conventional quantification methods, as shown in Figure 1 (b), ii. Ideally, we expect the
stability will gradually drop with increments of sample index, as the blue arrow indicates; nevertheless,
AI (black) and ratio method (red) show that the 5th sample in the sample index demonstrates highest
stability. On the other hand, the ratio method (green) indicates the 6th sample in the sample index
demonstrates the highest stability. These non-uniform and incorrect conclusions support the necessity
of a universal method and a more complete strategy to quantify plasmonic nanoparticle stability.

Figure 1. A universal stability quantification method is necessary to broaden the application of plasmonic
particles. (a) The typical spectra of non-aggregated (black) and aggregated (red) gold nanorod UV-Vis spectra.
The insets are three different methods to quantify gold nanorod stability. i. peak ratio method: defined as the ratio
r of the longitudinal peak wavelength l to transverse peak wavelength t. ii. 𝐴 /𝐴 method: defined as ratio r’
of absorbance ratio at 800 nm 𝐴
and 400 nm 𝐴 . iii. Aggregation index (AI) method: AI is defined as the
enclosed area (S) from 600 nm to 800 nm divide by the longitudinal peak absorbance (l). (b) i. UV-Vis spectra of
seven gold nanorod spectra with varying stability. The color from blue to red indicates the increment of the sample

index. Larger index corresponds to lower stability. ii. Quantification results from three conventional methods do
not agree with each other and the quantification tendency is different from expectation, where the stability should
decrease as the sample index increases, as the blue arrow shows. Legend: AI method (black), A800/ A400 method
(red), and ratio method (green).

3. COMPREHENSIVE STABILITY PARAMETER (CSP)
To solve the aforementioned quantification issue, here, we propose a comprehensive stability
parameter (CSP) that utilizes the whole spectrum to quantify particle stability. This method utilizes
the fact that higher stability particles suffer from less spectral distortion and show higher similarity
with the baseline spectrum. This similarity can thus be used as an indicator of particle stability. The
implementation of this method is summarized in Figure 2a. Firstly, three UV-Vis spectra are acquired:
stable spectrum 𝑣 (stable reference), experimental spectrum 𝑣 and an unstable spectrum 𝑣
(unstable reference). The last spectrum is simulated as a constant throughout the entire spectral range
due to the total loss of spectral features in the unstable reference. Secondly, two similarity factors
𝑆 and 𝑆 are obtained by performing cosine similarity between𝑣 ,𝑣 and 𝑣 , 𝑣 respectively:
𝑣 ⋅𝑣
𝑆 = cos(𝜃 ) =
‖𝑣 ‖‖𝑣 ‖
𝑣 ⋅𝑣
𝑆 = cos(𝜃 ) =
‖𝑣 ‖‖𝑣 ‖
Here, 𝑆 and 𝑆 represent the resemblance of the experimental spectrum to the stable reference and
unstable reference. Therefore, we can then obtain a relative similarity R by
𝑆 −𝑆
.
𝑅=
1−𝑆
The relative similarity R is a value between 0 and 1. R =1 indicates the experimental spectrum is
exactly similar to the stable reference. On the other hand, R = 0, indicates the experimental spectrum
exactly equal to the unstable reference. For 0<R<1 indicates a change in the spectrum, where a higher
R indicates the experimental spectrum more strongly resembles the stable reference. Finally, we obtain
‖𝑣 ‖
a CSP value by multiplying R with the scaling factor
‖𝑣 ‖ to compensate the amplitude changes
in the event of concentration changes. The CSP value will be bounded between 0 ≤ 𝐶𝑆𝑃 ≤ 1. Higher
CSP indicates higher stability.
In addition to CSP as a quantification method, CSP also provides a facile classification method
of gold particle stability. Since the CSP value is between 0 and 1, we can easily classify particle
stability into "highly stable", "stable", "unstable", and "highly unstable" by defining CSP ≥ 0.75, 0.5
≤ CSP < 0.75, 0.25 ≤ CSP < 0.5 and CSP < 0.25 respectively. In most cases, CSP ≥ 0.5 can be
considered acceptable for applications. In contrast, as an example, knowledge of the ratio decay from
4 to 3 in the conventional ratio method, does not necessarily provide classification insights to evaluate
acceptability for user applications.
To demonstrate the power of the CSP method, we calculate the CSP value of the spectra in
Figure 2b, i and plot the quantification results in Figure 2b, ii. CSP demonstrates high accuracy (blue
line) to reflect the spectral behavior and thus the particle stability. Moreover, classification enables the
user to determine acceptability for applications.

Figure 2. CSP method can accurately quantify plasmonic nanoparticle stability by utilizing the full
spectrum. (a) Flow chart of CSP: stable similarity 𝑆 and unstable similarity 𝑆 are firstly acquired by performing
cosine similarity between stable reference (𝑣 ) and experimental spectrum (𝑣 ), and also between experimental
spectrum (𝑣 ) and unstable reference (𝑣 ). Then relative similarity 𝑅 can be acquired by calibrating 𝑆 and 𝑆 .
Finally, CSP can be obtained by multiplying 𝑅 with ratio of the norm of 𝑣 and 𝑣 . (b) i. the UV-Vis spectra of 7
samples of varying stability. ii. CSP method (solid blue line) can correctly quantify stability of particles as
compared with other methods (dashed line). It can also classify the stability into four zones: “highly stable” for
CSP ≥ 0.75, “stable” for 0.5 ≤ CSP < 0.75, “unstable” for 0.25 ≤ CSP < 0.5, “highly unstable” for CSP < 0.25.
Legend: AI method (black), A800/ A400 method (red), ratio method (green) and CSP method (blue).

4. QUANTIFICATION RESULTS AND DISCUSSION
After establishing the CSP quantification method, we then applied the CSP method to study
the correlation of plasmonic nanoparticle stability and surface coating under different environments.
We prepared particles with two different surface coatings, which are cetyltrimethylammonium
bromide (CTAB) and polyethylene glycol (PEG) respectively. CTAB is a surfactant that stabilizes
particles by forming positively charged double layer structures around the particle surface to generate
repulsive electrostatic force between particles. On the other hand, PEG is polymer, which utilizes the
long chain to generate steric force to prevent particles from aggregation. Experimentally, CTAB
coated gold nanorods were firstly synthesized by seed mediated growth method and then followed by
ligand exchange method to obtain the PEG coated gold nanorods.

As our first experiment, we investigated the stability of the particles under high salt conditions
because many physiological buffers, such as phosphate buffer saline (PBS), Tris borate EDTA (TBE)
contains various ions and therefore the knowledge of the stability in this environment is highly related
to biomedical utility. The CTAB coated particles rely on the charge repulsive force to remain
dispersive. However, charged ions will destabilize particles due to the charge shielding effect. On the
other hand, the long chain of PEG should protect the particles from aggregation despite the presence
of ions. To verify the difference of stability, in this experiment, we prepared 0.01 M, 0.10 M. 1.00M,
2.50 M and 5.00M sodium chloride (NaCl) solutions and quantify the stability by using CSP.
Figure 3 shows the salt stability quantification results of the CTAB coated (Figure 3(a)) and
PEG coated particles (Figure 3(b)) respectively. For CTAB coated particles, CSP method (blue solid
line) can clearly reflect the trend that the particles become unstable as the salt concentration is
increased. When the NaCl concentration is as low as 0.01 M, the CTAB coated particles can be still
maintained in the highly stable zone (CSP = 0.93). However, as NaCl concentration increased to 0.1
M, the CSP soon dropped below 0.18. As NaCl concentration increased, the CSP value became even
lower. This trend indicates the ions in solution effectively destabilized the particles. In contrast, AI
method (black), A800/ A400 method (red), ratio method (green) do not show this trend.

Figure 3. CSP is applied to quantitatively study the salt stability of plasmonic particles with different
capping layers. CTAB and PEG coated particles are prepared to study the correlation of stability and surface
coating under high salt condition. The PEG coated particles are acquired from CTAB coated particles by using
ligand exchange. The quantification results of: (a) CTAB and (b) PEG coated particles incubating under 0.01 M,
0.10 M, 1.00 M, 2.50 M and 5.00 M of NaCl solutions. The results demonstrate that CSP can successfully quantify
particle stability, CSP can verify that the PEG coated particles possess higher stability over CTAB coated
particles, and CSP can quantitively show PEG coated particles maintain stability in high salt environments (2.5
M NaCl). Legend: AI method (black), A800/ A400 method (red), ratio method (green) and CSP method (blue).

Compared with CTAB coated nanoparticles, PEG coated nanoparticles are more stable in high
salt conditions. The result shows PEG coated nanoparticles can still maintain high stability under 0.1M
NaCl (CSP = 0.75). As the concentration increased, the stability also gradually dropped, but particles
remained stable up to 2.5 M concentration (CSP = 0.53). As NaCl concentration approached 5.00 M,
the stability finally fell into the unstable zone (CSP = 0.31). This clear trend, however, cannot be
clearly reflected by conventional AI, A800/A400, or ratio methods.

5. CONCLUSION
In this work, we propose the comprehensive stability parameter (CSP) method which utilizes
the full spectrum to quantitatively evaluate plasmonic particle stability. This method has several
advantages. Firstly, since the entire spectrum is evaluated, CSP is not subject to quantification errors
derived from viewing a single spectral feature or subset of spectral features. Secondly, we show that
we are able to define stability for 4 zones: “highly stable”, “stable”, “unstable”, and “highly unstable”.
This 4-zone idea can provide users with a well-defined definition of colloidal stability. After proposing
the quantification method, we systematically analyzed and verified the superiority of this method. We
demonstrate that the CSP method can correctly quantify the particle stability, which is unachievable
by previous methods. Finally, we use the CSP method to study the colloidal stability of particles with
different surface coatings. Using CSP, we quantitatively show particles coated with PEG are more
stable in high salt conditions as compared with CTAB coated particles. We envision the CSP method
can be a universal method for stability quantification in the nanoparticle field.
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