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The physicochemical properties of nanoparticles (NPs) strongly rely on their
colloidal stability, and any given dispersion can display remarkably different
features, depending on whether it contains single particles or clusters.

Thus, developing efficient experimental methods that are able to provide
accurate and reproducible measures of the NP properties is a considerable
challenge for both research and industrial development. By analyzing
different NPs, through size and concentration, it is demonstrated that lock-in
thermography, based on light absorption and heat generation, is able to
detect and differentiate the distinct aggregation and re-dispersion behavior

irradiation.”!% Therefore, the heating

effect of a NP becomes stronger upon
light excitation at its localized surface
plasmon resonance (LSPR) wavelength
and can be precisely tuned by varying the
size and shape of the NP.[11-14]

With the rise of thermoplasmonics,
both industry and academia call for
appropriate tools to ensure reliable
detection and analysis of plasmonic nano-
heaters. The latter becomes much more

of plasmonic NPs, e.g., gold and silver. Most importantly, the approach is
nonintrusive and potentially highly cost-effective compared to standard

analytical techniques.

The thermoplasmonic properties of metal nanoparticles (NPs),
induced by their enhanced light absorption, are nowadays used
to fabricate nanoheaters with applications in photothermal
therapy, imaging, nanochemistry, and optofluidics.’ When
a metal NP is irradiated, the conductive free electrons on the
surface of the NP oscillate in a collective manner in response
to the electromagnetic field, resulting in enhanced absorption
and scattering resonances.>>~7l While part of the incident light
is scattered, the other is absorbed and concentrated on the
surface of the NP. The absorbed light is transferred into heat
with high efficiency and dissipated to the surrounding medium
within picoseconds.®! Due to the enhanced optical cross-
sections of NPs in comparison to their geometrical cross-section,
it is possible to locally generate high temperatures upon light
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challenging if the NPs show signs of
aggregation, which can strongly alter their
behavior and performance, and is there-
fore an important factor to analyze.!'>15:19]
Hence, determining NP aggregation is of
crucial importance in the case of thermo-
plasmonics, as the plasmon resonance conditions drastically
change.['’7-1l Another important parameter to consider refers to
particle size and concentration, as potential applications rely on
precise control and fine-tuning of these factors.20l

Among other techniques, electron microscopy, light-scat-
tering techniques, or UV-Vis spectroscopy allows researchers
to analyze nanomaterials and their colloidal stability.?!:?2!
However, every method has its strengths and limitations and
therefore, new complementary approaches need to be devel-
oped and tested to explore the physicochemical properties of
NPs. These new techniques either can overcome the limita-
tions of existing techniques or can be used in combination with
them.?3l Lock-in thermography (LIT) is a nondestructive and
nonintrusive infrared imaging technique, which allows to accu-
rately measure temperature variations in the millikelvin range
generated by stimuli-responsive materials, reacting to a spe-
cific excitation.?*?%] The detection of such small temperature
signals is achieved by applying a modulated excitation signal
and recording numerous cycles. The method rejects slowly
varying artifacts due to its averaging nature and significantly
improves the signal-to-noise ratio.?>?% Previous studies have
shown that LIT is a promising tool for the detection and char-
acterization of superparamagnetic NPs in an alternating mag-
netic field or light-stimulated polydopamine NPs.2’-3% These
studies were performed under quasi-adiabatic conditions, and
influences of evaporation or undesired phase transformations
could be neglected due to the low amount of generated thermal
energy.?®l As the method uses a modulated signal to excite NPs,
LIT can be adapted to analyze heat generated by different types
of NPs by changing the stimulation source. While using a mag-
netic coil to excite superparamagnetic NPs, plasmonic NPs,
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Figure 1. Principle of LIT measurements using light as the stimulation source. Due to the excitation, photons are absorbed by plasmonic NPs resulting
in generated thermal energy and an elevated temperature of the particle dispersion. The heating depends on various material properties, such as NP
size, shape, colloidal stability, and concentration. Therefore, thermography analysis can provide in situ information about material properties.

such as gold (Au) or silver (Ag), can be stimulated by applying a
modulated illumination in the visible and near-infrared range.
An integrated multi-wavelength light source allows to swiftly
change between desired excitation wavelengths.

In comparison to standard characterization techniques, LIT
combines numerous practically relevant advantages. In general,
while using microscopy techniques we observe 2D projections of
3D objects, samples are limited to be very thin and drying effects
are very common, whereas LIT allows the analysis of liquid
and solid samples without any complex sample preparation.!]
Furthermore, the area of detection in LIT is not limited to a
small sample volume fraction, the method is nonintrusive and
the sample can be recovered after the analysis. Considering
that only the light absorbed by the NPs is converted into heat
differentiates LIT from light-scattering techniques,? as the
main advantage of LIT relies on the flexibility to adapt the
applied trigger signal to match with the plasmonic resonance
of the NPs. In addition, only very low amounts of sample mate-
rial (40 puL per sample were used in this study) are needed to
perform a LIT measurement, representing an advantage over
common UV-Vis spectroscopy. Other techniques based on
thermal detection, such as thermophoresis,?!l or thermal lens
microscopy,3¥l and photothermal heterodyne imaging®¥ based
on lock-in detection, require expensive setups and experienced
users. In contrast, LIT measurements can be conducted within
minutes, which establishes LIT as a time and cost-effective
complementary method to analyze NPs.

In this study, we employed LIT as a method to first study
different NP sizes and concentrations in water. This enabled us
to test suitable sample systems and their effect on the NP heat
generation. In a second step, we monitored the heat generated
during the aggregation of Au and AgNPs to show how changes
in colloidal stability can be detected by using LIT.

Both investigated NP types are commonly used in research
and industrial applications due to their excellent plasmonic
properties and were therefore used as model particles.l>-2%3]
We observed a linear dependency for amplitude signal and con-
centration, and a significant difference in heat generation for
15 and 42 nm AuNPs. Furthermore, we were able to discern

between dispersed and aggregated glutathione (GSH)-function-
alized Au and AgNPs, due to their characteristic heat genera-
tion. Our results highlight the applicability of LIT to swiftly and
accurately screen plasmonic NPs and distinguish between their
aggregation and re-dispersion behavior. An overview of the LIT
measurement principle is depicted in Figure 1.

Throughout this manuscript and in agreement with IUPAC
terminology, we used the term “aggregated” to describe sam-
ples, which are in a nondispersed state.l3%!

Figure 2 shows the concentration-dependent heat genera-
tion of 15 and 42 nm AuNPs upon irradiation with a light-
emitting diode (LED) source centered at 525 and 660 nm.
With an increase in Au concentration from 0.3 to 0.6 x 1073 wm,
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Figure 2. Heat generation of 15 and 42 nm AuNPs at A = 525 nm and
A =660 nm for different Au concentrations. A linear increase in heating
power has been observed throughout the analyzed concentration range
for both sizes. Smaller NPs generate thermal energy more efficiently than
larger particles, as LSPR interactions are present to a greater extend.
The amount of generated heat is reduced for both NP sizes at higher
wavelengths, far away from optimal LSPR conditions.
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a linear increase in amplitude signal for both NP sizes was
observed. Moreover, for both wavelengths, smaller particles
displayed slightly higher amplitude signals at the same Au
concentrations.

When irradiating plasmonic NPs with light, the absorbed
energy is converted into heat with high efficiency and trans-
ferred to the environment."#37] Therefore, the heat generation
is especially strong when the wavelength of the light source is
close to the wavelength for which the absorption cross-section
of the NP is maximum.!3 Figure S1 in the Supporting Infor-
mation shows the theoretical extinction, scattering, and absorp-
tion cross-sections from 300 to 800 nm for the investigated
NPs.8 Table S1 in the Supporting Information summarizes
the theoretical values and shows the absorption efficiency
values, defined as the ratio between the absorption and extinc-
tion cross-sections, at the irradiation wavelengths. When irra-
diating AuNPs at A = 525 nm, theoretical calculations based on
the Mie theory show that, for the 15 nm NPs, 99% of the extinc-
tion cross-section is absorption, while for the 42 nm NPs, the
absorption contribution decreases to 96%. The remaining light
is scattered and does not contribute to any heat generation.
Thus, the higher amplitude signals of the smaller AuNPs can be
explained.”! When the system is illuminated at A = 660 nm, the
amplitude signal is significantly lower for both particle sizes.
This effect can be observed, as the excitation wavelength is far
away from the plasmonic resonance wavelength of the NPs
(Amax = 519 nm and A, = 523 nm, respectively) (Figure S2,
Supporting Information). Therefore, heat generation is
reduced due to the decrease in NP light absorption. It is worth
noting that variations in heat generation caused by changes
in concentrations as low as 0.05 x 107 M ( = 9.6 ug mL™)
were reliably detected using LIT. The corresponding detection
and quantification limits are depicted in Table S2 in the Sup-
porting Information.

The aggregation and re-dispersion behavior of surface-coated
15 nm AuNPs and 17 nm AgNPs was analyzed by monitoring
the change in heat generation. It has been demonstrated before
that the surface functionalization of the investigated plasmonic
NPs with DL-penicillamine (PEN), N-acetyl-DL-penicillamine
(NAP),3% and GSH['® leads to pH-controllable reversible aggre-
gation of the NPs. This behavior is induced by the formation of
hydrogen bonds, which occur if the acid groups of the thioami-
noacid are protonated. The resulting particles will be referred
to as AUNPs@GSH and AgNPs@GSH, respectively, in this
manuscript, and their thorough characterization can be found
in Table S3 in the Supporting Information.

Figure 3A,B shows the evolution of the absorbance spectra of
AuNPs@GSH and AgNPs@GSH dispersions upon changing
the pH of the solution from basic to acidic. For both disper-
sions, the NP aggregation induced a significant red-shift of
the plasmon resonance band. To further visualize the aggrega-
tion and re-dispersion behavior, transmission electron micros-
copy images have been taken (Figures S3 and S4, Supporting
Information).

Figure 3C,D depicts the related reversible heat generation
of GSH-functionalized NPs obtained by alternating the pH of
the dispersion and upon irradiation with an LED source cen-
tered at 525 and 400 nm, respectively. As mentioned before,
only the absorbed light can be efficiently converted into heat.

In addition, we recorded the heat generated by the same NPs
upon illumination with an LED source at a wavelength far
away from the plasmon resonance (A = 660 nm for AuNPs
and A = 525 nm for AgNPs) (Figure S5, Supporting Infor-
mation). When irradiating at the maximum intensity of the
extinction spectra (A = 525 nm for AuNPs and A = 400 nm for
AgNPs), the heat generated by the particles in a dispersed state
is higher than in an aggregated state. Hence, the decrease of
heat is attributed to the increased scattering when the parti-
cles are aggregated (Table S1, Supporting Information). An
inverse trend was observed for the AuNPs excited at 660 nm
(and AgNPs at 525 nm), as the aggregated NPs still produce
an increased amount of thermal energy, while the dispersed
NPs generate less (Figure S5, Supporting Information). The
aggregation-induced red-shift led to a change in absorbance
intensity and, therefore, to an altered heat generation behavior.
When particles are aggregated, they act as larger single NPs,
therefore their scattering is increased. However, when com-
paring the experimental extinction spectra of the aggregated
NPs with theoretical and experimental data of large NPs, the
optical behavior of our aggregated Au and AgNPs is similar
to NPs of approximately 200 nm in diameter.*%*!] Therefore,
when irradiating the NP dispersion at 660 nm for AuNPs and
525 nm for AgNPs, our system is being excited close to the
maximum absorption cross-section. The latter is the result of
the increased heat generation for aggregated NPs. It is impor-
tant to mention that while it was possible to fully reverse the
induced aggregation of the AuNPs (Figure 3C), a reduction
of light absorbance and consequently, in heat generation was
observed after one cycle for re-dispersed AgNPs upon excita-
tion at 400 nm (Figure 3D). This observation was attributed to
the oxidation of AgNPs, which led to a decrease in plasmon
resonance (Figure 3B). Nevertheless, the obtained amplitude
signals demonstrated the reproducibility of LIT measurements
for all dispersed and aggregated samples.

In our study, we tested LIT as a tool to distinguish between
dispersed and aggregated plasmonic NPs by measuring their
heat generation. We highlighted the sensitivity of LIT toward
varying NP sizes and concentrations, as the method is able to
reliably distinguish between 15 and 42 nm AuNPs and resolve
differences in Au concentration in 0.05 X 1073 M (=9.6 ug mL™?)
steps. These plasmonic NPs generate heat upon stimulation
with light, which correlates with their enhanced absorbance
characteristics. LIT allows to measure even low amounts of
generated thermal energy in a nonintrusive and nondestruc-
tive way. In contrast to dispersed NPs, aggregated NPs exhibit
a shift in their absorbance spectra, resulting in altered heat
generation upon irradiation. Depending on the applied wave-
length, the amount of released thermal energy may vary,
e.g., aggregated AuNPs exhibited decreased heat generation
when compared to the dispersed 15 nm NPs at A = 525 nm,
but the opposite was observed at A = 660 nm. Similar trends
were obtained for 17 nm AgNPs, but for a stimulation of
A =400 nm and A = 525 nm. Therefore, great care should be
taken when selecting the excitation wavelength. Furthermore,
we demonstrated that our results are reproducible, even upon
cycling between dispersed and aggregated NPs. Reversible
aggregation was achieved by NP functionalization with GSH
and subsequent alteration of the pH. Applications of LIT could
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Figure 3. A,B) UV-vis spectra and C,D) LIT amplitude signals of dispersed, aggregated, and re-dispersed GSH-functionalized A,C) 15 nm Au and
B,D) 17 nm Ag NPs. A red-shift in absorbance is observed upon the addition of acid, causing NP aggregation (A,B: blue spectrum). Increasing the pH
to neutral results in NP re-dispersion (A,B: red spectrum). Excitation wavelengths (525/660 nm for AuNPs and 400/525 nm for AgNPs) were derived
from these spectra and were used for all LIT experiments. Amplitude signals of well-dispersed NPs result in higher intensities than aggregated NPs
for an excitation wavelength of C) 525 nm for AuNPs and D) 400 nm for AgNPs. By altering the pH (high: > pKa, low: < pKa) NPs can be aggregated

and re-dispersed over several cycles.

possibly range from lab-based NP characterization to indus-
trial batch-to-batch reproducibility measurements. When it
comes to the analysis of thermoplasmonics, LIT combines
advantages of spectroscopic and calorimetric techniques,
while no complex sample preparation and only a few uL of
sample volume are needed. Additionally, measurements are
performed within minutes, which renders the method effort,
time, and cost effective. Overall, LIT stands out due to its ver-
satility, rapid detection system, and straightforward approach.
Its wide field of view, which allows to analyze the entire
sample volume at once, is advantageous compared to many
other techniques, such as UV-Vis. For the future, an extended
range of NP systems with varying chemistry, shapes, and in
complex analytical environments should be investigated to
demonstrate the validation of the method for different wave-
lengths and materials.

Experimental Section

To analyze NP heat generation, LIT measurements were conducted. A
custom-made experimental setup was built, consisting of a homogenous
LED-based light source (AN178_2 61 LED module, ADOM), an infrared
camera (Onca-MWIR-InSb-320, XenICs) mounted on a standard
microscope stand (Leica Microsystems), and a personal computer as
a processing unit. The camera InSb array (320 x 256 pixels) operated
in the mid-IR range (3-5 um) and was capable of capturing full frame
images at a rate up to 200 Hz. A camera-link frame grabber was used
to transfer the acquired images in real-time to a personal computer
for further data processing with a custom-made LabVIEW-based
software.’’] In brief, the software demodulated the acquired infrared
images according to the digital lock-in principle to compute amplitude
maps (in Kelvin) proportional to the sample generated heat.?%l

The LED module emitted excitation light at various wavelengths (400,
525, and 660 nm). To ensure homogenous spatial illumination of the
sample, a light-homogenizing glass rod (N-BK7, Edmond Optics) was
placed between the LED panel and the sample. All measurements were
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performed at a modulation frequency of 1 Hz and an excitation current
of 150 mA for 400 nm and of 200 mA for 525 nm and 660 nm LEDs,
resulting in power densities of 2, 1.8, and 5.7 mW cm™, respectively.
The duration of one measurement was set to 60 s and kept constant for
every sample.

Samples were prepared as an aqueous NP dispersion of 40 L at
varying concentrations and measured five times consecutively. Custom-
made, spherical, and light-transparent sample holders made from
polystyrene were used for all NP dispersions to reduce heat losses to
the environment and ensure quasi-adiabatic conditions.?”] The resulting
amplitude images were analyzed (Image) v1.52b, NIH & Origin 2016,
OriginlLab) to extract signal mean and standard deviation values.

A detailed description of the Experimental Section of this study can
be found in the Supporting Information.

Supporting Information

Supporting Information is available
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