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Plasmon Resonance Scattering Spectroscopy at the Single-
Nanoparticle Level: Real-Time Monitoring of a Click Reaction**
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Understanding and monitoring chemical reactions is crucial
for the characterization of reaction mechanisms in organic
chemistry. Various analytical methods including nuclear
magnetic resonance spectroscopy,“] mass spectrometry,m
and Raman spectroscopy®” have been employed to study
chemical reactions. For example, the oxidation of carbon
monoxide on gold catalyst surfaces was studied using time-
resolved IR spectroscopy.l! However, the averaged signals
obtained from multiple nanoparticles cannot provide as
accurate information on the nanoscale level compared to
the signals obtained from a single nanoparticle.”! Differences
in size and shape are unavoidable in nanoparticle production,
and such differences cannot be distinguished by averaged
measurements. Moreover, nanoparticles with different size
and shape exhibit different physical and chemical properties,
including spectral bands, reaction activity, and efficiency.
Measurements from single nanoparticles could reveal the
unique function of individual particles, and thus be superior to
the averaged measurements taken from bulk solutions.
Notably, every single nanoparticle could serve as an inde-
pendent sensor and provide significant signals with high
signal-to-noise ratio,® which dramatically lowers the detec-
tion limit and enables higher spatial and temporal resolution.
For example, single gold nanoparticles (GNPs) could be used
to detect single unlabled proteins.!

The advent of plasmon resonance Rayleigh scattering
(PRRS) spectroscopy and dark-field microscopy (DFM) has
helped the study of the size, shape, composition, and the local
environment of single plasmonic nanoparticles.®! DFM is
a highly sensitive direct means to probe chemical analytes.*?
However, the application of DFM to monitor chemical
reactions is rare.'”! To observe the behavior of nanoparticles
during reactions, it is essential to monitor the spectra of
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nanoparticles at the single-particle level. When multiple
plasmonic nanoparticles are in close proximity, it is worthy to
note that their plasmonic oscillations can couple together,
resulting in a large increase in light-scattering intensity as well
as a spectral red-shift and the obvious color changes observed
in DFM.[" This phenomenon has been used to construct
plasmon rulers.™ For example, when two gold nanoparticles
were linked by DNA, the intensity would increase by 44 times
and the wavelength would red-shift by 75 nm compared with
an individual nanoparticle.!'”

Click chemistry is a powerful, highly reliable and selective
method in synthesis chemistry."¥! Cu*-catalyzed azide-alkyne
1,3-dipolar cycloaddition (CuAAC) is considered as a typical
click reaction with very high yields and good regioselectivity,
and has attracted widespread interest. To date, it has been
widely applied in polymer and material science,!'” drug
discovery,'® biochemistry,'” pharmaceutical science,'™ and
also used to functionalize the surface of nanoparticles (Au,
Ag) to construct sensors.!'”)

Herein, we describe a novel method to monitor a Cu*-
catalyzed click reaction at the single-nanoparticle level by
using PRRS spectroscopy and DFM. Click reactions result in
interparticle cross-linking, which induces a color change of
GNPs in DFM and a scattering spectral red-shift. To the best
of our knowledge, this is the first time that a click reaction has
been monitored at the single-nanoparticle level, thus making
this method a valuable technique for the real-time monitoring
of chemical reactions in organic chemistry.

Our strategy is shown in Scheme 1. We synthesized
terminal azide- and alkyne-functionalized thiols and prepared
the system shown through the following steps (see the
Supporting Information for more details): 1) immobilization
of 60 nm GNPs on a cleaned ITO (indium tin oxide) glass
slide; 2) self-assembly of the azide-functionalized thiol on the
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Scheme 1. a) Cu™-catalyzed click reaction at the single-particle level.
b) A typical dark-field image of a modified GNP on a microscopy slide
before (I) and after (I1) the addition of Cu?" and sodium ascorbate.

c) Corresponding scattering spectra of a single GNP before (I) and
after (11) the click reaction.
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surface of the 60 nm GNPs; 3) self-assembly of the alkyne-
functionalized thiol on the surface of 14 nm GNPs; 4) addi-
tion of modified 14 nm GNPs onto the modified ITO glass
side. The 60 nm and 14 nm GNPs were characterized by UV/
Vis spectra and SEM (see the Supporting Information,
Figure S1). In this assay, the 14 nm GNPs were linked to
a 60 nm GNPs by click chemistry (Scheme 1a). The Cu™ is
obtained from the reduction of Cu®" in the presence of
sodium ascorbate.

To investigate the feasibility of this method, dark-field
color images of single GNPs and PRRS spectra 4,,,, were used
to probe the Cu*-catalyzed click reaction. Compared with the
scattering spectra in the absence of Cu?" and sodium
ascorbate, the scattering spectra exhibit an obvious peak
red-shift after the introduction of Cu** and sodium ascorbate.
Time-dependent AAl,, changes of a selected single gold
nanoparticle are shown in Figure 1a. A single gold nano-
particle with green color in the DFM image has a scattering
peak centered at 560 nm. After the addition of Cu®" and
sodium ascorbate, the scattering peak (Al,,,,) red-shifted to
increasingly longer wavelengths, and the green spots in DFM
images gradually changed to orange (inset of Figure 1a).
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Figure 1. a) Representative scattering spectra of single azide-function-
alized GNPs (60 nm) obtained at different times after treatment with
Cu*" (1 um), sodium ascorbate (10 um), and alkyne-functionalized
GNPs (14 nm), showing that the 4,,,, of the PRRS spectra is red
shifted. Inset: Corresponding dark-field images of individual nano-
particles after treatment with Cu?" and sodium ascorbate, showing

a color change from green (control) to orange (120 min). b) Plots of
the peak shift for a single azide-functionalized GNP (60 nm) in the
presence (square) and absence (circle) of sodium ascorbate after

30 min in the presence of Cu®** (0.1 nM to 1 pm) and alkyne-function-
alized GNPs (14 nm).
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Al of up to 43nm were observed upon interparticle
coupling after 2 h. The results demonstrate that the scatter-
ing-peak wavelength of the interacting particles is red-shifted
from that of a single particle, because of near-field coupling by
the click reaction; this finding was further confirmed by
scanning-electron microscope images (see the Supporting
Information, Figure S2). The red-shifting with time, in the
spectra of the GNP, may be attributed to the inhomogeneous
diffusion of Cu** ions and the diffusion of 14 nm GNPs.

As Cu™ is the catalyst, its concentration was important for
the reaction. We measured the AL, at different concen-
trations of Cu*" after 30 min. Single GNPs giving an initial
scattering peak around 560 nm were chosen to test the
influence of changing the concentration of Cu**. We added an
aqueous solution of Cu** to the solution on the ITO glass slide
to obtain Cu®* concentrations of 0.01 nm, 0.1 nm, 1 nM, 10 nM,
100 nMm, and 1 pm. Sodium ascorbate was also added at five
times the concentration of Cu®". As shown in Figure 1b, Al
increased with the increasing concentration of Cu®". How-
ever, no corresponding increase in A, was seen in the
absence of sodium ascorbate. Within the same reaction time,
the minimum detectable catalyst concentration of Cu** was
0.1 nm.

To prove that this method cannot only be used for
individual particles, we presented a larger visual field showing
the color changes of all particles, from the bulk solution, after
coupling in 1.5 h. Figure 2a and c show the dark-field images
of about 900 individual GNPs. Results indicate that the color
of the nanoparticles changed from green to orange upon the
interparticle coupling in the presence of Cu** and sodium
ascorbate. In addition, the peak wavelength (4,,) of the
GNPs was calculated from the RGB (red, green, and blue)
information of the color images by using Matlab.”® Figure 3b
and d show the calculated peak wavelength of GNPs at 560 =
10 nm before coupling (b) and 580 + 10 nm after coupling (d).
The calculated statistic data of numerous nanoparticles
indicates that the method is highly reproducible and reliable.
SEM images of a larger number of assembled nanoparticles
after the click reaction are shown in the Supporting Informa-
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Figure 2. Dark-field images and calculated wavelength of the GNPs
(60 nm) before (a and b, respectively) and after (c and d, respectively)
the addition of Cu®* (1 pum) and excess sodium ascorbate.
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Figure 3. Dark-field images of single gold nanoparticles (60 nm diam-
eter) in the presence of different metal ions.

tion, Figure S3. From the SEM images we can see that the
binding events are different for every 60 nm nanoparticle.
Thus, the signals obtained from the detection of single
particles reveal the differences between every individual
particle, unlike averaged signals obtained from bulk solu-
tions.!"”!

We also measured the color changes in DFM and the
scattering spectra in the presence of representative coexisting
ions, including Zn**, Cd**, Ni**, Co**, Hg**, Mg**, Ca**, Pb*",
Na' and K*, (Figure 3). Remarkably, upon introduction of
these metal ions and sodium ascorbate, neither color change
nor spectral peak shift was observed even at much higher
concentration (1 pum). Only the presence of Cu®" and sodium
ascorbate could induce the coupling of the GNPs. Also, no
color change was observed in control experiments with
nanoparticles in the absence of Cu?" or sodium ascorbate or
both, thus confirming that the coupling was mediated by Cu**
and sodium ascorbate. These results further confirm that
catalysis of the click reaction is specific to Cu?" (reduced to
Cu" by sodium ascorbate). Sensors based on gold nano-
particles also have been applied to detect heavy-metal ions.*"!
Our system could be used to probe Cu*" with high sensitivity
(the minimum detectable concentration is 0.1 nm) and high
selectivity.

In conclusion, we developed a novel method for real-time
monitoring of the click reaction by using PRRS spectroscopy
and DFM at single-nanoparticle level. The method involves
the interparticle coupling by CuAAC. The click reaction on
the surface of single GNPs resulted in interparticle coupling
leading to a red-shift of PRRS spectra and a color change in
DFM. Furthermore, our studies demonstrated the ability to
use DFM and scattering spectra to investigate the reaction
time and the amount of catalyst. We believe that our strategy
could play an important role in the monitoring of chemistry
reactions, especially coupling reactions, in organic chemistry.
Accordingly, future efforts will be directed to characterize
other chemical reactions by using single plasmonic nano-
particles.
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Experimental Section

Synthesis and characterization of gold nanoparticles: GNPs with
average diameters of 14 nm were prepared by the citrate-mediated
reduction of HAuCl,. HAuCl, (0.01 wt%; 50 mL) was heated to
reflux with vigorous stirring and then 5 mL sodium citrate (38.8 mm)
was added quickly to the solution. The solution was heated for 15 min,
then the heating was stopped and the solution was stirred for an
additional 15 min. Colloidal particles were filtered from the resulting
suspension and characterized by an absorption maximum at 518 nm
by using UV/Vis spectrometry. These particles were then used as seed
particles for the synthesis of the 60 nm gold particles. Preformed seed
gold particles (1 mL) and NH,OH-HCI (0.2M; 100 uL) was added to
water (25 mL). The mixture was stirred vigorously at room temper-
ature and 3.0 mL of 0.1 wt % HAuCl,-:3H,0 was added dropwise.

Single nanoparticle DFM imaging and scattering spectroscopy:
The dark-field spectrum measurements were carried out on an
inverted microscope (eclipse Ti-U, Nikon, Japan) equipped with
a dark-field condenser (0.8 <NA <0.95) and a 40 x objective lens
(NA =0.8). A 100 W halogen lamp provides white light to excite the
GNPs and to generate plasmon resonance scattering light. The dark-
field color images were captured by using a true-color digital camera
(Nikon DS-fi). The scattering light of the gold nanoparticle was split
by a monochromator (Acton SP2300i) equipped with a grating
(grating density: 300 Lmm™'; blazed wavelength: 500 nm) and
recorded by a spectrometer CCD (CASCADE 512B, Roper Scien-
tific, PI) to obtain the scattering spectra. The GNP functionalized
slides were immobilized on a platform. At first, the scattering light of
a single nanoparticle modified with an azide-functionalized thiol was
captured in BuOH/H,O (1:1) solution as the initial spectral wave-
length. Then, the 50 % v/v tBuOH solution was by pipette and 14 nm
gold nanoparticles modified with an alkyne-functionalized thiol-
(50 uL), CuSO, solution (1 um), and sodium ascorbate solution
(10 um) were added to the slide. The time-dependent scattering
spectra of the single nanoparticle were obtained to continuously
monitor the click reaction. The scattering spectra from the individual
nanoparticles were corrected by subtracting the background spectra
(in absence the GNPs) taken from the adjacent regions and dividing
with the calibrated response curve of the entire optical system. The
spectra were integrated over 10 second.

The synthesis of the azide- and alkyne-functionalized thiols,
modification procedure, characterization of the compounds and
nanoparticles were performed as described in the Supporting
Information.
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