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Abstract

Noble metal nanopatrticles (NPs) possess unique plasmonics properties, enabling them to serve
as sub-diffraction light sources and nano antenna for a wide range of applications. Here we
report specific interaction of single Ag NPs with single EGFP molecules and high dependence of
their interaction upon localized-surface-plasmon-resonance (LSPR) spectra of single Ag NPs
and EGFP. LSPR spectra of single red Ag NPs show a stunning 60-nm blue-shift during their
incubation with EGFP, whereas they remain unchanged during their incubation with bovine
serum albumin (BSA). Interestingly, the peak wavelengths of LSPR spectra of green and blue
Ag NPs remain essentially unchanged. These interesting findings suggest that plasmon-
resonance-energy-transfer (PRET) from single Ag NPs to EGFP might follow a two-photon
excitation mechanism to excite EGFP and fluorescence of excited EGFP might couple with
plasmon of single NPs that lead to the blue-shift of the red NPs. These distinctive phenomena
are only observed by real-time single NP spectroscopic measurements. This study offers
exciting new opportunities to design new sensing and imaging tools with high specificity and
sensitivity to study long-range molecular interactions and dynamic events in single live cells, and

to probe underlying molecular mechanisms of PRET.
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Introduction
Noble metal nanoparticles (e.g., silver nanoparticle, Ag NPs) possess distinctive plasmonics
properties. 2 The NPs can scatter and absorb incident light very efficiently at a given
resonance wavelength, leading to an enhanced electromagnetic near-field on the NP, and
enabling them to serve as nanoscale energy transfer antenna for a wide range of applications
from design of nanophotonic and photovoltaic devices to biological sensing and imaging.13
The coupling of the enhanced electromagnetic field on single Ag NPs with nearby excited states
of fluorophore offers an important model to study nanoscale energy transfer for better
understanding of their fundamental mechanisms and study of long-range molecular interactions,

far beyond 10 nm distance limited by Forster resonance energy transfer (FRET).% 8

The localized surface plasmon resonance (LSPR) spectra of single NPs highly depend upon
their sizes, shapes, surface properties, and surrounding environments. 2 14 15 These unique
optical properties enable them to serve as single molecule nanoparticle optical biosensors
(SMNOBS) for molecular analysis of biomarkers of interest, and as photostable optical imaging
probes for real-time imaging of single live cells and embryos.? 5 7. 2 1619 Flyorescence proteins
(e.g., GFP, YFP, RFP) have been widely used as effective optical probes for real-time study of
proteins expressed in live cells and in vivo.?%23 Therefore, study of interaction of Ag NPs with
GPF offers the possibility of using NPs for the study of long-range protein-protein interactions
and determining their roles in cellular functions in single live cells in vivo in real time, as well as

better understanding of underlying molecular mechanisms of NP-fluorophore interactions.

Current studies primarily focus on the study of plasmonic coupling among metallic NPs,
nanomaterial surface energy transfer (NSET) from a excited fluorophore (donor) to a metallic

NP (acceptor) via dipole-surface energy transfer, and quenching or enhancing effects of metallic
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NPs on the fluorescence emission of their nearby excited fluorophore.% & 2431 A few studies
have reported the use of LSPR of the gold (Au) NPs to excite the nearby fluorophore via
plasmon resonance energy transfer (PRET) for sensing applications.® & 2428 However, the
dependence and specificity of PRET upon the LSPR spectra of single NPs, its underlying
mechanisms and potential applications remain to be explored. In this study, we investigate the
dependence of PRET and interaction of single Ag NPs with single EGFP molecules upon LSPR
spectra of single Ag NPs. We found the high dependence of PRET upon the LSPR spectra of
single Ag NPs and the stunning blue shift of LSPR spectra of single red Ag NPs in the presence

of EGFP.

Results and Discussion

We have synthesized and purified Ag NPs using the approaches described in Methods.5 15 17,19,
32 We then characterized sizes, shapes and plasmonic optical properties of single Ag NPs using
high resolution transmission electron microscopy (HRTEM), and dark-field optical microscopy
and spectroscopy (DFOMS) (Figure 1), respectively. TEM image and histogram of size
distribution of single Ag NPs in Figure 1A and B show that the majority of NPs are nearly
spherical with average diameters of 11.5 + 2.2 nm, ranging from 6 to 20 nm, and a few of NPs

are dimmer.

A representative optical image of single Ag NPs shows that the majority of NPs are blue with
some being green and a few red (Figure 1C). We acquired and analyzed 20 images similar to
those in Figure 1C and found that the NP solution has 76.9% of blue NPs, 17.3% green NPs
and 5.8% of red NPs. The LSPR spectra of representative single blue, green and red NPs show
peak wavelengths (full-width-at-half-maximum), Amax (FWHM), of 490 nm (58 nm), 536 nm (74

nm), and 620 nm (70 nm), respectively (Figure 1D). Notably, similar high heterogeneity of



Page 5 of 25 Nanoscale

5 X. Nancy Xu

LSPR spectra of single NPs was also observed in our previous studies.'®> 17:19.32 | SPR spectra
of some of single NPs show longer wavelength than those of the spherical Ag NPs with the
diameters of 6-20 nm, suggesting that some of NPs might have high aspect ratios, rough
surfaces or larger diameters and they have gone undetected by TEM. The high heterogeneity
of LSPR spectra of single Ag NPs shows high dependence of LSPR spectra of single NPs upon
surface properties and shapes (rough surface) of NPs. The correlation between the distribution
of sizes and LSPR spectra of single NPs suggests that the dimmer NPs are likely to be
plasmonic red NPs. Like the sizes, the shapes and surface roughness of NPs could also
contribute significantly to the large distribution of LSPR spectra of single NPs, underscoring the
importance of study of LSPR spectra of single NPs. The results further demonstrates the
powerful high-throughput detection capability and sensitivity of DFOMS to identify and
characterize a very few individual NPs in a mix population of NPs in solution in situ and in real

time.

We used the molar concentration of single NPs to control the molar ratio of NPs to EGFP as one
(one EGFP molecule per NP). Molar concentrations of single NPs (but not atoms or ions) are
defined by dividing moles of NPs (number of NP/Avogadro constant) by solution volume.3 16. 17,
19, 33, 34 Molar concentration of the NPs is proportional to the number and surface area and
properties of individual NPs, which enables the study of surface dependent effects of the NPs

on their interaction with EGFP.

The UV-vis absorption spectra of Ag NPs incubated with one molar ratio of EGFP in the PBS
buffer for 3 h (Figure 2A) show a red-shift of its peak wavelength from 398 nm to 410 nm. The
control experiment shows that the peak wavelength of UV-vis absorption spectra of the Ag NPs
incubated with the BSA in the PBS for 3 h remain unchanged at 398 nm (Figure 2B). The result

suggests that the interaction of the Ag NPs with the EGFP (fluorophore) and the coupling of
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absorption of Ag NPs and EGFP most likely play the role of larger red shift of plasmonic

absorption spectra of the Ag NPs.

We also investigated the effect of the Ag NPs upon the fluorescence spectra of EGFP using a
fluorescence spectrophotometer. Interestingly, the fluorescence excitation and emission spectra
of EGFP in the absence and presence of Ag NPs for solution in Figure 2A remain unchanged as
shown in Figure 2C and 2D. The result would have suggested that the presence of such low

concentration of Ag NPs did not significantly affect the fluorescence spectra of EGFP.

To overcome potential drawbacks of ensemble measurements and to study scattering of
plasmon resonance coupling of single Ag NPs with EGFP, we determined the dependence of
effects of EGFP on LSPR spectra of single Ag NPs upon the wavelength of LSPR spectra of the
NPs using our DFOMS. We added the Ag NP solution into a micro-chamber and allowed a few
of single Ag NPs settled on a glass microscope slide. We imaged and acquired LSPR spectra
of single Ag NPs on the slides that well represent those in the solution. We then added EGFP
solution into the NP solution in the chamber to have one molar ratio of EGFP to NP, and
followed the change of LSPR spectra of the same single NPs in real time using DFOMS, as the

NPs were incubated with EGFP over time.

For single red NPs with the peak wavelength of LSPR spectra much longer than fluorescence
emission of EGFP, we observed a stunning blue-shift of LSPR spectra of the NPs upon their
incubation with EGFP over time (Figure 3). The representative red NP with peak wavelength of
LSPR spectra of 657 nm is blue-shifted to 599 nm, gradually changing its color from red to
orange upon its incubation with EGFP over 3 h (Figure 3A-B). Its scattering intensity remains

essentially unchanged. The other representative red NP with peak wavelength of LSPR spectra
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of 613 nm is blue-shifted to 553 nm, changing its color from red to yellow/green during its

incubation with EGFP over 3 h (Figure 3C-D). Its scattering intensity decreases gradually.

On the contrary, the green NP with peak wavelength of LSPR spectrum of 527 nm remains
essentially unchanged during its incubation with EGFP over 3 h (Figure 4A-B). The blue NP
with peak wavelength of LSPR spectra of 493 nm also remains essentially unchanged upon its

incubation with EGFP over 3 h (Figure 4C-D).

Control experiments were carried out the exactly same way as the study of Ag NPs with EGFP,
but replacing EGFP with BSA. The plasmonic color and peak-wavelength of LSPR spectra of
single red NPs incubated with BSA over 3 h remain essentially unchanged at 643 nm (Figure
5A-B) while its scattering intensity decreases over time, which could be attributed to the
decrease of its dielectric constant and refractivity due to the adsorption of BSA on the surface of
NPs. The plasmonic color and peak-wavelength of LSPR spectra of single green NPs incubated
with BSA over 3 h also remain essentially unchanged at 528 nm (Figure 5C-D) while its
scattering intensity decreases over time, which could be attributed to the decrease of its
dielectric constant and refractivity due to the adsorption of BSA on the surface of NPs. Though
change of dielectric constant and refractivity of the NPs could lead to the red shift of LSPR
spectra of the NPs, these NPs are fairly large with the surface-area-to-volume ratio smaller than
0.5, and their LSPR spectra are less sensitive to the change of dielectric constant and
refractivity than smaller NPs (2 nm in diameter with the surface-area-to-volume ratio great than
2). Furthermore, BSA concentration is quite low (0.69 nM) and one molar ratio of BSA to the NP
is used. Thus, we did not observe significant shift of LSPR spectra of the NPs as they were

exposed to BSA over time.
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Unlike EGFP, BSA is not a fluorescence protein and cannot generate fluorescence emission
within a visible wavelength (400-800 nm). This control experiment enables us to determine that
the fluorescence property of EGFP (but not adsorption of EGFP onto the NPs) plays a leading
role in the blue-shift of LSPR spectra of single red NPs. It is most likely that the EGFP were
excited by plasmon of NPs, and fluorescence emission of the EGFP was coupled with plasmon
resonance of the NPs, which led to the blue shift of LSPR spectra of the red NPs. Furthermore,
LSPR spectra of green and blue NPs with peak wavelength at 506-536 and 466-494 nm appear
not to provide sufficient energy to excite EGFP or the fluorescence emission of EGFP unable to
couple with their plasmon resonance (Table I). Thus, the LSPR spectra of green and blue NPs

remain essentially unchanged during their incubation with the EGFP.

We have acquired LSPR spectra of single NPs simultaneously (similar to Figure 1C) as they
were exposed to EGFP or BSA over 3 h. Each experiment was repeated three times. The NP
solution includes 76.9% of blue NPs, 17.3% green NPs and 5.8% of red NPs. Thus, we have
studied at least 92 individual blue NPs, 21 green NPs and 7 red NPs. The results of the
representative three NPs (a-c) of each color are summarized in Table |, which indicates that
LSPR spectra of single red NPs show the significant blue shift upon their exposure to EGFP

over 3 h, while the LSPR spectra of single blue and green NPs remain essentially unchanged.

Taken together, the results in Figures 4 and 5 and Table | show the high dependence of
plasmonic coupling of single Ag NPs with EGFP upon the wavelength of LSPR spectra of the
NPs. Further studies are needed to determine its underlying mechanism. Nonetheless, the
stunning blue-shift of LSPR spectra of single red NPs by EGFP suggests that PRET from the
NP to EGFP might follow a two-photon excitation mechanism to excite EGFP, and the excited

EGFP molecules could then couple with plasmon resonance of the NP, which could lead to the
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blue shift of LSPR spectra of the red NPs. On the contrary, the LSPR spectra of single green or
blue NPs remain essentially unchanged. These unique plasmon coupling properties with single
NP sensitivity are highly specific to LSPR spectra of single NPs and EGFP, offering a powerful
tool for one to study the interaction of Ag NPs with specific proteins that are fused with EGFP in

single live cells and in vivo.

As we demonstrated in our previous studies, single Ag NPs can serve as photostable (non-
photobleaching and non-blinking) imaging probes for following the same single molecules and
study of dynamic cellular events of the same single live cells over hours.? % 7. 9. 1719, 35 QOn the
contrary, EGFP suffers photobleaching and blinking and cannot be used to follow the same
molecule and study the same cells over time using fluorescence microscopy and
spectroscopy.?? 3¢ Therefore, this study offers an exciting new approach to use photostable Ag
NPs to track the EGPF fused proteins for the study of dynamic events of interest in single live

cells over a long period of time.

In addition to acquiring the LSPR spectra of single Ag NPs, we also acquired the fluorescence
spectra of EGFP around the same individual Ag NPs over time. The results in Figure 6A show
that in the vicinity of Ag NPs, the fluorescence emission spectra of EGFP become broader and
the fluorescence intensity decreases rapidly while its peak wavelength remains similar to those
observed in the absence of Ag NPs in Figure 6B. The results show that the Ag NPs indeed

guench the fluorescence emission of EGFP on its surface and NPs indeed interact with EGFP.

In summary, we have studied the interaction of single Ag NPs with single EGFP molecules. We
found that the effect of EGFP upon the LSPR spectra of single NPs highly depend upon the
peak wavelength of LSPR spectra of the NPs, and the LSPR spectra of red NPs show stunning

blue-shift (60 nm) during their incubation with EGFP, while they remain essentially unchanged
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during their incubation with BSA. Interestingly, the peak wavelength of LSPR spectra of green
and blue NPs remain essentially unchanged, while their scattering intensity decreases during
their incubation with EGFP over time. These interesting findings suggest that PRET from single
Ag NPs to EGFP might have followed a two-photon excitation mechanism to excite EGFP and
fluorescence of excited EGFP might have coupled with plasmon of single Ag NPs, leading to the
blue-shift of the red NPs. These findings offer exciting new approaches to design new sensing
and imaging tools with high specificity and sensitivity to study long-range molecular interactions
and dynamic events of single live cells in vivo. Furthermore, these new findings are achieved by
single NP measurements, but not ensemble measurements, underscoring the importance of
single NP study of plasmon coupling. Further studies are underway to determine their

underlying molecular mechanisms and to explore their powerful applications.

Methods

Synthesis and Characterization of Stable and Purified Ag NPs

We synthesized and characterized the Ag NPs (11.5 £ 2.2 nm) using the similar approaches as
we described previously.® 17: 1932 We mixed AgClO4 (0.1 mM in deionized (DI) water) with a
freshly prepared ice-cold solution of sodium citrate (3 mM) and sodium borohydride (10 mM)
under stirring overnight to synthesize the NPs. We filtered the NP solution using a 0.22 pm filter
and washed the NPs three times with DI water using centrifugation to remove the chemicals
involved in NP synthesis, and resuspended the NPs in DI water. The washed Ag NPs are very
stable (non-aggregated) in DI water for months and remain stable in PBS buffer (0.5 mM

phosphate buffer, 1.5 mM NaCl at pH 7.0) throughout their incubation with EGFP over 3 h.

We characterized the concentrations, optical properties, and sizes of NPs using UV-vis

spectroscopy (Hitachi U-2010), dark-field optical microscopy and spectroscopy (DFOMS),
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dynamic light scattering (DLS), and high-resolution transmission electron microscopy (HR-TEM)
(JEOL, JEM-2100F), respectively.tt: 16 17. 37 \We have fully described the design and
construction of our DFOMS in our previous studies for real-time imaging and spectroscopic
characterization of single NPs in solutions, single live cells and single embryos, and for single
molecule detection.3 5 7.9 11,13, 15-19, 21, 32-34, 38, 39 |n thjs study, we used dark-field microscope
equipped with Multispectral Imaging System (MSIS, N-MSI-VIS-FLEX, CRi, Hopkiton, MA) to
image and characterize LSPR spectra of single Ag NPs. The MSIS is an integrated system of a
CCD camera (SonylCX 285) and liquid-crystal-tunable-filter. The dark-field microscope consists
of a dark-field condenser (oil, 1.43-1.20), a microscope illuminator (Halogen lamp, 100 W), and
a 100x objective (Plan fluor 100x, N.A. 0.5-1.3, oil). All chemicals and reagents, except EGFP
(BioVision, Mountain View, CA), were purchased from Sigma and used as received. We used

the nanopure DI water (18 MQ, Barnstead) to prepare solutions and rinse glassware.

Ensemble Study of Effect of EGFP on Plasmonic Absorption Spectra of Ag NPs and
Effects of Ag NPs on Fluorescence Emission of EGFP

We acquired UV-vis absorption spectra of Ag NPs (0.69 nM) alone, BSA (0.69 nM) alone, EGFP
(0.69 nM) alone, and Ag NPs (0.69 nM) incubated with EGFP (0.69 nM) or BSA (0.69 nM) in the
PBS buffer over 3 h. We acquired fluorescence excitation and emission spectra of EGFP (0.69
nM) alone, Ag NPs (0.69 nM) alone, and EGFP (0.69 nM) incubated with Ag NPs (0.69 nM) in

the PBS buffer using a fluorescence spectrometer (Perkin-Elmer LS50B).

Single NP Study of Effect of EGFP on LSPR Spectra of Single Ag NPs and Quenching
Effect of Single Ag NPs on Fluorescence Emission of EGFP
The Ag NP solution (0.69 nM in PBS buffer) was added into a sealed micro-chamber. LSPR

images and spectra of representative single NPs on the surface of microscope glass cover slide
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in the chamber were acquired in real-time using DFOMS. EGFP were then injected into the Ag
NP solution in the chamber to have the final concentration of EGFP and Ag NPs of 0.69 nM
each (one molar ratio). LSPR images and spectra of single NPs and fluorescence images and
spectra of EGPF around single NPs were acquired at every 30 min over their incubation of 3 h
using DFOMS and fluorescence microscopy and spectroscopy (Nikon E-600) equipped with
MSIS, respectively.
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Table I: Summary of LSPR Spectra of Single Ag NPs Upon Their Incubation with EGFP

over Time

Amax (Nm) Amax (Nm) Amax (nm)
Incubation Time Single Blue NPs Single Green NPs Single Red NPs
(min) a b c a b c a b c
0 466 488 494 506 527 536 | 613 | 650 | 657
90 466 488 494 506 527 536 | 584 | 626 | 620
180 466 488 494 506 527 536 | 553 | 608 | 599
AAmax (Nnm) 0 0 0 0 0 0 60 42 58
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Figure Captions

Figure 1: Characterization of sizes, shapes and plasmonic optical properties of single purified

Ag NPs in DI water.

(A) HRTEM images show that the shapes of majority of NPs are nearly spherical with some
being dimmers. The scale bars are 20 nm.

(B) Histogram of size distribution of single NPs determined by HRTEM indicates their
average diameters of 11.5 £ 2.2 nm, ranging from 6 to 20 nm.

(C) Dark-field optical images of single NPs in DI water show that the majority of NPs are
plasmonic blue with some being green, orange and red.

(D) Representative LSPR spectra of single NPs in (C) show peak wavelengths (full-width-at-
half-maximum), Amax (FWHM): (i) 490 (58), (ii) 536 (74), and (iii)) 620 (70) nm, for the

plasmonic blue, green and red NPs, respectively.

Figure 2: Study of (A-B) effect of EGFP upon plasmonic absorption spectra of Ag NPs and (C-
D) effect of NPs upon fluorescence spectra of EGFP. UV-vis absorption spectra of 0.69 nM Ag
NPs in (A) show that Amax (FWHM) of the spectrum red-shifts from: (i) 398 nm (58 nm) to (ii) 410
nm (62 nm) in the absence and presence of EGFP (0.69 nM) in the PBS buffer, respectively.
UV-vis absorption spectra of 0.69 nM Ag NPs in (B) show that Amax (FWHM) of the spectra
remain unchanged at (i-ii) 398 nm (58 nm) in the absence and presence of BSA (0.69 nM). (i-ii)
Excitation and emission fluorescence spectra of EGFP (0.69 nM) in the PBS buffer: (C) in the
absence and (D) the presence of Ag NPs (0.69 nM), show that Amax (FWHM) of the fluorescence

spectra remain unchanged at (i) 483 nm (50 nm) and (ii) 509 nm (25 nm), respectively.

Figure 3: Significant effect of EGFP upon LSPR spectra of single red Ag NPs with peak

wavelength much longer than fluorescence emission peak wavelength of EGFP. (A-B) Dark-
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field optical images and spectra of single red NPs incubated with EGFP in the PBS buffer show
blue-shift of Amax from 657 to 599 nm, turning its color from red to orange, over time. (C-D)
Dark-field optical images and spectra of single red NPs incubated with EGFP in the PBS buffer
show blue-shift of Amax from 613 to 553 nm, turning its color from red to yellowish-green, over
time. Each image and spectrum was acquired at 30 min interval over 3 h. Representative

images and spectra at given time were shown.

Figure 4: Little effect of EGFP upon LSPR spectra of single blue and green Ag NPs with peak
wavelength close to or shorter than fluorescence emission peak wavelength of EGFP. (A-B)
Dark-field optical images and spectra of single green Ag NPs incubated with EGFP in the PBS
buffer over 3 h show that Amax of 527 nm remain unchanged. (C-D) Dark-field optical images
and spectra of single blue Ag NPs incubated with EGFP in PBS buffer over 3 h show that Amax of

493 nm remain unchanged.

Figure 5: Control experiments show that the presence of BSA does not affect LSPR spectra of
single red and green Ag NPs. (A-B) Dark-field optical images and spectra of single red NPs
incubated with BSA in the PBS buffer over 3 h show that Amax of the spectrum at 643 nm remain
unchanged, while its intensity decreases over time. (C-D) Dark-field optical images and spectra
of single green NP incubated with BSA in the PBS buffer over 3 h show that Amax of the spectra
at 528 nm remain unchanged, while its intensity decreases over time. Each image and spectrum
was acquired at 30 min interval over 3 h. Representative images and spectra at given time

were shown.

Figure 6: Quenching effect of single Ag NPs upon the fluorescence intensity of EGFP over
time. (A) fluorescence spectra of EGFP near the NP taken at every 30 min over their incubation

(i-iv) show that the fluorescence intensity is much lower than the one in the absence of NPs in
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(B) and emission intensity decreases rapidly over time; (B) fluorescence spectra of EGFP alone

(control experiment: in the absence of NPs) taken at every 30 min (i-iv) show significant higher

fluorescence emission intensity at the initial measurement in (i) than those in (A), and

fluorescence emission intensity decreases over time in (ii-iv) due to photobleaching.
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Figure 1
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Figure 4
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Figure 5
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