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Abstract 

Background: Near-field fluorescence (NFF) effects were employed to develop a novel near-infrared (NIR) lumines-
cent nanoparticle (LNP) with superior brightness. The LNP is used as imaging contrast agent for cellular and small 
animal imaging and furthermore suggested to use for detecting voltage-sensitive calcium in living cells and animals 
with high sensitivity.

Results: NIR Indocyanine green (ICG) dye was conjugated with human serum albumin (HSA) followed by covalently 
binding to gold nanorod (AuNR). The AuNR displayed dual plasmons from transverse and longitudinal axis, and the 
longitudinal plasmon was localized at the NIR region which could efficiently couple with the excitation and emission 
of ICG dye leading to a largely enhanced NFF. The enhancement factor was measured to be about 16-fold using both 
ensemble and single nanoparticle spectral methods. As an imaging contrast agent, the ICG–HSA-Au complex (abbre-
viate as ICG-Au) was conjugated on HeLa cells and fluorescence cell images were recorded on a time-resolved confo-
cal microscope. The emission signals of ICG-Au complexes were distinctly resolved as the individual spots that were 
observed over the cellular backgrounds due to their strong brightness as well as shortened lifetime. The LNPs were 
also tested to have a low cytotoxicity. The ICG-Au complexes were injected below the skin surface of mouse showing 
emission spots 5-fold brighter than those from the same amount of free ICG–HSA conjugates.

Conclusions: Based on the observations in this research, the excitation and emission of NIR ICG dyes were found to 
be able to sufficiently couple with the longitudinal plasmon of AuNRs leading to a largely enhanced NFF. Using the 
LNP with super-brightness as a contrast agent, the ICG-Au complex could be resolved from the background in the 
cell and small animal imaging. The novel NIR LNP has also a great potential for detection of voltage-gated calcium 
concentration in the cell and living animal with a high sensitivity.
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Luminescent nanoparticle (LNP), Fluorescence imaging, Imaging contrast agent

© The Author(s) 2018. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creat iveco mmons .org/
publi cdoma in/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Background
Calcium is a well-known signaling ion in most eukary-
otes [1, 2]. A calcium concentration gradient across a 
plasma membrane and intracellular organelle can fluxes 
dynamically via orchestrated channel openings, and fur-
thermore generate tightly controlled spatial and tempo-
ral patterns. In electrically excitable neurons and muscle 

cells, voltage-gated calcium channels are coupled with 
the membrane depolarization due to the calcium influx, 
which can significantly alter the cellular physiology [3, 
4]. Hence, it is of importance to understand the calcium 
concentration gradient and fluctuation in the cells. This 
study might also highlight the crucial role of calcium sin-
gle at a cellular level as well as in living animals.

Currently, the voltage-gated calcium channels in the 
cells, tissues and mediums are often measured by a fluo-
rescence imaging [5, 6]. Typically, a fluorophore is used as 
a calcium indicator to chelate with a calcium ion creating 
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a fluorescence signal. With a change of concentration or 
environment of  Ca2+ ions in the cell, the fluorescence 
signal from the indicator is altered. This method can be 
also used for exploring the intracellular calcium concen-
tration and gradient of calcium ion at the cellular level as 
well as in the living animals [7, 8]. Actually, the monitor-
ing voltage-gated imaging calcium has become an impor-
tant topic in the calcium channel detection because the 
calcium signals exert their highly specific functions in the 
well-defined cells or/and small animals.

In the past decades, novel calcium indicators have been 
synthesized as the organic compounds [9, 10]. Most of 
these calcium indicators have their emission wavelengths 
at visible region. It is known that the fluorescence signals 
at the visible region have severe interference from the 
strong backgrounds from cellular autofluorescence and 
light scattering in the biological systems [11–17]. To sup-
press the interference, a near-infrared (NIR) fluorophore 
is suggested for using as imaging contrast agents [18–20]. 
Tissue and water have a window with a low background 
allowing a penetration of excitation light deeper into 
the tissue and allow the detection of emissions from the 
fluorophores with a better resolution with the cells and 
tissues.

However, as imaging contrast agents, the NIR fluo-
rophores have their two significant drawbacks: (1) low 
absorption coefficients which may result in their low 
brightness and (2) low photostability that results in their 
short bleaching time [21, 22]. To our knowledge, there 
is still lack of an efficient contrast agent that allows the 
detection of calcium ions in the cells and small animals 
at the single molecule level. Hence, there is an essential 
need for a new approach that can greatly improve the flu-
orescence properties of NIR fluorophores particularly on 
their brightness and photostability.

Near-field fluorescence (NFF) can improve the fluo-
rescence properties of fluorophores [23]. Fundamentally, 
a metal nanoparticle can create a local electromagnetic 
field nearby as a light irradiation and the electromagnetic 
field is confined into the metal plasmons [24–26]. When 
a fluorophore is localized within the near-field range 
from the metal nanoparticle surface, the excitation/emis-
sion of fluorophore can strongly couple with the light-
induced plasmons on the metal nanoparticles [27, 28], 
and the excitation or/and emission rates of fluorophore 
can be significantly increased. As a result, the fluores-
cence properties of fluorophore can be greatly improved 
including (1) largely enhanced emission intensity and 
quantum yield (2) extended photobleaching time and (3) 
reduced photoblinking of fluorophore [28].

Since the spherical metal nanoparticle with a reason-
able size displays its single-mode plasmons at the visible 

range most of current NFF effects were tested using the 
visible fluorophores, and only few using NIR fluoro-
phores [29–33]. Different from the spherical metal nano-
particles, the shaped metal nanoparticles, such as metal 
nanoshells or nanorods, can display their surface plas-
mons at longer wavelength [34, 35]. For instance, the gold 
nanorods (AuNRs) can display their split dual plasmons 
from the short (transverse) and long axis (longitudinal), 
respectively [36–38], and importantly, the longitudinal 
plasmon can be tuned to the NIR region by adjusting the 
aspect ratio of AuNRs. Thus, the longitudinal plasmons 
from the AuNRs are expected to be able to sufficiently 
couple with the excitation/emission of NIR fluorophores 
leading to a strong NFF-induced fluorescence at the NIR 
region. Meanwhile, the NIR AuNRs remain have reason-
able sizes.

We are interested in developing novel NIR LNPs with 
high brightness and furthermore using these LNPs as 
imaging contrast agents, for determining the calcium 
ions in the cells and living small animals. In this study, 
the NFF effect was employed to prepare the novel NIR 
LNPs. Indocyanine green (ICG) is a FDA-proved non-
toxic NIR fluorophore for patient safety in ophthal-
mology [39, 40], and also known as a voltage-sensitive 
fluorophore that can be used to determine the voltage-
gated calcium channels by adding chelators on its chemi-
cal structure [41]. In this study, the ICG dye was bound 
to AuNRs within a near-field distance to explore the NFF 
at the NIR region.

Briefly, the ICG dyes were first conjugated in human 
serum albumin (HSA) followed by covalently binding 
the conjugates on the surfaces of AuNRs [42, 43]. Since 
the HSA molecules have an average size of ca. 10  nm, 
the ICG dyes conjugated to the HSA molecules are dis-
tributed within a near-field distance from the surfaces of 
AuNRs. In addition, the excitation/emission of ICG dyes 
can sufficiently couple with the longitudinal plasmons of 
AuNRs, and thus, a NFF from the bound ICG dyes on the 
AuNRs was expected to occur. The ensemble and single 
nanoparticle spectra were used to evaluate the change 
of optical properties of ICG dyes prior to and after their 
binding on the AuNRs. Using as a nanoparticle contrast 
agent, the ICG–HSA-Au (abbreviated as ICG-Au) com-
plex was bound to HeLa cells and the fluorescence cell 
images were collected for evaluating the fluorescence 
spectral properties at the single nanoparticle level. The 
ICG-Au complex was also injected into the mouse for 
live animal fluorescence tomography. Comparing with 
the free ICG–HSA conjugates, the ICG-Au complex dis-
played significantly improved properties for the live ani-
mal tomography uses [44–50].



Page 3 of 12Zhang and Lakowicz  Cell Biosci  (2018) 8:37 

Results
ICG–HSA conjugates
In this research, the NIR luminescent nanoparticle was 
developed using a strong NFF effect by binding the NIR 
ICG dyes on the surfaces of AuNRs within a near-field dis-
tance. Thus, the ICG dyes were first conjugated with the 
HSA molecules to form the ICG–HSA conjugates, and the 
conjugates were then covalently bound onto the surfaces 
of AuNRs. In the experiments, the ICG and HSA were 
codissolved in an aqueous solution with a molar ratio of 
ICG/HSA = 4/1. After the reaction, the free ICG dyes were 
removed from solution by a dialysis against water.

The fluorescence properties of ICG dyes before and 
after the conjugation were measured using ensemble 
spectroscopy. Upon excitation at 760 nm, the ICG–HSA 
conjugate was observed to exhibit an emission band cen-
tered at 819, 7 nm shifting to shorter in comparison with 
the free ICG dyes in aqueous solution (Fig. 1a). The emis-
sion band also became broader with the ICG conjugation, 
which may be due to the plasmons or the short emission 
wavelength of ICG.

Covalently binding ICG–HSA conjugates on AuNRs
The biological properties of nanoparticles, such as cell 
uptake and circulation time, are known to strongly rely 
on their surface properties [51, 52]. In this study, AuNRs 
were prepared with the protection of cetyltrimethylam-
monium bromide (CTAB) monolayers on the surfaces. 
To improve their bioactivity, the CTAB-monolayers on 
the AuNRs were replaced with the thiolate polyethylene 
glycol (PEG) monolayers via a surface substitution reac-
tion on the nanoparticle. The free small molecules were 
removed by a dialysis against water. Most CTAB mol-
ecules on the AuNR surfaces were supposed to replace 
by the PEG molecules. The change of monolayers on the 
AuNR surfaces could be reflected by the solubility change 
of AuNRs in aqueous solution prior to and after the reac-
tion. In addition, since these PEG molecules were bound 
on the AuNR surfaces via sulfur-metal bonds, much 
stronger than the CTAB molecules via electrostatic inter-
actions, the PEG-AuNRs should become more chemi-
cally stable in solution [51, 52].

To bind the ICG–HSA conjugates on the AuNRs, the 
PEG monolayers on the AuNRs were partially substi-
tuted by thiolate carboxyl-ligand of N-(2-mercapto-
propinyl)glycine ligands to create the reactive sites on 
the AuNR surfaces via surface exchange reaction [53, 
54]. Experimentally, the thiolate carboxyl-ligand was dis-
solved in solution with a molar ratio of carboxyl ligand/
AuNR = 100/1. After the substitution reaction, the 
unsubstituted ligands were removed by a dialysis against 
water.

The ICG–HSA conjugates were covalently bound 
on the AuNRs via the surface condensation of pri-
mary amino moieties in the ICG–HSA conjugates 
with the carboxyl moieties on AuNRs in the presence 
of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 
hydrochloride (EDC) as the condensation agent. The 
ICG–HSA conjugates were dissolved in excess amount 
in solution to avoid aggregation of nanoparticles 
through the crosslinking. The final AuNR product was 
recovered by a centrifugation and then purified by a 
dialysis against water.

Evaluation of ICG‑Au complex by microscope 
and ensemble spectroscopy
Tomography of AuNRs through the surface reactions 
was evaluated using a transmission electron micro-
scope (TEM). Representative images of AuNRs are 

Fig. 1 a Absorption spectra of AuNRs as CTAB-coated, PEG-coated, 
and ICG–HSA conjugate-bound in a 10 mM PBS buffer solution. b 
Ensemble emission spectra from the ICG dyes as free, conjugates in 
HSA, and complexes with AuNRs in a 10 mM PBS buffer solution
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shown in Fig. 2a, b prior to and after the surface reac-
tions on the AuNRs. These AuNRs were observed to 
have an average width of 10 nm and an average length 
of 40 nm and the aspect ratio was calculated to be ca. 
4.0. There was no significantly change on the tomog-
raphy with the three-step surface reactions on AuNRs, 
reflecting that the surface reactions on the AuNRs only 
altered the monolayer composition on their surfaces 
but not on their metal cores.

The plasmon absorption of metal nanoparticle is 
known to be sensitive to the composition of monolay-
ers on the surface [30, 31]. In this study, the absorp-
tion spectrum was used to measure the replacement of 
ligands on the AuNR surfaces. The AuNRs displayed a 
dual plasmons from the short (transverse) and long axis 
(longitudinal) at 504 and 802 nm, respectively (Fig. 1a). 
Following the monolayer reactions on the surfaces of 
nanoparticles, the two plasmons bands were found to 
remain, but the maxima were slightly shifted to longer 
at 511 and 807 nm (Fig. 1a), respectively.

Ensemble fluorescence spectra were also sensitive 
to the binding of ICG dyes on the metal nanoparticle 
surfaces. It was shown that the emission band of ICG-
Au complexes was centered at 814 nm (Fig.  1b), 5 nm 
shifting to shorter in comparison with the free ICG–
HSA conjugates. Fluorescence spectral shifts have been 
attractive to the wavelength dependent on the interac-
tion of metal nanoparticle and fluorophore [55–57].

Evaluation of ICG‑Au complex by single nanoparticle 
spectroscopy
In addition to the ensemble spectrum, NFF effect on 
the ICG-Au complexes could be evaluated using sin-
gle nanoparticle spectral measurement. To prepare the 
test samples, the ICG-Au complex was diluted to nM in 
aqueous solution and then cast a drop on a glass cover-
slip followed by drying in air. With a low concentration 
in solution before drying, the ICG-Au complexes were 
mostly existed as isolated particles on the coverslip. The 
single nanoparticle measurements were performed on a 

time-resolved confocal microscope. Upon excitation with 
a 640  nm laser, both the emission intensities and life-
times from the ICG-Au complexes (as shown in Fig. 3a) 
were collected at single nanoparticle level [54]. As con-
trol, the free ICG–HSA conjugates were also diluted in 
solution and cast on the coverslip. The emission signals 
were collected with the same conditions on the confocal 
microscope but with an excitation power of laser 10-fold 
stronger. The collected emission spots from the free con-
jugates were much dim as shown in Fig. 3b demonstrat-
ing lower emission intensities of free conjugates. For each 
sample, at least 50 emission spots were collected, and the 
histogram of the intensities and lifetimes were obtained 
by fitting with a Gaussian distribution curve (Fig. 4a for 
the intensity and b for the lifetime), and the maximum 
values of curves were obtained to represent the emission 
intensity and lifetime of sample, respectively.

The near-field interaction of an excited fluorophore 
with a metal nanoparticle may increase the radiative rate 
of fluorophore, and as a result, the lifetime of fluorophore 
can be decreased [25]. Hence, the lifetime can be used as 
an important parameter to evaluate the near-field inter-
action. Herein, the decays of excited ICG-Au complexes 
as well as ICG–HSA conjugates were recorded using the 
confocal microscope following by fitting with a Gauss-
ian distribution curve (Fig. 4b). The maximum values of 
lifetime of ICG dyes were obtained, showing a significant 
decrease of lifetime from 2.3  ns for the unbound ICG–
HSA conjugates to 0.4 ns for the ICG-Au complexes.

Fluorescence cellular imaging
To test the fluorescence properties of ICG-Au complexes 
for the cell imaging, the ICG-Au complexes were used as 
an imaging contrast agent to conjugate with HeLa cells. 
Briefly, HeLa cells were cultured on coverslips followed 
by fixing using 4% paraformaldehyde. The cell-fixed 
coverslip were incubated with the ICG-Au complex for 
30  min and then completely washed with PBS buffer. 
Fluorescence cell images were collected on the time-
resolved confocal microscope in both the intensity and 
lifetime. A representative image was presented in Fig. 3c. 
It was shown that the ICG-Au complexes were presented 
as individual spots on the cells distinctly observable from 
the cellular backgrounds either due to their strong inten-
sity and differentiated lifetime.

As control, the ICG–HSA conjugates were also conju-
gated with HeLa cells, and the cell images were recorded 
on the confocal microscopy with the same conditions 
(Fig. 3d). Comparing with the images of blank cells, the 
overall cell images became brighter, indicating that the 
ICG–HSA conjugates were indeed conjugated on the 
cells. But the emission signals from the single ICG–HSA Fig. 2 TEM images of (a) CTAB-AuNRs and (b) ICG-Au complexes
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conjugates could not be well resolved as individual spots 
from the cellular backgrounds of cell images, which was 
due to their low brightness as well as a lifetime close to 
the cellular background.

Cytotoxicity measurements
Cytotoxicity of free conjugate and ICG-Au complex 
were tested on live HeLa cell using calcein AM assay. 
The cell images at different time intervals were col-
lected on the time-resolved confocal microscope as 
shown in Fig.  5. An area with a large number of cells 
was selected for statistical analysis for the cell sur-
vival. The live cells could be identified as stained with 
calcein AM (green cell viability stain) as shown in the 
image A when there was in the absence of nanoparticle 
(294 cells) and in the image B when there was in the 
presence of 3 nM Au nanoparticles (207 cells) after the 
treatment time of 24  h. The number of cell with high 
autofluorescence was counted as 20 in the absence of 

nanoparticles (Fig. 5c) and as 13 in the presence of Au 
nanoparticles (Fig. 5d), showing that the rates of viable 
cells are 93.1 and 93.7%, respectively. The results in the 
presence of 0.3 and 3  nM as well as the control were 
listed in Fig. 6e reflecting that the presence of Au nano-
particles in the cell medium had only a slight influence 
to the cells survival. It also demonstrates that the Au 
nanoparticles have very low cytotoxicity.

Fluorescence small animal imaging
Six 5–6 weeks nude mice were selected to test the opti-
cal properties of novel LNP by small animal fluores-
cence imaging. The mice were randomly divided into 
two groups and each group had three mice. The mice 
were first euthanized under deep anesthesia following 
by injecting the ICG-Au complex below the skin sur-
face of mouse [16, 17]. As control, the ICG–HSA con-
jugate solution containing the same amount of ICG dye 
was also injected in the same mouse at a different site. 
Fluorescence small animal imaging was performed on a 

Fig. 3 Upper panels represent the emission imaging from (a) ICG-Au complexes and (b) ICG–HSA conjugates. Diagrams are 5 × 5 µm and 
resolutions are 100 × 100 pixels with an integration of 0.6 ms/pixel. Bottom panels represent fluorescence images from the cells conjugated with 
(c) ICG-Au complexes and (d) ICG–HSA conjugates. Diagrams are 50 × 50 µm and resolutions are 100 × 100 pixel with an integration of 0.6 ms/pixel. 
The samples were excited with a 640 nm laser. Note the different intensity scales. The images of a and c were collected with a laser power 10-fold 
less than the images of b and d 
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Xenogen IVIS-200 system and the representative images 
were shown in Fig. 6. An image from an untreated mouse 
was also presented as control. The emission spots from 
the injection sites by the ICG-Au complex and ICG–HSA 
conjugate were observed to be significantly different: the 
spot by the ICG-Au complex was ca. 5-fold brighter than 
the spot by the ICG–HSA conjugate. Since the two injec-
tion sites on the same mice were known to contain the 
same amounts of ICG dye, the difference on their bright-
ness should be due to their different emission intensities. 
In the other words, an enhanced fluorescence of NFF 
from the ICG-Au complex results in increased brightness 
of ICG dyes in the small animal imaging.

Discussion
In this study, a NIR LNP was designed and prepared on 
the basis of NFF effect. The ICG dyes were conjugated 
with the HSA molecules followed by covalently binding 

on the AuNRs [42, 43]. To achieve the ICG–HSA conju-
gates with the maximal brightness, the molar ratio of ICG 
over HSA in the conjugation was controlled to be 4/1 in 
the reaction. Too many ICG dyes on one HSA molecule 
would result in self-quenching among the fluorophores 
and too few dyes in one HSA molecule would result in a 
low brightness.

To improve the bioactivity of nanoparticles, the 
CTAB monolayers on the AuNRs were replaced by the 
PEG monolayers via surface substitution reaction [51, 
52]. Most of the CTAB molecules on the AuNRs were 
believed to replace by the PEG molecules, and supported 
by a change on the solubility of AuNRs in aqueous solu-
tion prior to and after the replacement. Prior to the 
replacement, the AuNRs were found to have a very good 
dispersion in water, whereas after the replacement, the 
AuNRs were readily stuck on the wall of glass tube, which 
was due to increased hydrophobicity of nanoparticle sur-
faces by the PEG monolayers. In addition, with stronger 
sulfur-metal covalent bonds of PEG with the AuNRs, the 
modified AuNRs were supposed to have an improved 
chemical stability in solution [51, 52].

To covalently bind the ICG–HSA conjugates on the 
AuNRs, the PEG monolayers on the AuNRs were par-
tially substituted by N-(2-mercapto-propinyl)glycine to 
create reactive sites on the nanoparticle surfaces. The 
ICG–HSA conjugates were then covalently bound on the 
AuNRs via a condensation reaction [53]. The binding of 
ICG–HSA conjugates on the AuNRs could be supported 
by a change of absorption and fluorescence spectra prior 
to and after reactions as described early. The binding 
number of ICG–HSA on each AuNR could be measured 
using a NaCN treatment method [53]. Typically, several 
drops of 0.1 N NaCN aqueous solution were added into 
0.5  nM ICG-Au complex solution. It was observed that 
the plasmon color of solution disappeared progressively 
with the time, showing that the metal nanoparticles were 
dissolved by NaCN. As a result, the ICG–HSA conju-
gates were released from the nanoparticles as free into 
the solution. The whole process could be monitored by 
the ensemble fluorescence spectrum expressing a dra-
matic decrease of emission intensity (Fig. 7) until satura-
tion. The ICG–HSA conjugates were released as free in 
the solution completely lost the NFF effect leading to a 
dramatic decrease on the emission intensity [31]. Using 
the saturated emission intensity, the concentration of 
ICG–HSA conjugates in the solution was measured to 
be 3 × 10−9  M. Since the amount of ICG–HSA was not 
significantly changed in solution prior to and after the 
NaCN treatment, according to a ratio of emission inten-
sity prior to the treatment over that after the treatment, 
the enhancement factor for the ICG dye on AuNR was 
calculated to be 16.3.
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To evaluate the NFF effect of NIR dyes on the AuNRs, 
20 and 50  nm gold nanospheres were prepared follow-
ing by covalently binding with the ICG–HSA conju-
gates via the same strategy. Using the NaCN treatment, 
the enhancement factor of ICG dyes on the 50 nm gold 
nanospheres was measured to be 2.3, much lower than 
that on the AuNRs, although a 50  nm gold nanosphere 
is almost 20-fold larger on the volume than a AuNR. The 
ICG dyes on a 20  nm gold nanosphere, which has an 
approximately identical volume to a AuNR, resulted in an 
insignificant NFF effect. The nanospheres did not display 
a plasmon band at the NIR region, and as a result, could 
not sufficiently couple with the excitation and emission 
of ICG dyes. In contrast, the AuNRs displayed a NIR lon-
gitudinal plasmon band leading to their sufficiently cou-
pling with the excitation and emission of ICG dyes, and 
thus, resulted in a strong NFF effect. This result indicates 
that the longitudinal plasmon band from a shaped metal 
nanoparticle is very important for its sufficient coupling 
with a NIR fluorophore and brings up a strong NFF in the 
NIR region.

The ICG-Au complexes were also evaluated at sin-
gle nanoparticle level on a time-resolved confocal 

microscope. The ICG-Au complexes were found to have 
an intensity 10.5-fold higher than the free ICG–HSA con-
jugates. Since the emission of ICG-Au complexes were 
collected upon excitation with a laser power of 10-fold 
lower than those of ICG–HSA conjugates, the ICG-Au 
complexes were calculated to be 105-fold brighter than 
the ICG–HSA conjugates. Considering that one AuNR 
was averagely bound with 6 ICG–HSA conjugates, the 
enhancement factor per ICG molecule was estimated to 
be 16.7, very close to the enhancement factor achieved 
on the ensemble spectra. This enhancement factor is 
also comparable with the value from some visible fluo-
rophores on the metal nanospheres [41], representing a 
sufficient NFF interaction of NIR fluorophores with the 
AuNRs.

Besides the emission intensity, the near-field effect of 
a fluorophore with a metal nanoparticle may result in a 
largely reduced lifetime [25]. In this study, the lifetimes 
were collected at single nanoparticle level on a confo-
cal microscope, and the histogram of lifetimes was fitted 
with a Gaussian distribution. A maximum was obtained 
at 0.4  ns (Fig.  4b), much shorter than the lifetime of 
unbound ICG–HSA conjugates at 2.3 ns, supporting an 

Fig. 5 The panel of cell images of live HeLa cells stained with calcein AM without (a) the Au nanoparticle and (b) in the presence of 3 nM of Au 
nanoparticles. The images of calcein stained cells (a) and (b) were acquired after 24 h of nanoparticle treatments upon excitation with a 443 laser 
diode and at bandpass filter 514/30 nm. The images of c and d represent the autofluorescence of cells without (a) the Au nanoparticle and (b) in 
the presence of 3 nM of Au nanoparticles after 24 h. The autofluorescence images of cells were collected upon an excitation at 640 nm and with a 
longpass filter of 655 nm. Cells with brighter autofluorescence in c and d are classified as dead. e represents rates of viable cells in the presence of 
0.3 and 3 nM in the cell medium as well as in the absence of Au nanoparticle as the control at time interval = 0.5, 2, 12, 24 h
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efficient near-field coupling of ICG molecules with the 
AuNRs. It was interesting to notice that the lifetime of 
ICG-Au complex was beyond the range of autofluores-
cence (2–5  ns) in the lifetime fluorescence cell images, 
which would beneficiate to isolate the emission signals 

of novel NIR nanoparticle fluorophores from the cellular 
backgrounds on the time-resolved images [44, 45].

Using as an imaging contrast agent, the ICG-Au com-
plexes were conjugated with HeLa cells for fluorescence 
cell imaging. Fluorescence cell images were recorded on 
the confocal microscope with both the intensity and life-
time. It was shown that the emissions signals from the 
ICG-Au complexes were distinctly isolated as individual 
spots from the cellular backgrounds (Fig. 3c). The inten-
sity ratio of signal/noise on the image was estimated to 
be approx. 63, much higher than the value from the most 
organic fluorophores or LNPs, which was due to high 
brightness of ICG-AuNRs [44, 45]. In addition, because 
of largely shortened lifetime, the emissions of ICG-
AuNRs could be better resolved from the cellular back-
grounds on the lifetime cell images.

As control, the HeLa cells were also incubated with 
the free ICG–HSA conjugates, and the cell images were 
recorded under the same conditions (Fig.  3d). It was 
shown that the overall cell images became brighter than 
the images of blank cells without the treatment support-
ing that the ICG–HSA conjugates had been conjugated 
with the cells. But the emissions from the ICG–HSA con-
jugates could not be resolved as individuals from the cel-
lular backgrounds, which was due to their low brightness 
as well as close lifetime relative to the cellular autofluo-
rescence at the backgrounds.

In this study, the LNPs were not functionalized with the 
specific bioactive molecules. Thus the ICG-Au complexes 
were supposed to randomly distribute through the cells 
(Fig.  3c). On the other hand, because of bulky sizes of 
ICG-Au complexes and relatively short incubation time, 
these LNPs were observed to mostly attach on the cell 
surfaces, which could be the result of short incubation 
time with the cells. Our other experiments (not shown 
herein) also demonstrated that the metal nanoparticles 
of this size can penetrate through the cell membrane and 
enter the cells. We will use these LNPs as indicators to 
detect the calcium channels and concentration gradients 
by the fluorescence cell imaging. Once the nanoparti-
cles are functionalized with the bioactive molecules and 
then enter the cells, they will become possible to label the 
target molecules with a higher efficiency because of the 
presence of multiple functional groups on their surfaces.

Cytotoxicity of ICG-Au complexes was tested on live 
HeLa cell using a calcein AM assay showing that the 
luminescent nanoparticles have only slight or even insig-
nificant cytotoxicity to the live HeLa cell. It is known that 
the cytotoxicity of metal nanoparticles strongly relies on 
the coating layers on the metal cores. For a relatively low 
cytotoxicity of metal nanoparticles in this study, it can 
be described by two possible factors. First, polyethylene 
glycol layers were coated on the Au cores via covalent 

Fig. 6 In-vivo fluorescence tomography images of mice using the 
ICG-Au complexes as contrast agent injected below the skin of mice. 
The images were collected on a Xenogen IVIS-200 small animal 
tomography system with a bandpass filter from 665 to 695 nm for 
the background, a filter from 710 to 760 on the excitation side, and 
a filter from 810 to 875 nm on the emission side. A 750 nm laser was 
used as the excitation source. Total photon flux (photons/s) was 
calculated and corrected for tissue depth by spectral imaging using 
Living Image 3.0 software (Xenogen). The left image (a) was collected 
on a control mice and the right image (b) was collected by injection 
with the ICG-Au complex, ICG–HSA conjugate, or a blank PBS buffer 
solution with the same volume on the same mice

Fig. 7 Emission spectral change of ICG-Au complex in 10 mM PBS 
buffer solution before and after a NaCN treatment
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bonds. These covalent bonds are much stronger than the 
statistic interactions that the nanoparticles are generally 
bound by leading to the current ICG-Au complexes are 
more chemically stable in the cell medium or animal bod-
ies. Second, the ICG dyes have low toxicity. Hence, the 
ICG-Au complexes can affect insignificantly or slightly 
the cells viability as observed in this study.

To test the imaging function, the ICG-Au complex 
was injected to the skin surface of mice for the fluores-
cence small animal imaging [16, 17]. It was shown that 
the emission spot from the injection site by the ICG-
Au complex was ca. 5-fold brighter than the site by the 
ICG–HSA conjugate. Since the two injection sites con-
tained the same amounts of ICG dye, the difference of 
the brightness of two spots over the mice image should 
be due to the different brightness between the ICG-Au 
complex and free ICG–HSA conjugate.

However, it was noticed that 5-fold increased fluores-
cence intensity of LNP over the free ICG–HSA conjugate 
on the mouse was smaller than the enhancement factor 
of 16-fold for the ICG dyes on the AuNRs. This value was 
also much less than the difference of brightness for the 
LNP over the free ICG–HSA conjugates in the fluores-
cence cellular imaging. It was probably due to a much 
stronger interference of autofluorescence background in 
the small animal imaging.

We are interested in developing novel NIR LNP and 
using it for determining the target molecules in both 
the cell and small animal. The immunohistochemistry of 
ICG-Au complex in the organs of mouse were not per-
formed in this study, and thus, the information on the 
toxicity of ICG-Au complex to the small animals is not 
available in this paper. But it is also noticed that the mice 
kept good health after 1 week of ICG-Au complex injec-
tion, indicating that the ICG-Au complexes have a rela-
tively low toxicity to these mouse [58, 59]. More research 
on this aspect will be conducted in our laboratory.

In this study, a superior bright NIR LNP was developed 
for determining the cell membrane specific targets in the 
cells and small animals. We are interested in the voltage-
gated calcium channels in the cell, tissue, and medium 
as well as in the small animals. The ICG-Au complex 
will be used as the fluorescence indicator to explore the 
change of calcium ion in the cells and furthermore the 
intracellular calcium concentrations or gradients at the 
cellular level as well as in the small animals. It is impor-
tant to use this LNP for single molecule detection at the 
cell level. But due to the strong backgrounds, the emis-
sion signals of single nanoparticles become very difficult 
to resolve on the small animal imaging. However, with 
largely enhanced fluorescence and shortened lifetime, the 
ICG-Au complexes can offer us a greater opportunity to 

insight the target calcium ions and their activities with a 
better resolution and a larger depth of tissue layer.

Because of instrumentation limitations, the small ani-
mal image could not be recorded in time-resolved model 
on the current imaging system. But we expect that with 
largely enhanced fluorescence and unique lifetime, the 
ICG-Au complex can provide us an opportunity to 
observe the target molecules and their activities with a 
better resolution and a larger depth of tissue layer in the 
time-resolved small animal imaging.

Conclusions
Due to a longitudinal plasmon at the NIR region, AuNRs 
were demonstrated to sufficiently couple with the exci-
tation/emission of NIR fluorophores leading to largely 
enhanced NFF effect. NFF could be well evaluated with 
both ensemble and single nanoparticle spectroscopy. 
Considering each AuNR was averagely bound by six 
ICG–HSA conjugates, a single ICG-Au complex was 
over 100-fold brighter than a single ICG–HSA conjugate. 
Strong near-field interactions could also result in short-
ened lifetime which is distinguished from the lifetime 
range of cellular autofluorescence in the fluorescence cell 
and small animal images. Because of its unique lifetime, 
the ICG-Au complex can provide us an opportunity to 
observe the target molecules and their activities with a 
better resolution and a larger depth of tissue layer in the 
time-resolved small animal imaging. The novel NIR nan-
oparticle fluorophores will be used as calcium indicators 
to efficiently determine voltage-sensitive fluorescence 
calcium signal in-vivo at single cellular level and in living 
small animals.

Methods
All chemical reagents and spectroscopic grade solvents 
were used as received from Fisher or Sigma/Aldrich. Car-
diogreen (indocyanine green, ICG) and human serum 
albumin (HSA) were available from Sigma/Aldrich. The 
gold nanorods (AuNRs) and gold nanospheres were 
purchased from Sigma/Aldrich. RC dialysis membrane 
(MWCO 4000) was obtained from Spectrum Labora-
tories, Inc. Nanopure water (> 18.0  MΩ  cm−1) purified 
on Millipore Milli-Q gradient system was used in all 
experiments.

Preparing ICG–HSA conjugates and binding conjugates 
on gold nanorods
Indocyanine green (ICG) was first conjugated in human 
serum albumin (HSA). The ICG and HSA were codis-
solved in 10 mM phosphate buffered saline (PBS buffer) 
solution at pH = 7.4. The molar ratio of ICG over HSA 
was 4/1 in solution. The solution was stirred at room 
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temperature for 24  h. Free ICG dyes in solution were 
removed by dialysis against 10 mM PBS buffer.

The ICG–HSA conjugates were covalently bound 
on the gold nanorods (AuNRs). Three-step chemi-
cal reaction on the AuNR surface was employed. First, 
the CTAB monolayers on the AuNRs were replaced by 
hexa(ethyleneglycol)mono-11-(acetylthio)undecyl ether, 
a polyethylene glycol (PEG) ligand. 5 × 10−11  M com-
mercially available AuNRs were dispersed in an aque-
ous solution containing 1 × 10−5 M hexa(ethyleneglycol)
mono-11-(acetylthio)undecyl ether. The solution was 
continuously stirred for 12  h, and the AuNRs were 
recovered by centrifugation. Second, the PEG mon-
olayers on the AuNRs were partially substituted with 
N-(2-mercapto-propinyl)glycine via surface substitution 
reaction.  5 × 10−11 M PEG-AuNRs were dispersed in 
an aqueous solution containing 5 × 10−9  M N-(2-mer-
capto-propinyl)glycine. The solution was continuously 
stirred for 24 h. The AuNRs were recovered by configu-
ration. Finally, the ICG–HSA conjugates were covalently 
bound on the AuNRs via N-hydroxysuccinimide (NHS) 
condensation reaction.  5 × 10−11 M PEG-AuNRs were 
dispersed in 10 mM PBS buffer solution at pH 8.2 con-
taining 5 × 10−9 M ICG–HSA conjugates. Subsequently, 
1 × 10−6 M  N-hydroxy-succinimide (NHS) and 1 × 10−6 
M 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 
hydrochloride (EDC) were added in solution. The solu-
tion was stirred for 12  h. The final AuNR product was 
recovered by configuration and dispersed in 10 mM PBS 
buffer at pH 7.4.

Nanoparticle characterization
Transmission electron microscopy (TEM) images were 
taken with a side-entry Philips electron microscope at 
120  keV. The AuNRs were diluted to nanomolar con-
centrations followed by casting onto the copper grids 
(200  mesh) with standard carbon-coated Formvar films 
(200–300 Å). The samples were dried in air for the TEM 
measurements. The distributions of nanoparticle sizes 
were analyzed with Scion Image Beta Release 2.

Absorption spectra were recorded on a Hewlett Pack-
ard 8453 spectrophotometer. Ensemble fluorescence 
spectra were recorded on a Cary Eclipse Fluorescence 
Spectrophotometer.

Fluorescence imaging measurements were conducted 
on a time-resolved scanning confocal microscope (Micro-
Time 200, PicoQuant) which consists of an inverted 
confocal microscope coupled to a high-sensitivity detec-
tion setup. A single mode pulsed laser diode (470  nm, 
100  ps, 40  MHz) was used as the excitation source. An 
oil immersion objective (Olympus, 100×, 1.3 NA) was 
used to focus the laser beam on the sample and to collect 
the emission. The emission passed through a dichroic 

mirror, focused onto a 75-µm pinhole for a spatial filter-
ing, and recorded on a single photon avalanche diode 
(SPAD) (SPCM-AQR-14, Perkin-Elmer Inc.). A longpass 
filter over 750 nm was used to eliminate the residual exci-
tation signals. The data were collected with a TimeHarp 
200 board and stored in time-tagged time-resolved mode 
(TTTR).

Conjugation of ICG‑Au complexes with cells and their 
cytotoxicity
ICG-Au complexes were conjugated on HeLa cells for 
fluorescence cell imaging. The HeLa cells were dispersed 
in Dulbecco’s modified Eagle’s medium (DMEM), sup-
plemented with 10% fetal bovine serum (FBS), and sub-
sequently grown on a 6-well glass coverslip incubated at 
37 °C/5%  CO2/95% humidity for 48 h. The cells were then 
fixed with 4% paraformaldehyde in 10 mM PBS buffer at 
pH 7.4 for 30  min at 4  °C. The fixed cells were washed 
twice with 10 mM PBS buffer followed by incubating with 
0.5  nM ICG-Au in 10  mM PBS buffer for 30  min. The 
samples were rinsed with 10  mM PBS-Mg buffer, dried 
in air, and stored at 4 °C. The imaging of LNP conjugated-
cell samples were performed on the time-resolved confo-
cal microscope.

Cytotoxicity was tested on live HeLa cell using calcein 
AM assay. Briefly, the HeLa cells were grown in a 6-well 
glass coverslips for 48  h as described. The cells were 
washed twice with 10 mM PBS buffer followed by adding 
1  μM Calcein AM solution. 0.3 and 3  nM Au nanopar-
ticle solution was added and the cells were continuously 
cultured in the incubator. The images of live HeLa cells 
stained with calcein AM were acquired on the confocal 
microscope at different time intervals with a bandpass 
filter of 514/30 nm using a 443 nm laser diode as excita-
tion source. The images of dead cells were identified by 
their stronger autofluorescence on other channel with a 
longpass filter of 655/20 nm using a 640 nm laser diode 
as excitation source. The cell images were counted at sin-
gle cell level and analyzed for the cell viability.

Small animal tomography measurements
The ICG-Au complexes were tested as imaging contrast 
agents for fluorescence small animal imaging. Typically, 
5–6 weeks nude mice were first euthanized under deep 
anesthesia. Removing the hair on the belly, the mice was 
injected by 0.1 mL of 10 mM PBS buffer solution con-
taining 0.5 nM ICG-Au complexes below the surface of 
the mice skin. Subsequently, the same volumes of ICG- 
HSA conjugate (concentration = 3  nM) in 10  mM PBS 
buffer solution and blank in 10 mM PBS buffer solution 
were also respectively injected at different sites of same 
mice. Fluorescence small animal imaging were per-
formed on a Xenogen IVIS-200 system with a bandpass 
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filter of 665–695 nm for the background, a bandpass fil-
ter of 710–760 on the excitation side, and a bandpass 
filter of 810–875  nm on the emission side. A 150  W 
laser at 750 nm was used as the excitation source. Total 
photon flux (photons/s) over the measurement was cal-
culated and corrected for tissue depth by the spectral 
imaging using Living Image  3.0 software (Xenogen). 
Small animal imaging measurements were conducted 
under approved IRB protocol from University of Mary-
land School of Medicine.

Abbreviations
NFF: near-field fluorescence; NIR: near-infrared; ICG: indocyanine green; AuNR: 
gold nanorod; LNP: luminescent nanoparticle; CTAB: cetyltrimethylammo-
nium bromide; HSA: human serum albumin; PEG: polyethylene glycol; TEM: 
transmission electron microscope; EDC: 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride.

Authors’ contributions
JZ designed and performed the experiments, made the data analysis and 
written the manuscript. JRL provided scientific advice on the experiments 
and data analysis and revised the final manuscript. Both authors read and 
approved the final manuscript.

Author details
1 Department of Biochemistry and Molecular Biology, Center for Fluorescence 
Spectroscopy, University of Maryland School of Medicine, 725 West Lombard 
Street, Baltimore, MD 21201, USA. 2 Present Address: Vigene Biosciences Inc., 
9430 Key W. Ave Suite 105, Rockville, MD 20850, USA. 

Acknowledgements
The authors appreciate strong supports from Dr. Xuedong Xu (University of 
Maryland School of Medicine) on the small animal experiments.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
Data sharing not applicable to this article as no datasets were generated or 
analyzed during the current study.

Consent for publication
The content of the manuscript has been approved by all the authors.

Ethics approval and consent to participate
All the animal experimental protocols were approved by the Institutional Eth-
ics Committee and were conducted in accordance with the Ethical Guidelines 
for the Animal Experiments of University of Maryland School of Medicine 
(UMSOM).

Funding
The authors would like to thank support by Grants from NIH (CA134386, 
GM125976, and OD19975).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 8 January 2018   Accepted: 21 May 2018

References
 1. Verkhratsky A, Parpura V. Calcium signalling and calcium channels: evolu-

tion and general principles. Eur J Pharmacol. 2014;739:1–3.
 2. Bravo-Sagua R, Parra V, Lopez-Crisosto C, Dia P, Quest AF, Lavandero 

S. Calcium transport and signaling in Mitochondria. Compr Physiol. 
2017;7:623–34.

 3. Bruni GN, Weekley RA, Dodd BJ, Kralj JM. Voltage-gated calcium flux 
mediates Escherichia coli mechanosensation. Proc Natl Acad Sci. 
2017;114:9445–50.

 4. Dolphin AC. Voltage-gated calcium channels and their auxiliary subu-
nits: physiology and pathophysiology and pharmacology. J Physiol. 
2016;594:5369–90.

 5. Burke RC, Bardet SM, Carr L, Romanenko S, Arnaud-Cormos D, Leveque 
P, O’Connor RP. Nanosecond pulsed electric fields depolarize transmem-
brane potential via voltage-gated  K+,  Ca2+ and TRPM8 channels in U87 
glioblastoma cells. BBA Biomembr. 2017;1859:2040–50.

 6. Cheli VT, González DS, Spreuer V, Paez PM. Voltage-gated  Ca2+ entry 
promotes oligodendrocyte progenitor cell maturation and myelination 
in vitro. Exp Neurol. 2015;265:69–83.

 7. Lang P, Yeow K, Nichols A, Scheer A. Cellular imaging in drug discovery. 
Nat Rev Drug Discov. 2006;5:343–57.

 8. Golovina VA. Visualization of localized store—perated calcium entry 
in mouse astrocytes. Close proximity to the endoplasmic reticulum. J 
Physiol. 2005;564:737–49.

 9. Looger LL, Griesbeck O. Genetically encoded neural activity indicators. 
Curr Opin Neurobiol. 2012;22:18–23.

 10. Tian L, Hires SA, Looger LL. Imaging neuronal activity with 
genetically encoded calcium indicators. Cold Spring Harb Protoc. 
2012;2012(6):pdb-top069609.

 11. Ntziachristos V, Tung C-H, Bremer C, Weissleder R. Fluorescence molecular 
tomography resolves protease activity in vivo. Nat Med. 2002;8:757–61.

 12. Ntziachristos V. Fluorescence molecular imaging. Ann Rev Biomed Eng. 
2006;8:1–33.

 13. Leblonda F, Davisa SC, Valdésa PA, Pogue BW. Pre-clinical whole-body 
fluorescence imaging: review of instruments, methods and applications. J 
Photochem Photobiol B. 2010;98:77–94.

 14. Pawley JB, Masters BR. Handbook of biological confocal microscopy. J 
Biomed Opt. 2008;13:029902.

 15. Svoboda K, Yasuda Y. Principles of two-photon excitation microscopy and 
its applications to neuroscience. Neuron. 2006;50:823–39.

 16. Hielscher AH. Optical tomographic imaging of small animals. Curr Opin 
Biotechnol. 2005;16:79–88.

 17. Joshi A, Bangerth W, Sevick-Muraca E. Adaptive finite element based 
tomography for fluorescence optical imaging in tissue. Opt Express. 
2004;12:5402–17.

 18. Sameiro M, Gonçalves T. Fluorescent labeling of biomolecules with 
organic probes. Chem Rev. 2009;109:190–212.

 19. Tsien RY, Ernst L, Waggoner A. Fluorophores for confocal microscopy: 
photophysics and photochemistry. In: Pawley JB, editor. Handbook of 
biological confocal microscopy. 3rd ed. New York: Springer Science and 
Business Media; 2006.

 20. Luo S, Zhang E, Su Y, Cheng T, Shi C. A review of NIR dyes in cancer target-
ing and imaging. Biomaterials. 2011;32:7127–38.

 21. Mishra A, Behera RK, Behera PK, Mishra BK, Behera GB. Cyanines during 
the 1990s: a review. Chem Rev. 1990;20000(100):1973–2012.

 22. Lakowicz JR. Principles of fluorescence spectroscopy. 3rd ed. New York: 
Kluwer Academic/Plenum Published; 2006.

 23. Lakowicz JR. Radiative decay engineering 5: metal-enhanced fluores-
cence and plasmon emission. Anal Biochem. 2005;337:171–94.

 24. Maier SA, Atwater HA. Plasmonics: localization and guiding of elec-
tromagnetic energy in metal/dielectric structures. J Appl Phys. 
2005;98:011101.

 25. Halas NJ, Lal S, Chang W-S, Link S, Nordlander P. Plasmons in strongly 
coupled metallic nanostructures. Chem Rev. 2011;111:3913–61.

 26. Watanabe K, Menzel D, Nilius N, Freund H-J. Photochemistry on metal 
nanoparticles. Chem Rev. 2006;106:4301–20.

 27. Schwartzberg AM, Zhang JZ. Novel optical properties and emerging 
applications of metal nanostructures. J Phys Chem C. 2008;112:10323–37.

 28. Lakowicz JR. Radiative decay engineering: biophysical and biomedical 
applications. Anal Biochem. 2001;298:1–24.



Page 12 of 12Zhang and Lakowicz  Cell Biosci  (2018) 8:37 

 29. Ghosh SK, Pal T. Interparticle coupling effect on the surface plasmon 
resonance of gold nanoparticles: from theory to applications. Chem Rev. 
2007;107:4797–862.

 30. Rycenga M, Cobley CM, Zeng J, Li W, Moran CH, Zhang Q, Qin D, Xia 
Y. Controlling the synthesis and assembly of silver nanostructures for 
plasmonic applications. Chem Rev. 2011;111:3669–712.

 31. Hu M, Chen J, Li Z-Y, Au L, Hartland GV, Li X, Marquez M, Xia Y. Gold 
nanostructures: engineering their plasmonic properties for biomedical 
applications. Chem Soc Rev. 2006;35:1084–94.

 32. Bardhan R, Lal S, Joshi A, Halas NJ. Theranostic nanoshells: from 
probe design to imaging and treatment of cancer. Acc Chem Res. 
2011;44:936–46.

 33. Jain PK, Lee KS, El-Sayed IH, El-Sayed MA. Calculated absorption and 
scattering properties of gold nanoparticles of different size, shape, and 
composition: applications in biological imaging and biomedicine. J Phys 
Chem B. 2006;110:7238–48.

 34. Fu Y, Zhang J, Lakowicz JR. Plasmon-enhanced fluorescence from 
single fluorophores end-linked to gold nanorods. J Am Chem Soc. 
2010;132:5540–1.

 35. Link S, Mohamed MB, El-Sayed MA. Simulation of the optical absorption 
spectra of gold nanorods as a function of their aspect ratio and the effect 
of the medium dielectric constant. J Phys Chem B. 1999;103:3073–7.

 36. Jain PK, Eustis S, El-Sayed MA. Plasmon coupling in nanorod assemblies: 
optical absorption, discrete dipole approximation simulation, and 
excitation-coupling model. J Phys Chem B. 2006;110:18243–53.

 37. Jana NR, Gearheart L, Murphy CJ. Wet chemical synthesis of high aspect 
ratio cylindrical gold nanorods. J Phys Chem B. 2001;105:4065–7.

 38. Nikoobakht B, El-Sayed MA. Preparation and growth mechanism of gold 
nanorods (NRs) using seed-mediated growth method. Chem Mater. 
2003;15:1957–62.

 39. Landsman ML, Kwant G, Mook GA, Zijlstra WG. Light-absorbing proper-
ties, stability, and spectral stabilization of indocyanine green. J Appl 
Physiol. 1976;40:575–83.

 40. Marshall MV, Rasmussen JC, Tan IC, Aldrich MB, Adams KE, Wang X, Fife 
CE, Maus EA, Smith LA, Sevick-Muraca EM. Near-infrared fluorescence 
imaging in humans with indocyanine green: a review and update. Open 
Surg Oncol J. 2010;2:12–25.

 41. Treger JS, Priest MF, Iezzi R, Bezanilla F. Indocyanine green is a voltage-
sensitive fluorescent dye. Biophys J. 2014;106:793a.

 42. Zhang J, Fu Y, Liang D, Zhao RY, Lakowicz JR. Fluorescent avidin-bound 
silver particle: a strategy for single target molecule detection on a cell 
membrane. Anal Chem. 2009;81:883–9.

 43. Lim YT, Noh YW, Han JH, Cai QY, Yoon KH, Chung BH. Biocompatible 
polymer-nanoparticle-based bimodal imaging contrast agents for the 
labeling and tracking of dendritic cells. Small. 2008;4:1640–5.

 44. Altinoğlu EI, Russin TJ, Kaiser JM, Barth BM, Eklund PC, Kester M, Adair 
JH. Near-infrared emitting fluorophore-doped calcium phosphate 

nanoparticles for in vivo imaging of human breast cancer. ACS Nano. 
2008;2:2075–84.

 45. Geddes CD, Cao H, Gryczynski I, Gryczynski Z, Fang J, Lakowicz JR. Metal-
enhanced fluorescence (MEF) due to silver colloids on a planar surface: 
potential applications of indocyanine green to in vivo imaging. J Phys 
Chem A. 2003;107:3443–9.

 46. Berezin MY, Achilefu S. Fluorescence lifetime measurements and biologi-
cal imaging. Chem Rev. 2010;110:2641–84.

 47. Graves EE, Ripoll J, Weissleder R, Ntziachristos VA. Submillimeter resolu-
tion fluorescence molecular imaging system for small animal imaging. 
Med Phys. 2003;30:901–11.

 48. Michalet X, Pinaud FF, Bentolila LA, Tsay JM, Doose S, Li JJ, Sundaresan G, 
Wu AM, Gambhir SS, Weiss S. Quantum dots for live cells, in vivo imaging, 
and diagnostics. Science. 2000;307:538–44.

 49. Weissleder R. Scaling down imaging: molecular mapping of cancer in 
mice. Nat Rev Cancer. 2002;2:11–8.

 50. Allémann E, Brasseur N, Benrezzak O, Rousseau J, Kudrevich SV, Boyle RW, 
Leroux JC, Gurny R, Van Lier JE. PEG-coated poly(lactic acid) nanoparticles 
for the delivery of hexadecafluoro zinc phthalocyanine to EMT-6 mouse 
mammary tumours. J Pharm Pharmacol. 1995;47:382–7.

 51. Murphy CJ, Gole AM, Stone JW, Sisco PN, Alkilany AM, Goldsmith EC, Bax-
ter SC. Gold nanoparticles in biology: beyond toxicity to cellular imaging. 
Acc Chem Res. 2008;41:1721–30.

 52. Rosi NL, Mirkin CA. Nanostructures in biodiagnostics. Chem Rev. 
2005;105:1547–62.

 53. Zhang J, Fu Y, Li G, Nowaczyk K, Zhao RY, Lakowicz JR. Direct observation 
to chemokine receptor 5 on T-lymphocyte cell surface using fluorescent 
metal nanoprobes. Biochem Biophys Res Commun. 2010;400:111–6.

 54. Zhang J, Fu Y, Li G, Zhao RY, Lakowicz JR. Direct observation of chemokine 
receptors on T-lymphocyte cell surfaces using fluorescent metal nano-
probes 2: approximation of CCR5 populations. Biochem Biophys Res 
Commun. 2011;407:63–7.

 55. Li J, Krasavin AV, Webster L, Segovia P, Zayats AV, Richards D. Spectral 
variation of fluorescence lifetime near single metal nanoparticles. Sci Rep. 
2016;6:21349.

 56. Vesseur EJR, Polman A. Controlled spontaneous emission in plasmonic 
whispering gallery antennas. Appl Phys Lett. 2011;99:231112.

 57. Vecchi G, Giannini V, Gómez Rivas J. Shaping the fluorescent emission by 
lattice resonances in plasmonic crystals of nanoantennas. Phys Rev Lett. 
2009;102:146807.

 58. Lewinski N, Colvin V, Drezek R. Cytotoxicity of nanoparticles. Small. 
2008;4:26–49.

 59. Monteiro-Riviere NA, Inman AO, Zhang LW. Limitations and relative utility 
of screening assays to assess engineered nanoparticle toxicity in a human 
cell line. Toxicol Appl Pharmacol. 2009;234:222–35.




