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1. Introduction

In recent years there has been a dramatic growth in
the use of nanoparticles (NPs) in diverse research di-
rections and applications [1, 2]. NPs serve in several
biotechnological and biomedical fields, such as ima-
ging [3–9], drug delivery [4, 10], and novel nanode-
vices [11–14].

The conjugation of fluorescent molecules and
NPs is appealing due to their many advantages over

fluorescent dyes alone; these nanocomposites have
the capability to enhance, quench or re-activate the
fluorescent emission [6, 15–17], and to create modifi-
cations in fluorescence parameters [6, 18]. In addi-
tion, surface modification enables conjugation of dif-
ferent molecules to a single NP for specific targeting
[19], increasing cell uptake and biological barrier pe-
netration [20, 21].

Nanocomposites as multifunctional agents are
capable of combing imaging and cell biology tech-
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Nanocomposites as multifunctional agents are capable of
combing imaging and cell biology technologies. The con-
ventional methods used for validation of the conjugation
process of nanoparticles (NPs) to fluorescent molecules
such as spectroscopy analysis and surface potential meas-
urements, are not sufficient. In this paper we present a
new and highly sensitive procedure that uses the combina-
tion of (1) fluorescence spectrum, (2) fluorescence life-
time, and (3) steady state fluorescence polarization meas-
urements. We characterize and analyze gold NPs with
Lucifer yellow (LY) surface coating as a model. We de-
monstrate the ability to differentiate between LY-GNP
(the conjugated complex) and a mixture of coated NP and
free dyes. We suggest the approach for neuroscience ap-
plications where LY is used for detecting and labeling
cells, studying morphology and intracellular communica-
tions.

Histograms of Fluorescence lifetime imaging (FLIM) of
free LY dye (Left) in comparison to the conjugated dye
to gold nanoparticles, LY-GNP (Middle) enable the dif-
ferentiation between LY-GNP (the conjugated complex)
and a mixture of coated NP and free dyes (Right).

J. Biophotonics 8, No. 11–12, 944–951 (2015) /DOI 10.1002/jbio.201400136

© 2015 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



nologies. Developing such agents is beneficial for
multidisciplinal challenges, for example, in the field
of neuroscience for neuropathological diseases,
neural regeneration and brain machine interfaces
[12, 22, 23]. However, the conventional methods
used for validation of the conjugation process (be-
tween the NPs and the fluorescent molecule) are not
sufficient. Current measurements of surface conjuga-
tion are based on spectroscopy analysis, combined
with other analytical methods such as size and sur-
face potential measurements. We argue that the con-
jugation process is better evaluated with a fluores-
cent based approach.

In this paper we present a new and highly sensi-
tive approach for assessing surface conjugation of
NPs with dye probes. We propose to use the combi-
nation of procedures including the use of (1) fluores-
cence spectrum, (2) fluorescence lifetime (FLT) and
(3) steady state fluorescence polarization (FP) meas-
urements [24]. Using these methods together pro-
vide complementary information on the material
characterization and environment [18, 24]. We intro-
duce gold NPs (GNPs) coated with Lucifer yellow
(LY) fluorophores as a model for evaluations. GNPs
are commonly used agents for a wide range of appli-
cations for their simplified synthesis, ease to cova-
lently attach suitable functional organic molecules,
stable product, and lack of toxicity [1, 19, 25, 26].
LY is a non-toxic fluorescent dye, widely used in
neuroscience for detecting and labeling neurons, for
the study of morphology and intracellular communi-
cations, both in vitro and in vivo [27]. The goal of
this study is to demonstrate the new fluorescence-
based approach as a clear-cut method to determine
surface coating and quality of conjugation.

The GNPs were synthesized and their surface
was absorbed with PEG to create a protective layer.
About 10% of the PEGs were covalently linked to
the LY dye. Then, the conjugation to the LY dye
was analyzed using FP and FLT imaging (FLIM), in
competition to traditional spectrum analysis methods
commonly used by manufactures as a quality control
for conjugated fluorophores. The fluorescence-based
methods demonstrated a better ability to differen-
tiate between coated and uncoated GNPs. Thus, we
propose new highly sensitive fluorescence-based pro-
cedures for assessing surface conjugation of NPs
with dye probes, providing a useful tool for incor-
porating functional nanocomposites in cells.

2. Materials and methods

2.1 Preparation of particles

Synthesis: 20 nm GNPs were prepared using Sodium
Citrate, according to the methodology described by

Enüstün and Turkevich [28]. Briefly, 0.414 mL of
1.4 M HAuCl4 solution in 200 mL water was added
to a 250 mL single-neck round bottom flask and stir-
red in an oil bath on a hot plate until boiled.
4.04 mL of a 10% sodium citrate solution (0.39 M
sodium citrate tribasic dihydrate 98%, Sigma cas
6132-04-3) was then quickly added. The solution was
stirred for 5 min, and then the flask was removed
from the hot oil and placed aside until cooled. A
small amount of the GNP solution was low speed
centrifuged to dispose of excess citrate. This sub-pro-
duct was termed free GNP.

Conjugation: The surface of the GNPs was absorbed
with PEG as a protective layer in order to reduce
nonspecific interactions and prevent aggregations.
The PEG layer consisted of a mixture of mPEG-SH
(thiol-polyethylene-glycol) (~90%, MW ~5000 gr/
mol) and a SH-PEG-COOH (heterofunctionalthiol-
PEG-acid) (~10%, MW ~5000 gr/mol) (Creative
PEGWorks, Winston Salem, NC). The SH-PEG-
COOH layer (about 10% of the PEGs) also pro-
vided the chemical groups required for fluorophore
conjugation (–COOH). First, the solution was centri-
fuged to dispose of excess citrate. PEG solution was
then added to the GNP solution and stirred over-
night. This sub-product was termed PEG-GNP.
Next, excess EDC (N-ethyl-N -(3-dimethylaminopro-
pyl) carbodiimide) (MW 191.7 gr/mol) and NHS (N-
hydroxysuccinimide) (MW 217.13 gr/mol) (Thermo
Fisher Scientific, Inc, Rockford, IL) were added to
the solution, followed by addition of LY fluorophore
molecule (Lucifer yellow CH, lithium salt, MW
457.24 gr/mol, Molecular Probes). NHS and EDC -
form an active ester intermediate with the –COOH
functional groups, which can then undergo an ami-
dation reaction with the LY –NH2 group. The solu-
tion was stirred overnight. This sub-product contain-
ing the LY conjugated GNPs and the free LY was
termed ‘FreeLY-GNP-LY-Mix’. Finally, the solution
was placed in a centrifuge in order to dispose the ex-
cess of PEG, NHS, EDC and free LY molecules.
This sub-product containing the conjugated LY-
GNPs was termed LY-GNP. Illustration of the pro-
cedure is shown in Figure 1.

Four sub-products of NPs in the synthesis and
conjugation process were compared (Figure 1c): (1)
GNPs after synthesis and low speed centrifuged
(termed ‘free GNP’), (2) GNPs with PEG absorbed
after high speed centrifuged (termed ‘PEG-GNP’),
(3) GNPs with PEG and LY coating in a solution
excessed with free LY molecules, before centrifuged
(termed ‘FreeLY-GNP-LY-Mix’ or ‘Mix’ for short),
and (4) a solution containing only GNPs with PEG
and LY coating after centrifuged without free LY
(termed ‘LY-GNP’). In addition, these NPs were
compared to (5) free LY dye. All samples are in
water based solutions.
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2.2 Particle measurements

The GNPs were characterized with various methods.
Particle size and uniformity were characterized using
DLS (Dynamic Light Scattering) for hydrodynamic
diameter measurements (ZetaSizer nano ZS, Mal-
vern Instruments, UK). Particle surface coating was
analyzed using zeta potential (ZetaSizer nano ZS,
Malvern Instruments, UK), and spectrophotometer.
In addition, the fluorescence dye conjugation was
characterized using measurements for excitation
spectra, FP and FLIM.

Spectra analysis used ultraviolet-visible spectro-
scopy (Carry 100 scan, Agilent Technologies, USA,
and UV-1650PC, SHIMADZU, Japan) for absorp-
tion, and fluorescence spectrophotometer (Carry
eclipse, Agilent Technologies, USA) for excitation.
Technical parameters for emission measurements:
excitation wavelength 430 nm, excitation slit 5 nm,
emission slit 10 nm (5 nm for free LY), PMT voltage
800 mV, and scan rate 30 nm/min. Spectral resolu-
tion was ~2 nm.

FP measurements (Carry eclipse, Agilent Tech-
nologies, USA) were performed with an excitation
wavelength of 430 nm, and 3 repetitions of emission
wavelength at 540, 550, and 560 nm, without any sig-
nificant changes between them. Only data intensity
>20 units (arbitrary units- AU) was taken to analy-
sis. Technical parameters for FP measurements: exci-
tation slit of 5 nm, emission slit of 10 nm (5 nm for
free LY), PMT voltage 1000 mV (700 mV for free
LY), and scan rate 30 nm/min.

The FP experiment is commonly based on the
following procedure: monochromatic light passes
through a vertical polarizing filter and excites fluo-
rescent molecules in the sample tube. Molecules
with the identical vertical polarized plane as the fil-
ter can absorb the light, become excited, and sub-
sequently emit light. The emitted light is measured

in both the horizontal and the vertical planes [29–
31]. FP is measured as:

P ¼ Ijj �GIþ
Ijj þGIþ

ð1Þ

where P is the polarization ratio, and I|| and I+ are
the parallel and perpendicular fluorescence intensity
(FI) to the exciting light, respectively. G is an instru-
ment and wavelength dependent correction factor to
compensate for the polarization bias of the detection
system.

FLIM experiments used a DCS-120 Confocal
Scanning FLIM System based on TCSPC module
(SPC-150, Becker & Hickl, Berlin, Germany) that
works in reversed start-stop configuration, and an
OLYMPUS IX-81 microscope with a 10x, NA = 0.4
objective [32]. The excitation source was a 470 nm
Laser diode (Becker & Hickl, BDL-470-SMC) with
a repetition frequency of 50 MHz and 5 mWatt
power. The data analysis software (SPCImage,
Becker & Hickl GmbH) allowed curve fitting of the
acquired data on a pixel-by-pixel basis using a
weighted least-squares numerical approach, and esti-
mated the instrument response function (IRF) from
the fluorescence signal itself [33].

The FLIM data can be considered as an array of
pixels, each containing a large number of time chan-
nels spread over the fluorescence decay. To obtain a
‘FLT image’ from this data, a fit procedure was per-
formed in all the pixels of the image. For FLT meas-
urements of fluorophores molecules conjugated to
GNPs, a double exponential model was chosen:

f ðtÞ ¼ a1 e�t=τ1 þ a2 e�t=τ2 ð2Þ

where f(t) is the fluorescence decay function, a1 and
a2 are the amplitudes, and τ1 and τ2 are the FLT of
the exponentials components, respectively. In our re-

Figure 1 (A) Schematic represen-
tation of the GNP core (orange)
with PEG covering (blue curves)
and LY fluorophore (red). (B) The
molecular structure of Lucifer
yellow CH, Li+ salt [27]. (C) The
5 NPs compared in the study are
successive steps in the synthesis of
LY-GNP. Mix stands for FreeLY-
GNP-LY-Mix sample.
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search τ1 is chosen to be fixed to the value of FLT
of the free fluorophore, as measured and fitted by
using a single exponential model for FLT decay (see
Fluorescence lifetime method in the results section).
τ2 is the unconstrained FLT component, represent-
ing the effect of the conjugation on the FLT, indicat-
ing the level of conjugation.

3. Results and discussion

We examined the binding of LY dye to GNPs with
traditional methods for characterization of changes
in size, surface potential and absorption spectra. We
compared the traditional methods to the new fluo-
rescence-based methods for characterizing changes
in emission spectra, steady state FP and FLT. The
GNPs, PEG-GNPs and LY-GNPs were character-
ized after each coating step.

3.1 Basic NPs characterization

Zeta potential values for the successive steps of the
synthesis of LY-GNP are shown in Table 1. While

free GNPs had zeta potential of –43.3 ± 2.9 mV, the
other NPs had zeta potential of –29.7 ± 3.1, –27.0 ±
2.2 and –31.7 ± 0.5 mV for PEG-GNPs, LY-GNPs
and NPs in FreeLY-GNP-LY-Mix respectively. For
DLS measurements, Free GNP and PEG-GNP had
hydrodynamic diameters of 26 ± 0.6 and 46 ± 1.5 nm
respectively. LY-GNP and NPs in FreeLY-GNP-LY-
Mix had higher hydrodynamic diameters (67 ±
1.4 nm and 64 ± 3 nm respectively). Both zeta poten-
tial and DLS measurements enable the differentia-
tion between the free GNPs and the PEG coated
GNPs. Additional coatings have not led to conclu-
sive outcome. These results highlight the difficulty in
using these methods for differentiation between the
sub-products of NPs conjugated to molecules along
the synthesis.

Steady-state absorption spectra (Figure 2A) ex-
hibited broad bands. The LY-free was well distin-
guished with maximum at 429 nm (Table 2), which is
in agreement with literature values for H2O solvent
[34]. The GNPs spectra were more adjacent, and
displayed that the free GNP and PEG-GNP were
approximately undistinguishable with maxima at
523 nm and 524 nm respectively, and the LY-GNP
and NPs in FreeLY-GNP-LY-Mix were more sepa-
rated and broader with maxima at 527 nm for both.
The red shift and broadening of the spectra are well
known phenomena resulted when organic layer coat-
ing increases energy absorption from irradiated light.
Meaning, the red shift phenomenon is not due to
molecular changes in the LY characteristics but due
to the conjugation to the GNP. These results are in
agreement with the zeta potential finding and the in-
crease size of the NPs from the DLS measurements.

Steady-state fluorescence spectra (Figure 2B) de-
monstrated excited dynamic only for free LY, LY-

Table 1 Zeta-potential and DLS for different GNPs.
Each value represents mean ± STD (n = 3).

Characteristic
parameter

Zeta-potential
[mV]

DLS [d. nm]

Free GNP –43.3 ± 2.9 26 ± 0.6
PEG-GNP –29.7 ± 3.1 46 ± 1.5
LY-GNP –27.0 ± 2.2 67 ± 1.4
FreeLY-GNP-LY-Mix –31.7 ± 0.5 64 ± 3

Figure 2 Normalized steady-state absorption and fluorescence spectra for different GNPs. (A) Absorption curves for Free-
GNP (dots black), PEG-GNP (dash black), LY-GNP (solid blue), FreeLY-GNP-LY-Mix (solid red, marked as ‘Mix’), and
free LY (solid orange). Each sample of absorption curve was normalized according to its peak. (B) Fluorescence spectra for
each NP mentioned in A. Lower peak for GNPs, PEG-GNP and LY-GNP indicates reflectance of excitation light from GNP
and not a fluorescent signal. Curves of LY-GNP, Mix and free LY were normalized according to their peaks in the range
[470–650] nm.
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GNP and FreeLY-GNP-LY-Mix NPs, with maxima
at 533.5, 536.5, and 538.5 nm, respectively (Table 2)
(excitation wavelength at 430 nm). These results are
in agreement with the literature values of 530 nm for
LY in H2O solvent [34]. Curves were normalized ac-
cording to the peaks of each excited spectrum in the
range 470–650 nm. LY-GNP displayed broader spec-
trum in comparison to the other NPs. Its’ noisier sig-
nal was probably due to lower FI (data not shown)
following spectroscopic parameters as described at
Fluorescence lifetime Method section below. As ex-
pected, Free GNP and PEG-GNP showed an expo-
nential decay spectrum, which suggests that they had
no excitation features. The spectra analysis demon-
strates again the difficulty in differentiating between
GNP coated with LY and a FreeLY-GNP-LY-Mix
NPs. The difficulty is much clearer for absorption,
while for excitation the broadening spectrum of LY-
GNP is more distinguishing.

3.2 New approach for GNPs-LY
conjugation analysis

Fluorescence polarization method
FP measurements of GNPs with LY coating are
shown in Figure 3. When the rotation correlation
time of the fluorophore is much shorter compared to
the FLT, the excited fluorophore quickly changes ori-
entation upon emission, resulting in low steady-state
FP values [24, 29, 35]. This is typical for small mole-
cules. Indeed, the FP for free LY was 0.02 ± 0.01
(number of repetitions (n) = 9). However, when the
rotation time is much longer compared to FLT, the
excited fluorophore hardly changes orientation upon
emission, and results in high polarization values [29].
This is typical for large molecules structure. In this
case the structure was caused by the binding of the
LY dye to GNPs, with FP of 0.12 ± 0.03 (n = 9, t-test
p = 1.6e–6 vs. LY). It is expected that for the Free-
LY-GNP-LY-Mix sample, the combined free and
binding fluorophores, will result in intermediate PF
values, which indeed were 0.04 ± 0.01 (n = 9, p =
5.73e–5 vs. LY, and p = 1.9e–6 vs. LY-GNP). The

desired product LY-GNP showed significantly high-
er polarization than the other sub-products, indicat-
ing on the strength of FP for dyes conjugation analy-
sis.

Fluorescence lifetime method
FLIM was used to measure the average FLT of LY
dye coating of GNPs core [36, 37]. Placing a fluoro-
phore in the vicinity of a metal nanoparticle with
surface plasmon resonances (like gold and silver)
creates coupling between the oscillating electron
systems and the NP plasmon resonances [6, 38]. The-
oretical and experimental studies have demonstrated
changes in fluorescence quenching, excitation and
FLT when the distance between the metal NP and
the fluorophore were on the scale of 1–100 nm [39,
40]. Imaging of time domain fluorescence of free
LY, LY-GNP and FreeLY-GNP-LY-Mix NPs are
presented (Fig. 4A), where the array of pixels repre-
sent a fluorescence time decay instead of FI. The de-
cay was modeled with a double exponential, where
the 1st FLT term was fixed to the FLT of free LY
(5.37 ± 0.03 ns, (n = 6)) measured and fitted using a
single exponential, and in agreement with literature
values of 5.7 ns [34]. The 2nd FLT term (τ2, see Eq. (2))
was unconstrained. τ2 represents FLT alterations as
a result of the conjugation of the fluorophore LY
and the GNPs. The measured and fitted τ2 term for
free LY, LY-GNP and FreeLY-GNP-LY-Mix NPs is
shown in normalized histograms (Figure 4B), showing
a much broader distribution for LY-GNPs and a shift

Table 2 Absorption and emission maxima wave length
for different GNPs. The peaks are in alignment with
normalized absorption and fluorescence spectra in
Fig. 2. MIX stands for FreeLY-GNP-LY-Mix sample.

Free
GNP

PEG-
GNP

LY-
GNP

MIX Free LY

Absorption
max [nm]

523 524 527 527 429

Emission
max [nm]

– – 536.5 538.5 533.5

Figure 3 Fluorescence polarization for the different NPs.
Data are presented as mean ± STD (n = 9), where the sam-
ples excitation wavelength was 430 nm, and emission wave-
lengths were organized in 3 group of 3 for 540, 550, and
560 nm, without any significant change for sub-groups.
Only intensity > 20 was taken for analysis. Significance lev-
els (t-test) are indicated in the figure (*p < 0.05).
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of the mean τ2 to a higher values. The broadening of
the FLT distribution for LY-GNPs is also due to the
lower FI in this sample. Average FLT τ2 for free LY
was 5.35 ± 0.04 ns (n = 4) (Figure 4C, E), which is
expected when there are no constraints on the fluo-
rophores, so the FLT is similar to the one with single
exponential model. The LY-GNP τ2 term was 7.44 ±
0.25 ns (n = 6, p = 7.2e–7 vs. free LY), while the
FreeLY-GNP-LY-Mix NP τ2 term was 5.81 ± 0.05 ns
(n = 2, p = 0.015 vs. free LY, and p = 3e–6 vs. LY-

GNP). The FLT of LY-GNP was increased in com-
parison to free LY, probably as a result of large dis-
tance between the dye and the GNPs surface, which
was created when using large PEG as an intermedi-
ate layer connecting the metal NP and the fluoro-
phore.

The increased FLT may be also the outcome of
the linkage to the GNP, that is larger than the fluo-
rescent molecule [35].

Table 2 contains the FLT decay fitted with the
double exponential model. The weight of term τ2 is
a2, χ2 is the root mean squares of the fitted model,
and #Photons is the number of photons read in the
detector. The 3 fluorophore samples (LY-GNP,
MIX and Free LY) showed a χ2 values closed to 1,
indicating good data fitting results [32]. The number
of photons for the free LY (14005 ± 2015, (n = 4)) is
much higher compared to the LY-GNP (with 48 ±
20, n = 6), and the FreeLY-GNP-LY-Mix (with 220
± 4, n = 2). However, these results are expected as
the GNPs decrease the quantum yield [18] of the LY
due to the overlap in their quantum levels. In order
to keep the FLIM system with similar conditions, as
required [32], for all samples, the optical properties
were identical including the excitation laser power
(5 mWatt as described at 2.2 above).

Figure 4 Fluorescence lifetime.
(A) Florescence lifetime color
coded imaging (FLIM) showing as
an array of pixels, each represent a
FI time decay. A color coded FLT
sacle is presented bellow each im-
age, where shorter FLT marked in
red and longer in blue. FLT for
free LY (left, range of 5.3–5.4 ps),
LY-GNP (middle, range of 5.0–
6.9 ps) and FreeLY-GNP-LY-Mix
(right, range of 5.0–6.0 ps). (B) His-
togram of the τ2 lifetime for each of
the FLIM in A, where τ1 lifetime
was fixed to the FLT of free LY.
Normalized by the sum of events.
(C) Enlargement of LY free histo-
gram from B. (D) FLIM intensity
decay curves for free LY and LY-
GNP (E) Mean ± STD τ2 lifetime
for the different NPs (free LY n =
4), LY-GNP n = 6, and Mix n = 2).
Significance levels (t-test) are indi-
cated in the figure (*p < 0.05). LY
FLT for H2O solvent is 5.7 ns [34].

Table 3 Fluorescence lifetime parameters. The NPs are
identical to those in Fig. 4. Parameters being presented:
a2 is the weight of FLT τ2 in a double exponential model
of FLT decay (see Eq. (2)), χ2 is the root mean squares
of the model fitting, and #Photons is the number of
photons read in the detector. Data are represented as
mean ± STD (free LY n = 4, LY-GNP n = 6, and Mix
n = 2)

Free LY LY-GNP MIX

FLT τ2 [ns] 5.35 ± 0.04 7.44 ± 0.25 5.81 ± 0.05
a2 81% ± 0.10 46% ± 0.09 56% ± 0.05
χ2 2.30 ± 0.69 1.32 ± 0.14 1.08 ± 0.01
#Photons 14005 ± 2015 48 ± 20 220 ± 4
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4. Conclusion

Measuring the decay FLT and steady state FP pro-
vides insights into the evaluation methods of binding
fluorophores to other molecules. We have demon-
strated a new fluorescence-based approach, useful to
characterize and analyze the binding of GNPs with
LY surface coating. Using the traditional spectrum
analysis methods, DLS, zeta potential and emission
spectrum, has led to difficulties in differentiating be-
tween LY-GNP (the conjugated complex) and a
mixture of coated NP and free dyes. Our new ap-
proach combining FP and FLT measurements has
led to a reliable separation and evaluation of conju-
gation rate. To note, a successful assessment of the
conjugation was achieved independently using the
two new fluorescence-based methods, showing a sig-
nificant increase in FP and FLT for the LY-GNP
samples. However, combining the two methods pre-
sent a clear-cut determination of the surface conju-
gation process outcome. We propose the new proce-
dure as a general reliable method for evaluating the
quality of conjugation of nanocomposites to fluores-
cent tagging. We encourage the use of the approach
when investigating new nanocomposites materials in-
corporated in cells. Specifically, for neuroscientists
the study of LY-GNP nanocomposites is important
for the development of novel imaging and therapeu-
tic nano-based tools.
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