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ABSTRACT Plasmonic nanoparticles can strongly interact with adjacent fluorophores,
resulting in plasmon-enhanced fluorescence or fluorescence quenching. This dipolar coupling is
dependent upon nanoparticle composition, distance between the fluorophore and the
plasmonic surface, the transition dipole orientation, and the degree of spectral overlap
between the fluorophore's absorbance/emission and the surface plasmon band of the
nanoparticles. In this work, we examine the distance and plasmon wavelength dependent
fluorescence of an infrared dye (“IRDye”) bound to silica-coated gold nanorods. Nanorods with
plasmon band maxima ranging from 530 to 850 nm are synthesized and then coated with
mesoporous silica shells 11—26 nm thick. IRDye is covalently attached to the nanoparticle

surface via a dick reaction. Steady-state fluorescence measurements demonstrate plasmon
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intensity, with approximately 10-fold enhancement, is observed with 17 nm shells when the nanorod plasmon maximum is resonant with IRDye

absorption. Time-resolved photoluminescence reveals multiexponential decay and a sharp reduction in fluorescence lifetime with decreasing silica shell

thickness and when the plasmon maximum is closer to IRDye absorption/emission. Control experiments are carried out to confirm that the observed

changes in fluorescence are due to plasmonic interactions, is simply surface attachment. There is no change in fluorescence intensity or lifetime when IRDye

is bound to mesoporous silica nanoparticles. In addition, IRDye loading is limited to maintain a distance between dye molecules on the surface to more than

9 nm, well above the Forster radius. This assures minimal dye—dye interactions on the surface of the nanoparticles.
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old nanorods are rod-shaped plas-

monic nanoparticles with tunable,

size dependent optical responses
and a wide array of unique optical pro-
perties.' > The collective oscillation of con-
duction band electrons on the surface of gold
nanorods gives rise to two plasmonic reso-
nance bands, the wavelengths of which are
defined by nanorod aspect ratio and can be
tuned from the visible to the near-infrared.*©
Gold nanorods strongly absorb and scatter
light, especially at wavelengths resonant with
their surface plasmons. Due to photon con-
finement, strong electromagnetic fields are
generated at the metal surface.*” Electromag-
netic field effects give rise to a variety of optical
processes such as laser photothermal heating,2
Raman resonances,’ two-photon absorption,'°
and emission''~'® which are often enhanced
near a gold nanorod surface.
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It is known that fluorescence excitation
and emission processes can be altered
when a fluorophore is near a plasmonic
nanoparticle.’®'” The electromagnetic field
strength is most concentrated at the surface
of plasmonic nanoparticles and decays ex-
ponentially as a function of distance. The
nanoparticle and fluorophore form an elec-
tromagnetically coupled system, which when
excited leads to additional de-excitation
pathways. This results in higher excitation
rates and/or enhanced radiative decay rates
of the fluorophore and fluorescence emis-
sion enhancement.!' "3 However, in some
instances, fluorescence may instead be
quenched if the excited fluorophores relax
rapidly by nonradiative energy transfer into
the surface plasmon resonance.'®'®

Because of these two competing prov-
cesses, literature values of enhancement are
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strongly varied. Researchers have observed nearly
100% emission quenching to over 1000-fold enhance-
ment in emission intensity.'' ~%* Of course, both en-
hancement and quenching of fluorescence are
distance dependent. At a certain distance from the
plasmonic surface, energy transfer into the plasmon is
reduced but the electromagnetic field strength can still
be great enough to enhance fluorescence emission.'>'®
Strong enhancement has been observed in the
10—20 nm range from the plasmonic surface.* In
addition, fluorescence near plasmonic nanoparticles is
dependent on plasmon maximum. Some researchers
have suggested that fluorescence coupling to the
nanoparticle may be stronger when the plasmon band
overlaps with a fluorophore's absorbance or emission
profile. Since gold nanorod plasmon bands are easily
tuned from 500 to over 900 nm, gold nanorods are
useful for studies of plasmon-enhanced fluorescence
with a wide range of fluorophores.'>?*%

If applications of plasmon-enhanced fluorescence
techniques are to be realized, it is essential to gain
more insight into the phenomenon of plasmon-
enhanced fluorescence. Fluorescent molecules are
used in imaging and sensing studies with biological
and electronic applications ranging from detection of
biomarkers of disease to single-molecule imaging and
organic electronics. However, fluorophores are often
unstable, with low quantum yields and can be highly
sensitive to photobleaching. This is especially true
for near-infrared fluorophores, limiting their potential
applications.”"'>'62% Enhancement of fluorescence
emission via coupling to plasmonic particles is one
potential method to increase the effectiveness of weak
fluorophores.'*'®

To date, fluorescence enhancement studies have
mainly focused on gold or silver nanostructured sur-
faces or nanoparticles immobilized on a surface.'®?®
This allows for good control of nanoparticle—
fluorophore distance, and nanoparticle aggregation
is reduced; however, applications of fluorescence en-
hancement in this geometry are rather limited.?” There
are some examples of fluorescence enhancement with
colloidal nanomaterials, but control of fluorophore—
particle distance is more difficult to achieve. Often-
times, the fluorophore is incorporated into a shell or
between polymer layers versus on the surface.''~*
In addition, dye—surface and dye—dye interactions
are rarely accounted for when trying to understand
changes in fluorescence behavior.?' To our knowledge,
there are no solution-based studies, with gold nano-
rods, that include both distance and plasmon wave-
length dependent fluorescence. Moreover, none
explore and exclude possible dye—dye interactions
or dye—surface interactions that may impact fluores-
cence behavior near gold nanorods.

In order to gain a deeper understanding of plasmon-
enhanced fluorescence, we carried out a study of
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distance and plasmon wavelength dependent fluores-
cence of an infrared dye (“IRDye”) bound to silica-
coated gold nanorods. IRDye 800CW DBCO has a
dibenzylcyclooctyne (DBCO) functionality allowing
for attachment to azides via click chemistry. The IRDye
imaging agents, developed by LI-COR, are specially
designed to potentially aid in disease detection and to
monitor drug treatments.”® IRDye absorbance/emission
profiles are in the “water window” (700—1100 nm), so
they are potentially useful in biological applications.
However, IRDye has a quantum yield of only 0.07,
limiting its application. Therefore, it could serve as a
good candidate for plasmon-enhanced fluorescence."’
Gold nanorods are ideal for studies of plasmon-
enhanced fluorescence. Gold does not experience
oxidation that often occurs with silver, and gold nano-
rods absorb/scatter more strongly than smaller gold
spheres, resulting in stronger field effects. In addition,
gold nanorod plasmon bands are readily tuned by
changing the aspect ratio; this enables the wavelength
dependence of fluorescence to be easily studied.*'>’

To this end, gold nanorods of varying aspect ratio
having plasmon maxima ranging from 530 to 850 nm
are prepared. At 530 nm, there is no spectral overlap
with IRDye 800CW DBCO which absorbs/emits at 779/
794 nm, but there is stronger overlap with higher
aspect ratios. A dielectric spacer is used to achieve
distance dependence. The gold nanorods are coated
in 11—26 nm thick mesoporous silica via modification
of the Stober method.?**° 3-Azidopropyltrimethoxy-
silane is synthesized and used to functionalize the
silica surface. IRDye is then conjugated to the azide-
functionalized surface via a copper-free click reaction,
and the amount of IRDye attached to the surface of
the nanorods is quantified. Fluorescence of IRDye—
nanorod conjugates is monitored using steady-state
and time-resolved measurements to determine changes
in fluorescence intensity and fluorescence lifetime. Con-
trol experiments of IRDye bound to silica nanoparticles
are carried out to confirm that changes in fluorescence
are due to plasmonic interactions, not attachment of the
fluorophore to a silica surface. In addition, an experiment
varying the number of dye molecules per particle is
carried out to assess how separation between dye
molecules on the surface of the nanoparticles may affect
fluorescence emission. Based on this result, IRDye load-
ing is limited to prevent dye—dye quenching.

RESULTS AND DISCUSSION

Nanoparticle Design. IRDye was chosen for this study
because of its potential biological application, low
quantum yield, and absorbance/emission profile. The
molecular structure of IRDye 800CW DBCO (Figure 1a)
contains a DBCO tether.”® The DBCO group allows
for conjugation to azides via 1,3-dipolar cycloaddition
generating a 1,2,3-triazole. Traditionally, click chemis-
try with azides and terminal alkynes is carried out
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Figure 1. (a) Structure of IRDye 800CW DBCO. (b) IRDye absorbance and emission in MeOH with maximum absorbance/

emission at 779/794 nm.
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Figure 2. (a) Photograph of gold nanorod solutions with increasing aspect ratio left to right. (b) UV—vis absorbance spectra
of gold nanorods with different aspect ratios. TEM images of gold nanorods (c) AR 1.1, (d) AR 2.0, (e) AR 2.7, (f) AR 3.7, and

(9) AR 4.4. Scale bars = 50 nm.

using a copper catalyst3' However, azides can also
react with internal alkynes in a strain-promoted reac-
tion. This eliminates the need for copper, which is
cytotoxic, and the click reaction can proceed quickly
at room temperature in a range of solvents.>* The
absorbance and fluorescence emission spectra of
IRDye in methanol (Figure 1b) indicate maximum
absorbance/emission at 779/794 nm. The quantum
yield of IRDye 800CW DBCO in methanol (MeOH) is
0.075 + 0.005 (Supporting Information Table S1). The
obtained value is close to a previous calculation of
IRDye in water."' Because IRDye has such a low quantum
yield, it is an ideal candidate for studies of plasmon-
enhanced fluorescence.

A library of cetyltrimethylammonium bromide
(CTAB)-coated gold nanorods of varying aspect ratio
was prepared using our well-known seed-mediated
growth procedure®® Gold seeds were added to a
growth solution containing CTAB, HAuCl, - 3H,0, AgNOs,
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and ascorbic acid. A CTAB bilayer on the surface of gold
nanorods helps to prevent nanorod aggregation, and
the addition of AgNO3 to the growth solution facilitates
anisotropic growth, allowing for control of aspect ratio
(AR).2 This allows for variation in longitudinal plasmon
maxima and therefore variation in spectral overlap
between gold nanorods and IRDye. Five aspect ratios
of CTAB gold nanorods were prepared and purified
(Figure 2a). UV—vis absorbance spectra of the CTAB-
coated gold nanorods in water show plasmon band
maxima located at 533, 653, 724, 790, and 851 nm
(Figure 2b). These wavelengths correspond to AR 1.1,
AR 2.0, AR 2.7, AR 3.7, and AR 4.4 nanorods, respectively.
These aspect ratios of nanorods were selected because
the plasmon bands ranged from almost no overlap to
strong spectral overlap with IRDye absorbance/emission.
Transmission electron microscopy (TEM) images are
shown in Figure 2c—g and were used to calculate aspect
ratio. The absolute dimensions, plasmon maxima, and
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Scheme 1. Attachment of IRDye to gold nanorods. Gold nanorods were coated in silica and then functionalized
with 3-azidopropyltrimethoxysilane. IRDye molecules were linked to the azide-functionalized surface via copper-free,

azide—alkyne cycloaddition.

calculated aspect ratios of the CTAB gold nanorods are
listed in Table S2.

Attachment of IRDye and variation of dye—metal
distance was achieved through silica coating and then
silane functionalization of the CTAB-coated gold nano-
rods (Scheme 1). A dielectric spacer, like silica, allows
for good control of dye—metal distance, and it is easy
to measure thickness by TEM. In addition, a silica
coating reduces nanorod aggregation, increases
solubility of gold nanorods in organic solvents, and is
easy to functionalize with various silanes.?? Silica is
known to modify the electromagnetic field around
plasmonic nanoparticles, but the effect on electro-
magnetic field strength is minimal past 10 nm when
there is a complete silica shell.3*** Silica-coated
gold nanorods were functionalized with an azide
linker to facilitate IRDye attachment to surface. Since
azide—alkyne click reactions are highly specific, un-
wanted side reactions within the IRDye molecule were
prevented with this attachment method.3? Potential
dye—dye interactions on the silica surfaces were also
avoided by limiting IRDye loading. This allowed us to
accurately determine distance and plasmon wave-
length dependent fluorescence behavior.

Silica coating was carried out through modification
of the well-known Stéber process.>® The hydrolysis and
condensation of tetralkylsilicates to form silica can be
catalyzed by a change in pH. Previous researchers have
demonstrated 15 nm coatings of mesoporous silica
around CTAB-coated metal nanoparticles, including
gold nanorods.?® CTAB micelles are a template for silica
deposition through the hydrolysis and condensation
of the silica precursor tetraethylorthosilicate (TEOS).
Growth of mesoporous silica on the nanoparticle sur-
face is attributed to a three-stage mechanism: silica
oligomerization, formation of silica/CTAB particles,
and aggregation of these silica/CTAB particles.*® Since
CTAB is mostly surrounding the nanorods, the silica/
CTAB particles form and aggregate on the nanorod
surface, limiting formation of free silica nanoparticles.?>>¢

Through careful control of reaction parameters, we
were able to achieve highly reproducible and robust
silica coatings. Five silica shell thicknesses ranging from
11 to 26 nm were coated on each of the five aspect
ratios of gold nanorods used. Previous researchers
have demonstrated that reaction time or TEOS con-
centration can be used to control silica thickness on
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gold nanorods. However, we found that these proce-
dures were difficult to reproduce batch-to-batch and
2—5 nm increments in shell thickness were difficult to
achieve.®*” |nstead, we demonstrate here that the
most critical component to control silica coating of
gold nanorods is CTAB concentration. As-synthesized
gold nanorods are prepared in 0.1 M CTAB, which is far
above the critical micelle concentration of 1 mM in
pure water.*® In order to control CTAB concentration,
gold nanorods were centrifuged twice after synthesis,
so the concentration of CTAB was less than 0.01 mM.
Additional centrifugation steps were not carried out
because complete CTAB removal from the surface
causes gold nanorod aggregation. Then, different
amounts CTAB were added to the gold nanorod
solutions, and the solutions were mixed to allow the
CTAB to equilibrate on the surface. Silica coating was
carried out by first adjusting the pH using NaOH, then
adding TEOS and mixing the solutions for several
hours. In the silica coating reactions, concentration
of CTAB was varied between 1.2 and 0.4 mM to obtain
porous shells about 11, 14, 17, 22, and 26 nm thick
(Figure 3).

The amount of CTAB free in solution is critical to
silica shell thickness. As the CTAB concentration in-
creases, more CTAB is free in solution versus on
the nanorod surface and silica shell thickness decreases
(Figure 4a). When the concentration is well past the
critical micelle concentration of CTAB, around 2 mM, no
silica is formed on the nanorod surface. Fortunately,
most silica formed apart from the nanorods is removed
by centrifugation after the coating reaction. In addition
to CTAB concentration, gold nanorod concentration,
pH, TEOS concentration, reaction temperature, and
reaction time were all tightly controlled. The concen-
tration of each batch of gold nanorods used during
silica coating was kept high, further limiting excess
silica particle formation. We also found that adjusting
the pH to 10 is optimal. At higher pH values, the silica
shells are of poor quality and no silica forms below
pH 9. Silica-coated gold nanorods were purified and
then characterized by TEM imaging and UV—vis absor-
bance spectroscopy. The average silica shell thickness
for each of the five aspect ratios and five silica shell
thickness are listed in Table S3. UV—vis absorbance
spectra of silica-coated gold nanorods in ethanol
(EtOH) (not shown) do not exhibit nanorod aggregation.

VOL.8 = NO.8 = 8392-8406 = 2014 K@}Nﬁ@i{\j

WWwWW.acsnano.org

8395



o T|[® ®
™ b l. ® d
. &0
- e ®

—_— -

o
» .
’

-
Ny
"/"

Slatlles |beao
-

\‘"'."
—\‘-'\,{ ‘\‘ ~' , N
|/\0—"'-V-/' o ‘\ ,
17 P A A
N \'s / e e
:‘ - { / J

ol |
\

P4
w™ |
I\'
4 N
3

l

Figure 3. TEM images of azide-functionalized silica-coated gold nanorods with increasing silica shell thickness left to right

(11, 14, 17, 22, and 26 nm) and with increasing aspect ratio top to bottom (AR 1.1, 2.0, 2.7, 3.7, and 4.4). Scale bars = 50 nm.
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Figure 4. (a) CTAB concentration versus average silica shell thickness for the five shell thicknesses used. (b) {-Potentials of AR
2.7 gold nanorods coated in CTAB, a 22 nm thick silica shell and functionalized with the azide.

Only small shifts in plasmon maxima, less than 10 nm be-
tween different shell thicknesses, are observed (Table S4).

Silica-coated gold nanorods were then functionalized
with an organic azide, which could participate in the
cycloaddition reaction to bind IRDye 800CW DBCO to
the surface.> The azide, 3-azidopropyltrimethoxysilane,
was prepared from 3-chloropropyltrimethoxysilane
via a modification of the published Finkelstein reaction
(Figure S1).*° Heating 3-chloropropyltrimethoxysilane
and sodium azide in N,N-dimethylformamide (DMF)
yielded the azide product in greater than 90% yield,
as assessed by gas chromatography/mass spectrometry
(not shown). The reaction mixture was then extracted

ABADEER ET AL.

into hexanes, which yielded a solution of pure azide
in DMF and was stable at room temperature. Azide
functionalization was carried out by simply adding the
azide, in DMF, to a solution of the silica-coated gold
nanorods in EtOH. Complete silane condensation on
the silica surface was further driven by heating the
solutions. After functionalization, the gold nanorod
solutions were purified by centrifugation multiple
times to ensure complete removal of excess azide and
were then dispersed in MeOH in preparation for IRDye
conjugation.

Azide-functionalized gold nanorods were character-
ized by UV—vis absorbance, -potential measurements,

A N N
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and Fourier transform infrared spectroscopy (FTIR).
UV—vis absorbance spectra of azide-functionalized,
silica-coated gold nanorods in MeOH (not shown)
show no nanorod aggregation. However, due to heat-
ing, multiple centrifugation steps, and dispersion in
various solvents, the average nanorod plasmon max-
ima shifts to 535, 650, 720, 776, and 823 nm for AR 1.1,
AR 2.0, AR 2.7, AR 3.4, and AR 4.4, respectively. Only
small shifts in absorbance maxima, less than 18 nm
between different shell thicknesses, are observed
(Table S5). C-Potential measurements confirm func-
tionalization of the gold nanorods (Figure 4b). CTAB
gold nanorods are positively charged, and after
silica coating and purification, the surface charge is
negative. Upon azide functionalization, the surface charge
of the nanorods approaches zero due to the presence of
the neutral azide. Further confirmation of azide functio-
nalization is demonstrated by FTIR. These nanorods were
purified by dialysis and extra centrifugation steps to
ensure that all free azide was removed before FTIR
analysis. An azide stretch is visible at 2100 cm™" in a
spectrum of azide-functionalized nanorods, further con-
firming azide functionalization (Figure S2).

IRDye was attached to azide-functionalized, silica-
coated gold nanorods via a copper-free click reac-
tion. The concentration of an IRDye stock solution
was determined by absorbance at 779 nm (¢ =
300000 M~ 'em ™" in MeOH).?® Then, IRDye was added
to azide-functionalized silica-coated gold nanorods
in MeOH. A click reaction can occur in 45 min, but the
IRDye/nanorod solutions were mixed overnight to ensure
maximum IRDye attachment.> The solutions were cen-
trifuged, the supernatant was removed, and the pellets
containing IRDye-loaded nanorods were suspended
in MeOH. The supernatants were centrifuged a second
time to completely remove any residual nanorods. Fluo-
rescence emission peak area of each supernatant was
measured, and dye loading was calculated from a cali-
bration curve of IRDye peak area versus concentration. We
assume dye molecules bound = original — free. Originally,
200 dye molecules were added per particle, and dye
loading was ~80% with 160 IRDye molecules/nanorod.
This allows for an average dye—dye distance of 9 nm or
greater on the nanoparticle surface, reducing potential
dye—dye interactions during fluorescence studies.

Plasmon-Enhanced Fluorescence. The complex physics
of a quantum emitter coupled to a metal nanoparticle
has been explored in the literature.*' ~*° Unfortunately,
these treatments do not completely address the situa-
tion here. Molecular fluorescence is well understood
and simply described by eq 1, where quantum yield or
quantum efficiency (Q) is the ratio of the radiative decay
rate (k,,q) to the total of all contributions to excited-state
decay, both radiative and nonradiative (k,).

krad
_ = k .T 1
Q= krad knr — Krad ( )
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Alternatively, Q can be calculated from knowledge of
the k.,q and fluorescence lifetime (7). The fluorescence
lifetime (eq 2) is the average time a fluorophore spends
in the excited state before it relaxes to the ground state
and is the inverse of the sum of the decay rates of all the
relaxation pathways (k).*¢

T = v = 1 (2)
krad + knr k

For a free fluorophore in solution, nonradiative
decay is caused by processes such as internal conver-
sion, intersystem crossing, or collisional quenching.*®
However, when a fluorophore is attached to the sur-
face of a nanorod, the relaxation dynamics will become
quite complex. Both radiative and nonradiative decay
can be changed when there is coupling near a plas-
monic surface. The presence of the metal particle
provides a continuum of states to which the molecule
can couple. The potential decay pathways become more
numerous, complicating the emission dynamics which
define the new fluorescence lifetime () and new total
decay rate (ko) shown in eq 3. We can incorporate
changes in free dye k.4 and k,,, by adding the new terms
K,aq and K., where the former refers to plasmon-induced
radiative rate enhancement and the latter the nonradia-
tive dye—rod interactions driven by energy dissipation to
the nanorod continuum states. Finally, there can poten-
tially be associated dye—surface interactions (ks) or dye—
dye fluorescence coupling (kyq) on the nanoparticle sur-

face that may also modify fluorophore dynamics.

1 1

To = - 3
0 krad + knr + Krad + Knr + ks + kdd kO ®)

Depending on the nanoparticle—fluorophore system
used, these processes may result in a change in the
fluorescence lifetime?' All these interactions must
be taken into account before making conclusions about
changes in fluorescence intensity. By combining steady-
state intensity measurement data with lifetime measure-
ment data, it is possible to obtain a comprehensive picture
of observed changes in fluorescence relative to free dye.

If we consider the basic physics involved, we can
bound our observational expectations. The general
approximate expression for the one-photon absorp-
tion cross section, o'”(w), for a dipolar quasi-two-level
fluorophore excited at frequency (w) is shown in eq 4,
where u is the transition dipole of the emitter, p(w) is
the molecular density of states (effectively the absorp-
tion spectral shape), and n and c are the index of
refraction and speed of light, respectively.

4w

gl(gtl))ye(w) = The |ﬂ|RDye|ZP(w|RDye) @

The full transition rate R is defined by eq 5, where /o, is
the excitation field intensity:

Rirpye = Of%?jye (W)exc (5)
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Our question here is simply, is one or both of
these molecular quantities in eq 5 modified by dye—
nanorod coupling?*’“® The plasmon-induced E-field
enhancement makes /., much larger, which of course
would drive a larger excited-state population of the
dye via R. If that was the dominant effect, the plasmon-
induced/enhanced population of the excited state
would result in detection of enhanced fluorescence
emission, but there need be no change of the observed
dye kinetics (the radiative rate would not be modified).
On the other hand, If the cross-section, o'V, is affected,
the actual radiative rate will be changed with that
change manifest in the observed decay dynamics of
the emitter.

A formalism describing the field interactions in-
volved has been developed in the literature**=>2 It
has been shown that the decay rate, K,q4, of a dipolar
emitter near a plasmonic structure can be written as
eq 6, where ki,q is the radiative rate of the free dye. The
second term on the right contains the imaginary part of
dipolar coupling scaled by the amplitude of x and the
field free space wavevector k .*°

K 3. u-Er,
rad%1+_|m/" (ﬁ?o)
fod 2

(6)

The complete analytical solution to this problem re-
quires full multipole expansion of the electric field,
E(r ,wo) and is very complex, but the result gives rise to
the two key dynamic observables of the system: the
well-known Forster transfer process for the plasmon-
induced nonradiative contribution and a complex
radiative contribution driven by the “Drude metal”
polar nature of the plasmon resonance. In general,
the nonradiative rate modification results from energy
dissipation of the emitter to the nanorod via dipole—
dipole coupling. The radiative contribution is driven by
the polarizability of the total system, dye coupled to
rod, and its impact on the transition dipole. While the
components of radiative enhancement are hard to
discern independently, we will show that its signature
is observed in our lifetime data.

Fluorescence Studies. Fluorescence intensity analysis
of IRDye-loaded, silica-coated, gold nanorods was first
carried out by steady-state measurements. The solu-
tions were excited at the dye absorbance maximum
(779 nm), and fluorescence emission was measured
from 785 to 875 nm. Comparison of the fluorescence
emission curves to curves of free IRDye shows no
change in shape or emission maxima (fluorescence
spectra are not shown). No emission was detected
from silica-coated gold nanorods alone, without dye,
suggesting that scattering from the nanorods alone
is minimal. Since each of the samples demonstrated
variation in dye loading, it was necessary to calculate
separate expected emission. A calibration curve of
fluorescence peak area versus IRDye concentration

ABADEER ET AL.

was constructed. The relative fluorescence intensity
of IRDye-loaded nanorods was calculated by dividing
the measured peak area by the expected peak area.
Since gold nanorods strongly absorb in regions of
IRDye absorption/emission and their extinction can
be orders of magnitude stronger than IRDye, measured
fluorescence emission can be reduced. This is called
the inner-filter effect, and it is necessary to correct for
this effect in solution-based measurements. The cor-
rected emission intensity was calculated from eq 7,
where I, is the corrected emission intensity, Iy is
the relative fluorescence intensity calculated from
steady-state measurements, and OD,, and OD, are
the optical density values for each dye/nanoparticle
solution at 779 and 794 nm, respectively.*®

ICorr = lo x1 O(ODEX +ODem)/2 (7)

Equation 7 does not account for light scattering, which
also occurs when the surface plasmon resonance is
excited. The scattering contribution from gold nano-
rods in this size range has been measured for 800 nm
incident light, and the maximum contribution of scat-
tering to the total extinction as a function of aspect
ratiowas 9, 15, 10, 6, and 5% for aspect ratios of 2.5, 3.0,
4.0, 4.5, and 5.1, respectively.>® Therefore, 85—95% of
the light is absorbed by the nanorods rather than
scattered. Consequently, the likelihood of scattered
light being reabsorbed by nearby dye molecules is
quite low and should not be a significant contribution
to detected fluorescence emission.

The results of the steady-state fluorescence mea-
surements are shown in Figure 5. The line cuts show
intensity plotted relative to free IRDye as a function of
silica shell thickness and plasmon band maximum
(Figure 5a—e). Both distance and plasmon wavelength
dependent changes in fluorescence are observed. At
the plasmon maximum furthest away from the emis-
sion wavelength (535 nm), where there is minimal
spectral overlap with the emission of IRDye, there is
only slight intensity enhancement observed. A de-
crease in fluorescence is observed with decreasing
silica shell thickness (Figure 5a). This is consistent with
increasing nonradiative relaxation (K,,) as the fluoro-
phore gets closer to the continuum states of the nano-
rod. When there is stronger overlap between the
plasmon band and IRDye absorbance/emission, fluo-
rescence intensity enhancement becomes more ap-
parent (Figure 5b—e). Interestingly, at these plasmon
maxima, the maximum fluorescence intensity is ob-
served at approximately 17 nm. The strongest en-
hancement is observed when the plasmon maximum
of the nanorods is 776 nm, near resonant with IRDye
absorption, resulting in an approximately 10-fold in-
crease in fluorescence intensity. The trends and scale of
the fluorescence intensity are more clearly observed in
Figure 5f, which is a three-dimensional, two-tier con-
tour plot of emission intensity as a function of silica
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Figure 5. Steady-state fluorescence intensity of IRDye bound to gold nanorods relative to free IRDye corrected for the inner-
filter effect. Intensity as a function of silica shell thickness with plasmon band maxima located at (a) 535 nm, (b) 650 nm, (c)
720 nm, (d) 776 nm, and (e) 823 nm. (f) Two-tier contour plot of fluorescence intensity as a function of silica shell thickness and

plasmon maximum.

shell thickness and plasmon maximum. The “hotspot”
of fluorescence intensity (the dark red area) occurs in
the region from 14 to 22 nm silica shell thickness
between plasmon maxima at 750 and 800 nm.

A possible concern is the contribution of scatter-
ing by the nanorods to an “apparent” fluorescence
enhancement, either directly or by reabsorption of
scattered photons by dyes in the sample. At aspect
ratio 3.0, where there would be ~15% scattering®
(Figure 5c), we observe decreased fluorescence inten-
sity compared to aspect ratio 4.5, where there would
be ~6% scattering (Figure 5e).>* This supports the
notion that increased dye excitation due to light
scattering from the nanorods is not the major con-
tributor to dye emission.

The observed increases in fluorescence intensity
can be attributed to strong coupling between the
fluorophores and the plasmonic structure, but how
the changes are manifest are not obvious. As noted,
there can be several possible reasons for an increased
detection of emission. There can be a change of the
emission cross section (radiative decay rate) relative
to the nonradiative decay, or there simply could
be an effective increase in excited-state population
which result in no change in radiative emission
dynamics. We can explore these questions more
effectively by examining the system's time-resolved
fluorescence characteristics. Time-resolved photolumi-
nescence (TRPL) measurements were carried out to
determine fluorescence lifetime as a function of silica
shell thickness and plasmon maximum. In the TRPL
measurements, the dye/nanorod solutions were excited
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with a 740 nm pulsed laser and emitted photons were
collected in the region from 795 to 805 nm. An emission
filter was used to limit the detected emission bandwidth
to 10 nm; we note that only emission from IRDye is
observed.

The data from TRPL measurements, that is, decay
curves of time versus emission, are shown in Figure 6.
The decay of free IRDye (Figure 6a) exhibits a single
exponential decay while nearly all curves of IRDye
bound to silica-coated gold nanorods, especially in
the strongly coupled regions, exhibit multiexponential
decays (Figure 6b—f). This indicates, of course, that
there are new and possibly multiple pathways of decay
present in the dye—nanorod system that are not
present when IRDye is free in solution as implied by
eq 3. In all cases, decay appears faster as silica shell
thickness decreases. This is consistent with increased
Kar. As stated, an increase in the decay rate is expected
due to the higher electromagnetic field strength in-
duced at the nanorod surface, resulting in potentially a
larger emission cross section, but there will also be more
efficient nonradiative Forster coupling (which would
also lead to much faster decay) when there is stronger
spectral overlap between the plasmon band of the
nanorods and IRDye absorbance/emission. Compari-
son of the fluorescence intensity results with the decay
dynamics suggests that, when the plasmon is far off
the emission resonance (Figure 6b), the increase in
“nonradiative” rate, K, drives evolution of the decay
dynamics. As we space the fluorophore farther away
from the rod core (=22 nm), we see dynamics consis-
tent with the free dye. It is interesting to note that the
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Figure 6. Fluorescence decay curves of (a) free IRDye and IRDye bound to gold nanorods as a function of silica shell thickness
with plasmon band maxima located at (b) 535 nm, (c) 650 nm, (d) 720 nm, (e) 776 nm, and (f) 823 nm.

detected intensity at the largest distance is still larger component, both decreasing silica shell thickness
than the free dye. This could signify a pure Rirpye and increasing plasmon/IRDye spectral overlap result
contribution at long distance (i.e., a pure popula- in a very strong and abrupt reduction in the fluores-
tion enhancement). Near resonance (Figure 6e), the cence lifetime (Figure 7a). As discussed above, the
plasmon—fluorophore interaction comes strongly into degree of spectral overlap can impact both radiative
play. Interestingly, if one focuses on the 22—26 nm and nonradiative processes. The rather weak spectral

spacing, the lack of large change in decay rates be- resonance dependence suggests that the driver is pri-
tween (e) and (f) suggests that our enhancement is marily radiative. As mentioned above, there are rather
primarily radiative. Here, there is a large difference in large changes in fluorescence enhancement from 720 to
absorptive behavior (Figure 2b) but no substantial 823 nm, but the kinetics changes are modest. The only
change in kinetics. region where we see the calculated lifetime is the same

The decay of the excited state of an isolated mole- as free IRDye with nanorods absorbing at 535 nm and

cule to the ground state can be generally described by when silica shell thickness is greater than 20 nm. If we
a single exponential, eq 8, where intensity (/) is plotted directly compare the fast and slow regimes, the trend of
as a function of the initial intensity (A), time (t), and the shell thickness and spectral overlap is similar, but the
fluorescence lifetime. changes in lifetime are much more gradual in the slow
—t/t component. Interestingly, the region of strongest reduc-
I(t) = Ae (8) L o .
tion in fluorescence lifetime is not where maximum
The free dye exhibits this behavior, and using this fluorescence intensity is observed. This indicates that
equation, the lifetime of free IRDye was calculated to the observed intensity enhancements cannot be com-
be 1.12 ns (this is close to the value of our maximum pletely attributed to an increase in the radiative decay
lifetimes at 26 nm shell thickness and far off resonance). rate K.q (eq 3) but is a complex interplay of all the
However, a single exponential did not fit the majority of processes involved. Such lifetime changes are inconsis-
the decay curves. For simplicity, we fit the data to a tent with scattering as the main mechanism for

biexponential decay (eq 9), where A; and A, are the initial increased light emission. We would expect that, at
intensities from the “fast” and “slow” components of distances less than 20 nm, there is a simultaneous
fluorescence decay, respectively, and z; and 7, are their increase in the nonradiative decay rate that leads to
respective fluorescence lifetimes. We note that this func- the smaller increase in fluorescence intensity at these
tional form generated the best fits in nearly every case. distances. This demonstrates the complexity of plas-
1) = Aret/n 4+ Ajet/n ©) mon—.enhancec.i ﬂuorescenc.e—.it cannot simply be

described as increased radiative decay rates near a

The fast and slow fluorescence lifetimes as a func- plasmonic structure. Both distance and plasmon max-
tion of silica shell thickness and plasmon maximum imum are important factors in the changing decay rates

are shown as contour plots in Figure 7. In the fast and measured fluorescence lifetimes.
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Figure 7. Contour maps showing fluorescence lifetimes (ns) of IRDye bound to silica-coated gold nanorods. Lifetimes were
calculated from eq 5 giving two lifetime values, one “fast” and one “slow”. The (a) faster and the (b) slower lifetime com-
ponents are plotted as a function of silica shell thickness and plasmon band maximum. The lifetime of free IRDye is 1.12 ns.

The percent of the slow component of the fluores-
cence lifetime decay is shown in Figure 8. The data
show some interesting trends. For example, at the thick
shell limit (26 nm), we see what is likely the pure
plasmonic contribution mediated by its dependence
on the orientation of each dye's molecular transition
dipole relative to the longitudinal plasmonic axis. At
the other limit (<14 nm), nonradiative contributions
become more important, but they clearly compete
with the other plasmon-enhanced processes (vide
supra). We note that the slow component is generally
a significant fraction of the total emission dynamics
and has both plasmonic and shell thickness depen-
dence to its dynamics, so it cannot simply be attributed
to unbound IRDye in solution.

These results suggest that there are possibly two
distinct environments that the fluorophores experi-
ence on the nanoparticle surface. One possibility is
the faster lifetime results from more strongly coupled
species, whereas the slower lifetimes come from more
weakly coupled dye molecules. Another reason for
multiple apparent environments is nonrandom dye
orientation and positions. We assume that orientation
of IRDye molecules on the surface is random, but this
may not be the case. It is possible that we are observing
the effect of IRDye location (i.e., fluorophores attached
at the nanorod ends versus the rod sides). Dyes teth-
ered near the ends of the rods would experience very
different field strengths and could behave differently
compared to dyes attached near the rod shaft
center.*** However, definitive experiments on the
effect of end versus side dye loading on fluorescence
behavior is beyond the scope of this work. A potential
complicating factor is the possibility that IRDye could be
loaded in the shell pores and therefore not at unique
distance away from the metal. However, the pore size
with this coating method is 2—2.5 nm,>>*¢ and the
IRDye diameter is approximately 2 nm."" With the
additional reduction in pore size due to azide function-
alization expected, it is unlikely that a significant fraction
of IRDye would diffuse deep into the pores.
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Figure 8. Percent of the slow component of the fluores-
cence lifetime as a function of silica shell thickness and
plasmon band maximum.

Dye—Nanopartide Interactions. Molecular fluorescence
can be altered by simply changing the local environ-
ment surrounding a fluorophore."?" It was therefore
necessary to account for any possible dye—nanoparticle
interactions such as dye—surface or dye—dye interac-
tions that may have occurred, apart from an “antenna-
like” or other plasmonic coupling. IRDye was attached
to mesoporous silica nanoparticles (MSNs) that did not
contain any gold cores to determine whether IRDye
attachment to a silica surface resulted in any change in
fluorescence. Azide-functionalized MSNs were pre-
pared following the same Stéber synthesis and azide
functionalization methods used for silica coating and
functionalization of gold nanorods (Figure 9a). The as-
synthesized MSNs are about 36 nm in diameter and
show mesoporosity similar to the silica-coated gold
nanorods.

Fluorescence of IRDye bound to MSNs was mon-
itored via TRPL and steady-state measurements. TRPL
measurements of IRDye-loaded MSNs and IRDye
with the azide demonstrate single exponential decay
behavior similar to free IRDye (Figure 9b). Calculated
fluorescence lifetimes are shown in Table 1. The fluo-
rescence lifetime of IRDye bound to the azide and the
silica surface show only slight increases compared to
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Figure 9. (a) TEM image of MSNs 36 + 9 nm. Scale bar = 50 nm. (b) Fluorescence decay curves of IRDye bound to the azide

and MSNs.

TABLE 1. Fluorescence Lifetime and Steady-State
Intensity of IRDye Bound to Azide and MSNs

sample lifetime (ns) steady-state intensity
IRDye 1.12 £ 0.02
IRDye + azide 1.19 £ 0.03
IRDye + MSNs 1.24 £ 0.04 1.04 £ 0.02

free IRDye. This small increase may be attributed to
solvent properties or the change in refractive index
near a silica surface. In addition, there is no change
in steady-state fluorescence intensity compared to
free IRDye (Table 1), which confirms that the slight
increase in lifetime with the MSNs is not significant.
These results demonstrate that simply binding IRDye
to the silica surface does not significantly change
fluorescence behavior.

Interactions between dye molecules on a surface
can also modify fluorescence behavior, resulting in
fluorescence quenching. At short dye separations,
Forster resonance energy transfer can occur between
neighboring fluorophores where a donor fluorophore
transfers energy to an acceptor via nonradiative cou-
pling, resulting in fluorescence quenching. This effect
is dependent on the separation and degree of spectral
overlap between neighboring fluorophores, and it is
generally more pronounced when there is strong local
dye concentration (i.e., on a nanoparticle surface).’” Itis
therefore necessary to limit dye loading on a nanopar-
ticle to avoid issues of quenching which can result
in decreased fluorescence lifetimes and steady-state
intensity relative to free dye.

The effect of dye—dye separation on fluorescence
behavior was investigated by changing the number of
IRDye molecules loaded on the surface of silica-coated
gold nanorods. AR 1.1 gold nanorods with a plasmon
maximum at 535 nm were synthesized and coated with
33 nm thick silica (Figure 10 inset). The nanoparticles
were loaded with varying amounts of IRDye to give
estimated dye—dye separations ranging from 6 to
22 nm. Steady-state fluorescence analysis of these
samples reveals that below 9 nm dye—dye separation
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Figure 10. Steady-state fluorescence intensity relative to
free IRDye as a function of dyes per nanoparticle or calcu-
lated separation between IRDye molecules. Inset is an
image of AR 1.1 nanorods with 33 nm silica shells. Scale
bar = 50 nm.

(~275 dyes/nanoparticle), a significant decrease in
fluorescence intensity occurs (Figure 10). However, at
separations at or above 9 nm, the fluorescence inten-
sity levels off due to the reduced interactions between
neighboring fluorophores. Based on this result, IRDye
loading was limited in all experiments to give separa-
tions at 9 nm or greater. This prevented any dye—dye
interactions. Therefore, the observed changes in fluo-
rescence of IRDye bound to silica-coated gold nano-
rods can only be due to plasmonic interactions not
dye—dye or dye—surface interactions. We note that
Wang et al. has modeled donor—acceptor energy
transfer mediated by plasmonic coupling. Their work
suggests that the plasmonic interaction is competitive
with conventional Forster processes.”®

Comparison to Relevant Work. Halas et al. have pub-
lished several key papers on the photophysical proper-
ties of near-infrared-absorbing dyes in the presence of
plasmonic nanoparticles.''?**° In ref 24, her group
demonstrated that near-infrared absorbing dyes near a
plasmonic nanoparticle exhibited increased fluores-
cence quantum yield (up to 50-fold) for the case of a
nanoparticle with a large scattering cross section and a
plasmon maximum near the emission energy of the
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dye.** In ref 11, Halas et al. found that the steady-state
fluorescence emission of IRDye (called IR800) was
enhanced by 9-fold on gold nanorods bearing an
8 nm protein layer, and that the fluorescence decay
of the dye on the nanoparticle exhibited shorter life-
times compared to free dye."" In ref 59, Halas et al.
placed IRDye (called IR800 again) in a thin silica layer
between a gold core and a gold shell, with the dye
emission maximum resonant with a plasmon band
maximum. The Halas group found a steady-state
fluorescence enhancement by 16-fold for IRDye,
comparing the gold—silica precursor seed to the
final gold—silica—gold nanostructure, with the dyes
approximately 4—10 nm away from the inner gold
core.®

As Wang has pointed out,”* the plasmonic field can
alter both radiative and nonradiative decay rates in
nearby molecules, even though it is frequently as-
sumed that the nonradiative rate is not changing upon
molecular adsorption onto a spacer layer on top of a
plasmonic nanoparticle. In general, distances ~10 nm
from the metal surface and plasmon peak positions
between the absorption and emission maximum of the
dye are considered optimal to observe plasmon-en-
hanced fluorescence.>* Halas et al. have also suggested
that, when the plasmon band is between absorbance
and emission, enhancement is maximized.>® In our
case, IRDye's absorption and emission maxima are so
close together that no plasmon band is “between”
them; nonetheless, the nanorods that give the largest
fluorescence enhancement are indeed the ones with a
plasmon maximum that overlaps the molecular bands.

In addition, our fine gradation of silica shell thick-
nesses allows us to pinpoint the “best” spacer thickness
at 17 nm. We find multiexponential fluorescence de-
cays that show fast components for dyes on plasmonic
nanoparticles, but these components vary as a func-
tion of silica shell thickness and plasmon band max-
imum in a complex manner. Quantum mechanical
calculations of relative radiative and nonradiative de-
cays for a dye molecule near a gold “nanorod” (which is
taken as two spheres next to each other) show that,
for a constant size of nanorod, moving the dye from

METHODS

Materials. Cetyltrimethylammonium bromide, gold tetra-
chloroaurate (HAuCl,-3H,0), sodium borohydride (NaBH,), sil-
ver nitrate (AgNO3), ascorbic acid, sodium hydroxide (NaOH),
tetraethylorthosilicate, ethanol (EtOH), indocyanine green dye,
3-chloropropyltrimethoxysilane, sodium azide, sodium iodide,
N,N-dimethylformamide (DMF), and methanol (MeOH) were
purchased from Sigma-Aldrich (USA). IRDye 800CW DBCO was
purchased from LI-COR Biosciences. All chemicals were used as
received without further purification.

Synthesis of Gold Nanorods. Gold nanorods were prepared
using our seed-mediated growth procedure.® First, 9.75 mL
of 0.1 M CTAB was added to 0.25 mL of 0.01 M HAuCl,-3H,0,
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5 to 20 nm away increases both radiative and non-
radiative rates from 5—15 nm, but at ~15 nm away, the
nonradiative decay rate change turns off, and the
radiative rate continues to increase, giving a higher
relative brightness of emitted light from the dye.’° The
distance at which the behavior changes, 15 nm, is
identical to what we find in our data (vide supra).
A very recent report finds 1000-fold fluorescence
enhancement of dyes near single gold nanorods in
single-molecule experiments, especially when the
plasmon is resonant with the laser and dye emission
maximum, as observed here; the larger enhancements
could be due to individual dye binding events near the
ends of gold nanorods, a process that is not directly
resolved in our data.’’

CONCLUSIONS

We have observed distance and plasmon wave-
length dependent fluorescence of IRDye 800CW DBCO
bound to silica-coated gold nanorods. Steady-state
measurements demonstrate wavelength and distance
dependent fluorescence emission with approximately
10-fold maximum fluorescence intensity enhancement
observed in the fluorescence hotspot. The presence of
multiexponential decay in the time-resolved measure-
ments indicates that there were multiple decay path-
ways present in our system which are consistent with
enhanced radiative and nonradiative contributions. A
strong reduction in fluorescence lifetime is observed
with decreasing silica shell thickness and when there is
strong spectral overlap between nanorod plasmon
band and IRDye absorption/emission. Control experi-
ments confirm that the observed changes in fluores-
cence are due to plasmonic interactions, not simply
attachment to surface. In addition, limiting IRDye
loading assures minimal dye—dye interactions on the
nanorod surfaces. Together, these results reveal that
plasmon—fluorophore coupling, resulting in fluores-
cence intensity enhancement, is a complex process.
Nevertheless, enhancement of low quantum yield
fluorophores via coupling to plasmonic nanoparticles
remains a viable option to increase their potential for
biological applications.

and the solution was kept stirring for 10 min. Next, 0.043 g of
NaBH,; was added to 10 mL of ice cold deionized water.
Immediately, the 0.1 M NaBH, solution was mixed and 1 mL
of it was transferred into a second tube containing 9 mL of ice
cold deionized water. Then, 0.60 mL of the 0.01 M NaBH, was
quickly added to the solution of CTAB and HAuCl, forming gold
seeds. The gold seed solution was stirred for 10 min and then
aged for 1 h before use.

Five, 500 mL batches of CTAB-coated gold nanorods were
prepared. A growth solution containing 475 mL of 0.1 M CTAB,
25 mL of 0.01 M HAuCl,-3H,0, and varied amounts of 0.01 M
AgNOs (0.10, 1.25, 2.50, 3.75, or 5.50 mL) was prepared. Increas-
ing amounts of AgNOs; resulted in higher aspect ratio nanorods
formed. Next, 2.75 mL of 0.1 M ascorbic acid was added to the
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growth solutions, which turned colorless upon addition of
ascorbic acid. Then, 0.6 mL of gold seed solution was added
under vigorous stirring. The solutions began changing color
after 15 min, then stirring was slowed, and the solution was
allowed to age overnight (16 h at 27 °C). The next day the gold
nanorod solutions were purified via centrifugation at 13 500 rcf
for 20 min, and the pellets were suspended in deionized water
for further use.

Absorbance spectra were taken using a Cary 500 UV—vis
spectrometer (Agilent, USA) to determine plasmon band max-
ima and nanorod concentration. Concentration of gold nanorod
solutions was determined from calculated extinction coeffi-
cients at each plasmon maximum, which in turn had been
calibrated using inductively coupled plasma atomic emission
spectroscopy.®® Transmission electron microscopy images were
obtained on a JEOL 2100 cryo-TEM (JEOL, Japan). Image)
analysis of TEM images (300 particles per sample) was carried
out to determine average length, width, and aspect ratio.

Silica-Coated Gold Nanorods. Silica coating was carried out using
a modified Stober method.?® CTAB concentration was tightly
controlled during silica coating. After initial synthesis and puri-
fication, the gold nanorod solutions were centrifuged a second
time at 11 200 rcf for 20 min. The supernatant was removed, and
the pellets were separated to five tubes, each diluted to 10 mL
for a final nanorod concentration of 1 nM. After two centrifuga-
tions, the concentration of CTAB was <0.01 mM. Then, 0.1 M
CTAB was added to each of the five tubes to adjust the CTAB
concentration to 0.4, 0.7, 0.9, 1.0, or 1.2 mM. The solutions were
mixed overnight to allow the CTAB to equilibrate on the surface
of the gold nanorods. Then, 40 uL of 0.1 M NaOH was added to
adjust pH to 10.6, and the solutions were mixed for 30 min. Next,
90 uL of 20% TEOS in methanol was added, and the solutions
were mixed for 20 h at room temperature. The nanorods were
transferred to new centrifuge tubes and then purified via
centrifugation at 8000 rcf for 20 min. The supernatant was
removed, and the pellets were dispersed in 5 mL of EtOH.

Synthesis of the Azide, 3-Azidopropyltrimethoxysilane. Synthesis of
the azide was carried out through modification of a previously
published protocol.*® Sodium azide (493 mg, 7.5 mmol) and
sodium iodide (28 mg, 0.1875 mmol) were added to a 100 mL
round-bottom flask followed by 20 mL of DMF. The suspension
was stirred for 5—10 min, allowing the solids to dissolve.
3-Chloropropyltrimethoxysilane (1.25 g, 6.3 mmol) was added,
and the reaction was capped and stirred for 12 h at 100 °C.

The compound was used as a solution in DMF isolated
directly from the reaction mixture as follows. The crude mixture
was filtered through Celite and the resulting solution layered
with 80 mL hexanes. The biphasic mixture was stirred vigorously
for 4 h, at which time the phases were separated and the
hexanes fraction was concentrated to clear oil. The concentra-
tion of the azide was determined by "H NMR (400 MHz Varian
Inova UI400 spectrometer). The DMF layer was resubmitted to
the above procedure until the hexanes layer no longer con-
tained product. The resulting product was stable when diluted
to 25% in DMF and was used without further purification.

Warning: While the alkyl azide did not exhibit shock or
impact sensitivity, it should be noted that the reagent is
unstable as a neat liquid, completely decomposing within
48 h at room temperature. While this has been a relatively safe
reagent in our laboratory, this should not excuse anyone from
exercising proper caution in its use.

Azide Functionalization of Silica-Coated Gold Nanorods. One hun-
dred microliters of the azide (25% in DMF) was added to the
silica-coated gold nanorods in EtOH. The solutions were heated
overnight (10 h at 80 °C) to ensure complete functionalization
of the surface. Purification was carried out via centrifugation
at 10000 rcf for 20 min. The solutions were centrifuged,
the supernatant was removed, and the pellet was redispersed
three times in MeOH to remove all excess azide. The azide-
functionalized, silica-coated gold nanorods were characterized
by UV—vis absorbance spectroscopy to determine concentra-
tion and plasmon maxima. The samples were all diluted to 0.8 nM
for further characterization and IRDye attachment.

TEM image analysis was carried out with ImageJ with 300
particles measured per sample to determine average silica shell

ABADEER ET AL.

thickness. -Potentials of CTAB, silica-coated, and azide-function-
alized gold nanorods were measured using a ZetaPals zeta-
potential analyzer (Brookhaven, USA). In addition, a few samples
of azide-functionalized silica-coated gold nanorods were pur-
ified by dialysis and three additional centrifugation steps to
ensure removal of all free azide. Fourier transform infrared
spectroscopy of these highly purified solutions was carried
out using a PerkinElmer Spectrum 100 (PerkinElmer, USA) to
confirm the presence of the azide on the surface.

IRDye Attachment to Azide-Functionalized Silica-Coated Gold Nanorods.
The concentration of an IRDye stock solution in MeOH was
determined by measuring absorbance of IRDye (¢ = 300000
M~"em ™" in MeOH).%® Then, 50 uL of 10 «uM IRDye was added to
3 mL of 0.8 nM azide-functionalized silica-coated gold nanorods
in MeOH. The IRDye/nanorod solutions were mixed overnight
(>12 h) at room temperature for IRDye coupling. The solutions
were centrifuged at 15 000 rcf for 20 min, the supernatant was
removed, and the pellets containing IRDye-loaded nanorods
were suspended in 3 mL of MeOH. The supernatants were spun
a second time at 15 000 rcf for 20 min to completely remove any
residual nanorods. Fluorescence emission peak area of each
supernatant was measured to determine IRDye loading (see
procedure below). Loading was calculated assuming dye mol-
ecules bound = original — free. Typically, dye loading was ~80%
with 160 IRDye molecules/nanorod. All fluorescence analysis
was carried out in MeOH with three samples of IRDye-loaded
gold nanorods prepared and analyzed for each of the five
aspect ratios and five silica shell thicknesses used. In addition,
all sample containers with IRDye were covered with aluminum
foil to reduce photobleaching.

Steady-State Fluorescence Measurements. Steady-state fluores-
cence measurements were carried out on a Fluoromax-3
(Horiba Scientific, Japan) to determine fluorescence enhance-
ment and quenching. Fluorescence emission spectra of IRDye
and IRDye/nanorod solutions were collected with excitation set
at 779 nm and emission measured in the region from 785 to
900 nm. By beginning emission collection at 785 nm, gold
nanorod scattering was minimal and the only fluorescence
emission observed was due to IRDye fluorescence. Since each
sample had varied dye loading, it was necessary to calculate
expected fluorescence emission for each sample. A calibration
curve of fluorescence peak area versus free IRDye concentration
was constructed. The fluorescence intensity of IRDye-loaded
nanorods was calculated by dividing the measured peak area by
the expected peak area calculated from the calibration curve.

An inner filter correction was applied to obtain an accurate
value for fluorescence intensity since gold nanorods strongly
absorb at wavelengths of IRDye absorption/emission. Absor-
bance of the solutions of IRDye-loaded nanorods was measured
at the excitation and emission wavelengths. The corrected
emission intensity was calculated from eq 7.%¢

Time-Resolved Photoluminescence Measurements. TRPL measure-
ments were carried out using a home-built correlated single-
photon counting system at the Materials Research Laboratory,
University of lllinois. The system uses a Becker and Hickel SPC-
150 photon counting board to process signals with a silicon
avalanche photodiode. The excitation source is a NKT Photonics
pulsed supercontinuum source. In the TRPL measurements, the
dye/nanorod solutions were excited with a 740 nm (10 nm
bandpass), 6 ps pulse. The system impulse response is ~50 ps.
Fluorescence emission was collected in the region from 795 to
805 nm. Because the emission filter used limited the emission
wavelengths to 10 nm, gold nanorod scattering was minimal
and the only emission observed was due to IRDye fluorescence.
The data from TRPL measurements were used to construct a
curve of time versus emission which exhibited multiexponential
decay. The fit was calculated using Origin, and eq 9 to calculate
the lifetimes present.*®

IRDye Attachment to Mesoporous Silica Nanoparticles. MSNs were
prepared following similar procedures used for silica coating
and azide functionalization of gold nanorods. First, 400 uL of
0.1 M CTAB was diluted to 50 mL to give a final CTAB concen-
tration of 0.8 mM. Then, 200 uL of 0.1 M NaOH was added. The
solution was mixed for 30 min, then 450 uL of 20% TEOS in
MeOH was added. The solution was aged for 20 h and was
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purified via centrifugation at 8000 rcf for 20 min. The MSNs were
suspended in EtOH (4 mL), and then 500 uL of the azide (25% in
DMF) was added. The solution was heated overnight at 80 °C
(>10 h) and purified via centrifugation. IRDye attachment,
steady-state fluorescence, and TRPL measurements were carried
out as previously described with three separate samples of MSNs.

IRDye Fluorescence as a Function of Separation between Fluorophores.
Gold nanorods (AR 1.1) were synthesized and coated with silica
as previously described. The CTAB concentration was 0.3 mM
during silica coating, resulting in 33 nm thick silica shell. Three
milliliters of 0.5 nM gold nanoparticles were incubated over-
night (>12 h) with initial IRDye ranging in concentration from
50 to 2000 dyes/particle. Surface area was calculated assuming
the dimensions can be approximated by a sphere. These
concentrations gave dye—dye separations ranging from 6 to
22 nm. Quantification of IRDye attachment and steady-state
fluorescence intensity was carried out as previously described
with three samples analyzed for each dye—dye separation
distance measured.

Calculation of IRDye Quantum Yield in MeOH. Quantum yield of
IRDye 800CW DBCO in MeOH was determined using indocya-
nine green as a standard reference (absorbance/emission
maxima at 785/806 nm). Three solutions each of IRDye and
indocyanine green were prepared with identical dye concen-
trations (0.2 uM). Fluorescence emission was measured as
previously described. Quantum yield of IRDye was calculated
from eq 10, where Qg is the quantum yield of the reference
standard in MeOH, OD and ODg, are the absorbance, and /and /g
are fluorescence emission peak areas of IRDye and the reference
standard, respectively.*®

| OD
= QR ~n 10
Q= I ODs (10)
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