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Dimerization of Organic Dyes on Luminescent Gold Nanoparticles for

Ratiometric pH Sensing
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Abstract: Synergistic effects arising from the conjugation of
organic dyes onto non-luminescent metal nanoparticles (NPs)
have greatly broadened their applications in both imaging and
sensing. Herein, we report that conjugation of a well-known
pH-insensitive dye, tetramethyl-rhodamine (TAMRA), to pH-
insensitive luminescent gold nanoparticles (AuNPs) can lead
to an ultrasmall nanoindicator that can fluorescently report
local pH in a ratiometric way. Such synergy originated from the
dimerization of TAMRA on AuNPs, of which geometry was
very sensitive to surface charges of the AuNPs and can be
reversely modulated through protonation of surrounding
glutathione ligands. Not limited to pH-insensitive dyes, this
pH-dependent dimerization can also enhance the pH sensitiv-
ity of fluorescein, a well-known pH-sensitive dye, within
a larger pH range, opening up a new pathway to design
ultrasmall fluorescent ratiometric nanoindicators with tunable
wavelengths and pH response ranges.

M etal nanoparticles (NPs) generally do not fluoresce
because of their large density of states; as a result, conjuga-
tion of organic dyes to non-luminescent metal NPs is essential
for visualizing them in fluorescence imaging systems.!! For
instance, Chan et al. conjugated organic dyes such as Cyto633
to differently sized non-luminescent gold NPs (AuNPs), so
that these AuNPs can be readily monitored in real time
in vivo.”) Moreover, this simple approach also creates many
synergistic effects that can further broaden imaging and
sensing applications of both organic dyes and metal NPs. For
example, by loading organic dyes onto plasmonic metal NPs,
giant Raman scattering with specific molecular signatures of
organic dyes has been used for multispectral cancer imaging.”!
By taking advantage of the fluorescence quenching effect of
AuNPs, dye-AuNP complexes can be used as sensors for
detecting single-stranded DNA, proteins, and small toxins.

In contrast to conventional non-luminescent metal NPs,
a new class of metal NPs that can give intrinsic fluorescence
without being labeled with organic dyes has also emerged in
the past decade.”’ By tuning particle size, crystallinity, surface
ligands, and valance states, we and others were able to create
a large number of luminescent metal NPs with tunable
emission ranging from UV to NIR.[) Complementary to dye-
labeled non-luminescent metal NPs, metal NPs with intrinsic
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emissions have also found many applications in imaging and
sensing. For instance, red-emitting AuNPs have been used to
detect small metal ions, toxin, and reactive oxygen species.”’
More recent studies show that NIR-emitting AuNPs can serve
as a new class of renal clearable contrast agents for rapid
tumor diagnosis and kidney functional imaging.®! While the
emergence of these luminescent metal NPs suggests that
organic dyes might no longer be necessary for detecting metal
NPs in the fluorescence imaging systems, whether the
conjugation of organic dyes to luminescent AuNPs can
create new synergies that neither organic dyes nor lumines-
cent AuNPs possess is still largely unknown and has not been
extensively explored.

Herein, we report a reversible ratiometric pH sensing by
conjugating a pH insensitive dye, 581 nm emitting TAMRA
(Supporting Information, Figure S1), onto pH-insensitive
near-infrared (NIR)-emitting glutathione-coated AuNPs
(GS-AuNPs; Figure 1 A). When the pH increased from 6 to
10, the emission intensity of TAMRA increased over five-fold
while the emission intensity of GS-AuNPs only changed less
than 10 %. Thus, the emission ratio of TAMRA to GS-AuNP
was found to linearly depend on the pH of the local
environment. Photophysical spectroscopic studies show that
this pH-dependent emission of TAMRA originates from its
dimerization on the AuNPs, of which the geometry was highly
sensitive to the protonation of glutathione on AuNPs. Not
limited to pH-insensitive dyes, a well-known pH-sensitive
dye, fluorescein, became even more sensitive to pH changes
within a larger pH range after being conjugated to GS-
AuNPs. These results clearly indicate that this unique
enhancement arising from conjugation of organic dyes onto
luminescent AuNPs offers a pathway to design ultrasmall
ratiometric pH-responsive nanoindicators.

Synthesis of TAMRA conjugated GS-AuNPs (TG-
AuNPs) was very straightforward. We synthesized 815 nm
emitting GS-AuNPs with a reported method before®! and
then incubated NHS-TAMRA (1.6 um) with GS-AuNPs
(0.4 nm) in phosphate buffered saline (PBS) solution in the
dark at room temperature. After 24 h, unreacted pink colored
TAMRA was removed with a sephadex column and a reddish-
colored solution was collected. The conjugation of TAMRA
onto GS-AuNPs was first confirmed by agarose gel electro-
phoresis. As shown in Figure 1B, while yellowish GS-AuNPs
(lane 1) and free pinkish TAMRA (lane 3) have distinct
motilities, reddish-colored TG-AuNPs (lane 2) have a mobi-
lity similar to that of GS-AuNPs. High-resolution trans-
mission electron microscopy (HR-TEM) showed that the
average diameter of the TG-AuNPs is 22+0.4 nm (Fig-
ure 1C), consistent with the core size (2.1 +0.5 nm) of GS-
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A TAMRA GS-AuNPs TG-AuNPs and red shifts in absorption of TAMRA were observed,
pH-insensitive pH-insensitive pH-sensitive according to well-known molecular excitation coupling the-
ory,l% the dimers of TAMRA are not parallel to each other
but have intermediate geometries.!"”!
S While both monomeric TAMRA and GS-AuNPs are
insensitive to pH changes from 6 to 10 (Figure 2A), TAMRA
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Figure 1. A) lllustration of the conjugation of pH-insensitive tetra-
methyl-rhodamine (TAMRA) onto pH-insensitive GS-AuNPs. B) Agar-
ose gel electrophoresis of GS-AuNPs (1), TG-AuNPs (2), and
TAMRA (3). C) HR-TEM image and size distribution of TG-AuNPs.
Scale bar=10 nm. D) Emission spectra of TAMRA, GS-AuNPs, and
TG-AuNPs collected at 350 nm excitation. E) Absorption spectra of
TAMRA, GS-AuNPs, and TG-AuNPs.

AuNPs.® The average number of TAMRA on one GS-AuNP
was found to be about 4 (Supporting Information).

While AuNPs are known to partially quench fluorescence
of organic dyes on their surface,” fluorescence spectra of TG-
AuNPs showed that dual-colored emissions were still
observed and centered at 587 nm and 815 nm under 350 nm
excitation, corresponding to the emissions of TAMRA dyes
and GS-AuNPs, respectively (Figure 1D; Supporting Infor-
mation, Figure S2). Compared to the emission maximum
(581 nm) of free monomeric TAMRA in aqueous solution,
a 6 nm red shift in the emission of TAMRA after being
conjugated onto GS-AuNPs implies dipole-dipole couplings
among TAMRA molecules on AuNPs,'"! which was further
confirmed by their UV/Vis absorption. As shown in Fig-
ure 1 E, free TAMRA exhibited a strong absorption peak at
550 nm. An additional small shoulder peak at 522 nm was due
to association between monomeric TAMRA molecules in
aqueous solution.!"! After the conjugation to GS-AuNPs, the
strong absorption at 550 nm was split into two peaks: one
peak was located at 522 nm and the other was red-shifted to
557 nm, consistent with previous reports'’?! on dimerization of
TAMRA molecules, further confirming dipole-dipole cou-
plings of TAMRA dimers on GS-AuNPs. Because both blue
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D) Reversibility of fluorescence intensity ratios (Isg; nm//s15 nm) ©f TG-
AuNPs with pH change between 6 and 10.

exhibited strong pH-dependent emission after being conju-
gated onto GS-AuNPs. As shown in Figure 2B, with the
increase of the pH value from 6 to 10, the fluorescence
intensity at 587 nm gradually increased more than 5-times
while the emission intensity from the GS-AuNPs changed less
than 10% in this range. Thus, the intensity ratio of the two
emissions became linearly dependent of pH (Figure 2C).
Such dependence is highly reversible. As shown in Figure 2D,
by repeatedly switching pH from 6 to 10, very little variation
was observed in the ratio, which is distinct from irreversible
pH sensors derived from micelle or avidin loaded with
TAMRA!""*l and other known ratiometric pH indicators.!'”!
The pH response of TG-AuNPs was still independent of the
concentration (Figure S3), indicating the changes in the
fluorescence intensity at different values were not induced
by the aggregation of AuNPs. It should be noted that further
decrease of the pH below 5 induced partial aggregation of
TG-AuNPs, limiting their pH applications in more acidic
environments.

To fundamentally understand the pH response mecha-
nism of TAMRA on GS-AuNPs, we further investigated UV/
Vis absorption of TG-AuNPs at pH 6 and 10, respectively. As
shown in Figure 3 A, with the decrease of pH from 10 to 6, the
absorption peak at 522 nm showed very little red shift
(0.6 nm) while the absorption peak at 556 nm was red-shifted
to 561 nm. This suggested that the pH did not significantly
affect head-to-head coupling between transition dipoles of
dimers; however, it did significantly strengthen the head-to-
tail coupling between transition dipoles. These changes also
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Figure 3. A) Absorption spectra of TAMRA on TG-AuNPs at pH 6 and
pH 10, respectively. B) Zeta potentials of GS-AuNPs and TG-AuNPs at
pH 6 and pH 10, respectively. C) A hypothesized pH responsive
mechanism of TG-AuNPs.

implied that the angle between two transition dipoles became
larger and the couplings were weakened with increasing
pH.[¥ Therefore, energy transfer between TAMRA dimers
became less efficient and emission of TARMA dramatically
increased.”" 31 On the other hand, 810 nm emission of GS-
AuNPs shows very little pH response (< 10%), similar to
pure GS-AuNPs, implying little fluorescence resonance
energy transfer between TAMRA and GS-AuNPs. This
result is consistent with our fluorescence lifetime measure-
ments. The average lifetime of 810 nm emission from pure
GS-AuNPs was measured to be 1.39 & 0.08 ps, nearly identical
to that (1.194+0.05pus) from TG-AuNPs, indicating no
fluorescence energy transfer between TAMRA and GS-
AuNPs (Figure S4).

To further understand the origin of the pH effect on the
dimerization of TAMRA on GS-AuNPs, we measured the
zeta potentials of TG-AuNPs at pH 10 and 6. As shown in
Figure 3B, with the decrease of pH from 10 to 6, the overall
zeta potential of TG-AuNPs was reduced by about —20 mV
(from —39.8 mV to —11.8 mV), almost identical to the zeta
potential change (from —29.4 mV to —9.5 mV) of pure GS-
AuNPs."! The reduction in zeta potential is attributed to the
protonation of amine group of GS-AuNPs rather than
TAMRA because TG-AuNPs and pure GS-AuNPs showed
an almost identical trend. More detailed studies on zeta
potential of TG-AuNPs at different pH conditions showed
that the decrease of pH resulted in gradual reduction on the
overall surface charge of TG-AuNPs owing to protonation of
amine group of glutathione (Figure S5). The observed gradual
decrease in the surface charges owing to protonation of amine
group of glutathione immobilized on the AuNPs is consistent
with recent reports on pK, changes of these ligands after
being immobilized on NP surface.l'”? Combining the UV/Vis
absorption, fluorescence, and zeta potentials of TG-AuNPs at
different pH environments, a hypothesized mechanism was
proposed in Figure 3 C: with the increase of pH from 6 to 10,
the angle between transition dipoles of TAMRA dimers on
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GS-AuNPs was slightly increased and the couplings of
TAMRA dimers was reduced owing to the increased repul-
sion among negatively charged GSH ligands on the AuNPs.
Thus, the fluorescence intensity of TAMRA would dramat-
ically increase with pH increase.

To investigate whether the observed reversible pH-
dependent dimerization can be applied to pH-sensitive dyes,
we conjugated 5(6)-carboxyfluorescein (Figure S6), a well-
known pH-sensitive dye," onto GS-AuNPs using the same
method (Supporting Information). The average size of
fluorescein-conjugated GS-AuNPs (FG-AuNPs) is 2.2+
0.5 nm (Figure 4 A), similar to TG-AuNPs. After subtracting
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Figure 4. A) HR-TEM image and size distribution of FG-AuNPs. Scale
bar=10 nm. B) Absorption spectra of 5(6)-carboxylfluorescein and
5(6)-carboxylfluorescein on FG-AuNPs. C) Fluorescence spectra of FG-
AuNPs excited at 350 nm and 470 nm for 810 nm and 525 nm
emissions, respectively. D) Normalized fluorescence intensity of FG-
AuNPs and 5(6)-carboxylfluorescein at 525 nm.

the absorption of GS-AuNPs, a new peak at 445 nm was
observed from FG-AuNPs, 47 nm blue-shifted compared to
the absorption maximum of free fluorescein (Figure 4 B) and
consistent with the previous report (40 nm) on H-dimeriza-
tion of fluorescein.!"”!

A much more sensitive pH-dependent emission was
observed in FG-AuNPs. When the pH is increased from 5 to
11, the 525 nm emission intensity of fluorescein on AuNPs
under 470 nm excitation had increased about 19 times (Fig-
ure 4C); it was nearly 4 times more sensitive to pH than that
of free fluorescein in the same pH window (Figure 4D).
Furthermore, unlike free fluorescein that only responded to
pH change in the range of 5 to 7 (Figure S7), the emission of
fluorescein on AuNPs remained pH-responsive until the pH
reached 11. More interestingly, 815 nm emission of AuNPs
after fluorescein conjugation (under 350 nm excitation; Fig-
ure S8) became sensitive to pH changes: as the pH increases
from 5 to 11, the 815 nm emission increased about 3.5 times.
This difference between TG-AuNPs and FG-AuNPs is likely
due to the more efficient energy transfer between fluorescein
emission and GS-AuNPs excitation, resulting from a larger
spectral overlap (47 % more; Figure S9). To further confirm
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energy transfer between fluorescein and GS-AuNPs, we also
measured the lifetimes of 810 nm emission from GS-AuNPs
before and after conjugation with fluorescein, and found that
the lifetime of 810 nm decreased from 1.39 + 0.08 ps to 0.81 +
0.05 ps (Figure S10), distinct from the observation of TG-
AuNPs (Figure S4), further confirming energy transfer
between fluorescein and GS-AuNPs. Moreover, the FG-
AuNPs can also report pH in a ratiometric way (Figure S11).

In summary, conjugation of organic dyes to ultrasmall
luminescent AuNPs leads to a unique enhancement that
enables pH-insensitive dyes to exhibit pH-dependent emis-
sion and pH-sensitive dyes to become more sensitive to pH
changes in a larger pH range. Therefore, the emission ratio of
organic dyes and AuNPs can be used to quantitatively report
local pH changes. Such intriguing pH responses originate
from the dimerization of organic dyes on the ultrasmall AuNP
surface, of which geometries were found to be very sensitive
to surface charges and can be modulated through the
protonation of surrounding AuNP surface ligands. It should
be noted that such pH-dependent emission is limited to
ultrasmall AuNPs because we no longer observed similar pH-
dependent emission from TAMRA on the 7 nm TG-AuNPs
surface, even though TAMRA emission was still observed
(Figure S12). Nevertheless, this synergistic effect resulted
from simple conjugation of organic dyes to ultrasmall
luminescent AuNPs, and opens new pathways to design
fluorescent ratiometric nanoindicators with tunable emission
wavelengths and a broad pH-responsive range.
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