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Exploring and exploiting the synergy of non-covalent
interactions on the surface of gold nanoparticles for
fluorescent turn-on sensing of bacterial
lipopolysaccharide†

Jinhong Gao, Yangwei Lai, Chuanliu Wu* and Yibing Zhao*

The sensing of lipopolysaccharide (LPS) relies on the synergy of multiple electrostatic and hydrophobic

interactions between LPS and the sensor. However, how non-covalent interactions are coordinated to

impel the recognition process still remains elusive, and the exploration of which would promote

the development of LPS sensors with higher specificity and sensitivity. In this work, we hypothesize

that Au NPs would provide a straightforward and flexible platform for studying the synergy of non-

covalent interactions. The detailed mechanism of interactions between the designed fluorescent probes

and Au NPs with two distinct surface properties was systematically explored. We demonstrated that

only when the electrostatic attraction and hydrophobic stacking are both present, the binding of

fluorescent probes onto Au NPs can be not only highly efficient, but also positively cooperative. After

that, hybrid systems that consist of Au NPs and surface-assembled fluorescent probes were exploited for

fluorescent turn-on sensing of LPS. The results show that the sensitivity and selectivity to LPS relies

strongly on the binding affinity between fluorescent probes and Au NPs. Fluorescent probes assembled

Au NPs thus provide an attractive platform for further optimization of the sensitivity/selectivity of LPS

sensing.
Introduction

Lipopolysaccharide (LPS), also known as lipoglycan or endotoxin,
is a major component in the outer membranes of Gram-negative
bacteria, which contributes greatly to the structural integrity of
the bacteria.1 The release of LPS from bacteria can elicit strong
immune responses in humans, while at higher concentration it
may also lead to septic shock, organ failure, and even death.2 Due
to its high toxicity, a variety of chemical sensors have been
developed for the specic and sensitive determination of LPS. To
date, only one sensing system is clinically used for LPS deter-
mination, which exploits the gel formation of limulus amebocyte
lysate (LAL) in the presence of LPS.3 However, this assay suffers
from poor reproducibility and quantitative ability, as well as
potential interference from other carbohydrate derivatives, such
as b-glucans. Other sensors that exploit synthetic receptors, to
some extent, overcome the shortcomings of LAL assay, which
however possess limitations in either sensitivity or selectivity.4
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Very recently, many studies have been dedicated to the develop-
ment of uorescent turn-on sensors,5 a kind of sensor which is
very suitable for the determination of LPS with a high sensitivity.
Despite the very innovative aspects of these studies, the
construction of uorescent turn-on sensors usually involves very
sophisticated organic synthesis and/or implementation of expe-
riential knowledge regarding the complicated interactions
between LPS and the designed sensors.

Molecular recognition, especially for the recognition of large
molecules, usually relies on the synergy of non-covalent inter-
actions including electrostatic and hydrophobic interactions,
van der Waals forces, and hydrogen bonds.6 LPS consists of a
lipid and a polysaccharide joined by an oligosaccharide unit, in
which the oligosaccharide and lipid units render LPS negatively
charged amphiphilicity, a property that provides the basis for
LPS recognition. For example, a uorescent polymer that has
recently been reported shows very high selectivity and sensi-
tivity to LPS owing to multiple electrostatic and hydrophobic
cooperative interactions between LPS and the sensor.5 However,
to what extent and how these non-covalent interactions are
coordinated to impel the recognition process still remains
elusive, and the exploration of which would not only promote
the development of LPS sensors with higher specicity and
sensitivity, but also provide directions to the rational design of
sensing systems for other large molecules.
This journal is ª The Royal Society of Chemistry 2013
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Non-covalent interactions also exist in various biomaterials–
biology interfaces, which play vital roles in dening the desti-
nation of biomaterials in biological systems.7 In addition,
recently there has been an increased interest in exploiting the
non-covalent interactions on the surface of nano-materials (e.g.
gold nanoparticles – Au NPs) for the construction of hybrid
materials such as catalysts, sensors, and drug delivery systems.8

In this context, Au NPs with a well-dened surface monolayer
have been synthesized to probe how their “intrinsic” surfaces
affect the interactions of nano-materials with living organisms
and/or molecules in environments. For instance, Moyano et al.
have recently reported the use of engineered Au NPs to deter-
mine the sole effect of surface hydrophobicity on the immune
response of splenocytes.9 Besides, owing to their easiness of
surface engineering and appealing optical properties, Au NPs
have emerged as attractive scaffolds for numerous applications
such as sensing, catalysis, and recognition.10

We hypothesize that Au NPs would provide a straightforward
and exible platform for studying the synergy of surface non-
covalent interactions, an exploration which would greatly
benet the use of Au NPs for sensing and recognition, in which
multiple electrostatic and hydrophobic cooperative interactions
may be involved. In this work, we systematically explored the
non-covalent interactions between guest molecules (i.e., uo-
rescent probes) and Au NPs with two different surfaces (Scheme
1). Fluorescent probes with different hydrophobicity were
designed and prepared through conjugating the uorophore
with alkyl chains of different length. We demonstrated that only
when electrostatic attraction and hydrophobic stacking are both
present, the binding of uorescent probes onto the surface of
Au NPs can be not only highly efficient, but also positively
cooperative. Aer that, sensing systems that comprise of Au NPs
and different surface-assembled uorescent probes were
developed and used for uorescent turn-on sensing of LPS.
Scheme 1 Chemical structures of the MTA-Au and MUA-Au, and anionic fluo-
rescent probes (guest molecules, 1–4).

This journal is ª The Royal Society of Chemistry 2013
Experimental section
Materials and methods

All chemicals were purchased frommajor suppliers such as Alfa
Aesar (Tianjin), Sigma-Aldrich (Beijing), Sangon (Shanghai), J&K
(Guangzhou), and used as received. All UV-Vis absorption and
uorescence spectra were recorded using a U-3900H spectro-
photometer (Hitachi) and a F-7000 uorescence spectropho-
tometer (Hitachi). The transmission electron microscope (TEM)
images were taken on a JEOL JEM-2000EX microscope. 1H NMR
spectra were collected on a Bruker Advance-400 spectrometer.
Electrospray ionization mass spectroscopy (ESI-MS) was carried
out on a Bruker Esquire 3000 plus mass spectrometer. Millipore
ultrapure water was used throughout the experiments.

Preparation of Au NPs

Au NPs were prepared by sodium citrate-mediated reduction of
HAuCl4.11 100 mL of HAuCl4 aqueous solution (41 mg, 1 mM)
was heated to reux under stirring, to which 10 mL of sodium
citrate aqueous solution (38.8 mM) was added rapidly. The
solution was heated under reux with vigorous stirring for 25
min, leading to a gradual change of the color from pale yellow to
wine red. Aer that, the solution was cooled to room tempera-
ture with slow and constant stirring. The resulting solution of
Au NPs was characterized by an absorption maximum at
520 nm. The size of the prepared Au NPs was about 13 nm (from
TEM images). It was reported that the extinction coefficient of
13 nm Au NPs at 520 nm is around 2.7 � 108 M�1 cm�1.12

Preparation of monolayer protected Au NPs

MTA-Au and MUA-Au (Au NPs functionalized with a monolayer
of (11-mercapto-undecyl)-trimethylammonium (MTA) and 11-
mercaptoundecanoic acid (MUA), respectively) were prepared
by a reported ligand-exchange approach.13 For the preparation
of MTA-Au, 150 mL of MTA aqueous solution (10 mM) was added
rapidly into 10 mL of the as-prepared Au NPs under moderate
stirring. To this mixture, 30 mL of 1 M aqueous HCl was then
added. The solution was kept at room temperature for 3 hours.
Subsequently, the obtainedMTA protected Au NPs were puried
by centrifugation (11 800 rpm, 20 min) and decantation several
times, and washed with water to remove the unbound MTA and
detached sodium citrate. MTA-Au was nally dispersed in water
for further use. The concentration of MTA-Au can be deter-
mined by using a UV-Vis spectrophotometer. The procedures
were modied slightly for the preparation of MUA-Au. Before
the addition of MUA ligand, the pH of the as-prepared Au NPs
solution was tuned to 9.0 by adding a proper amount of 1 M
aqueous NaOH. Then, 150 mL of MUA solution in methanol
(10 mM) was added. Aer 3 hours, the resulting MUA-Au was
puried as described previously for the purication of MTA-Au.

Synthesis of uorescent probes (2–4)

Fluorescent probes (2–4) were synthesized by conjugating
uorescein isothiocyanate (FITC) with hydrophobic alkyl chains
of different length (i.e. octylamine, ODA; dodecylamine, DDA;
hexadecylamine, HDA).14 Typically, 4 mg ODA (or 5.7 mg DDA, 7
Nanoscale, 2013, 5, 8242–8248 | 8243
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mg HDA) was reacted with 20 mg FITC in 50 mL dime-
thylformamide (DMF) at 50 �C for 48 hours. Aer that, 25 mL
water was added into the solution to precipitate ODA–FITC (2)
conjugate (or DDA–FITC, 3; HDA–FITC, 4). The obtained
precipitate (2–4) was then ltered out, washed twice with water,
dried, and stored in the dark for further use. The obtained
compounds were characterized by 1H NMR and ESI-MS: 2, 1H
NMR (400MHz, DMSO): d 10.10 (s, 2H), 9.90 (s, 1H), 8.24 (s, 1H),
8.10 (s, 1H), 7.74 (s, 1H), 7.17 (d, J ¼ 8.3 Hz, 2H), 6.67 (s, 2H),
6.64–6.54 (m, 3H), 1.56 (dd, J ¼ 13.3, 6.6 Hz, 2H), 1.27 (d, J ¼
25.9 Hz, 12H), 0.85 (t, J ¼ 6.8 Hz, 3H). ESI-MS: m/z, (M + H)+,
calculated: 519.62; found: 519.5. 3, 1H NMR (400 MHz, DMSO):
d 10.10 (s, 2H), 9.90 (s, 1H), 8.24 (s, 1H), 8.10 (s, 1H), 7.74 (s, 1H),
7.17 (d, J¼ 8.3 Hz, 2H), 6.67 (s, 2H), 6.64–6.54 (m, 3H), 1.56 (dd,
J ¼ 13.3, 6.6 Hz, 2H), 1.27 (d, J ¼ 25.9 Hz, 20H), 0.85 (t, J ¼ 6.8
Hz, 3H). ESI-MS:m/z, (M + H)+, calculated: 575.25; found: 575.1.
4, 1H NMR (400 MHz, DMSO): d 10.10 (s, 2H), 9.90 (s, 1H), 8.24
(s, 1H), 8.10 (s, 1H), 7.74 (s, 1H), 7.17 (d, J ¼ 8.3 Hz, 2H), 6.67 (s,
2H), 6.64–6.54 (m, 3H), 1.56 (dd, J ¼ 13.3, 6.6 Hz, 2H), 1.27 (d,
J ¼ 25.9 Hz, 28H), 0.85 (t, J ¼ 6.8 Hz, 3H). ESI-MS: m/z, (M + H)+,
calculated: 631.84; found: 631.5.
Binding of 1–4 onto the surface of MTA-Au and MUA-Au

The binding experiments were performed in 10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer
(pH 7.0, 20% ethanol) at room temperature. All reagents (1–4
and Au NPs) were prepared in 10 mM HEPES buffer (pH 7.0,
20% ethanol). Typically, to a solution containing 0.1 mL of 500
nM 1 (or 2, 3, 4), different amounts of Au NPs (2.2 nM) was
added, and the volume of the solution was adjusted to 1.0 mL by
adding HEPES buffer (10 mM, pH 7.0, 20% ethanol) to achieve a
nal concentration of 50 nM for 1, 2, 3 or 4. Aer 20 min, the
uorescence spectra of the solutions were recorded using a
uorescence spectrophotometer.
Fluorescent turn-on sensing of LPS

All reagents (2–4, Au NPs and LPS) were rst dissolved in 10 mM
HEPES buffer (pH 7.0, 20% ethanol). To a tube containing 100
mL of 0.5 mM probes (3 or 4) solution and 40 mL of MTA-Au
solution (2.2 nM), 0.76 mL HEPES buffer was added. The solu-
tion was mixed thoroughly and kept at room temperature for 10
min, which leads to the formation of a 3–MTA-Au (or 4–MTA-Au)
supramolecular complex. For the preparation of the 2–MTA-Au
complex, 70 mL of MTA-Au solution (2.2 nM) was added instead
due to its relatively low quenching efficiency for the uores-
cence of probe 2. Subsequently, different volumes of LPS
(10 mM) solution were added, and the volume of the mixture
solution was adjusted to 1.0 mL by adding HEPES buffer. Aer
20 min, the uorescence spectra of the reaction solution were
recorded using a uorescence spectrophotometer.
Fig. 1 Fluorescence response of fluorescent probes (1–4) upon the addition of
MTA-Au in HEPES buffer (10 mM, pH 7.0, 20% ethanol). Data are presented as
mean � SD (n ¼ 3).
Results and discussion
Binding of 1–4 to MTA-Au

Au NPs functionalized with a monolayer of MTA (MTA-Au) were
prepared by published methods (Fig. S1†).13 The obtained MTA-
8244 | Nanoscale, 2013, 5, 8242–8248
Au was characterized by UV-Vis absorption spectroscopy,
dynamic light scattering (DLS) and zeta-potential measurement.
We found that the surface MTA monolayer renders Au NPs not
only good stability in aqueous solutions, but also a positively
charged amphiphilic surface (Fig. S2†) which represents a
model scaffold for interacting with guest molecules via elec-
trostatic and hydrophobic forces. Anionic uorescent probes
(guest molecules, 1–4) with different hydrophobicity were
synthesized by conjugating uorescein (1) with alkyl chains of
different length (Scheme 1). Au NPs are efficient uorescent
quenchers, allowing their interactions with the probes to be
followed by uorescence spectroscopy. Fig. 1 shows the change
of uorescent intensity of 1–4 as the concentration of MTA-Au
increased in HEPES buffer (10 mM, pH 7.0, 20% ethanol). We
found that the uorescence of probes with alkyl chains (2–4) can
be quenched markedly by the addition of MTA-Au, while the
uorescence of 1 remains relatively stable. A noticeable effect of
alkyl chain length on the uorescent quenching efficiency was
also observed. These ndings suggest that the hydrophobic
interaction between 2–4 and MTA-Au should be the predomi-
nant driving force responsible for the binding of uorescent
probes on the surface of MTA-Au, while the effect of the elec-
trostatic attraction was less important.

The binding constants Kd of 1–4 for MTA-Au were then
extracted from the uorescent quenching by a linear regression
of the curves in Fig. 2a through the Hill equation (ESI†),15 which
was found to be increased from 1.393 � 109 mol�1 L (1) to 1.681
� 1010 mol�1 L (2), 3.263 � 1010 mol�1 L (3) and 4.469 � 1010

mol�1 L (4) as the length of alkyl chains increased (Fig. 2b).
Deviations from the linear correlation may indicate greater
complexity not taken into account in the quantitative model. It
is very likely that the inevitable self-quenching between the
bound uorescent probes on the surface of Au NPs also
contributes to the observed extent of uorescent quenching,
which may also lead to deviations from the expected linear
trend. We further examined the binding cooperativity for 1–4
onto MTA-Au by comparing their Hill coefficient n, a value
which was obtained from the slope of the plots in Fig. 2a.
Interestingly, the Hill coefficient n increased from 1.13 (1) to
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 (a) Fluorescence quenching data of 1–4 by MTA-Au, which were fitted by
the Hill equation (solid line); data are presented as mean� SD (n¼ 3); (b) binding
constant Kd (black) of 1–4 for MTA-Au and Hill coefficient n (red) extracted from
the linear regression of data in (2a).

Fig. 3 Binding constants K (black) of 1–4 for MUA-Au extracted from fluores-
cence quenching data and the increase factor Kd/Kd (red) represents the differ-
ence between the binding constants of 1–4 for MTA-Au and that for MUA-Au.
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2.37 (2) and 2.79 (3), and then decreased to 1.52 (4), reecting a
very complex and different cooperative binding process for each
probe (Fig. 2b). For 2–4, we observed positively cooperative
binding (n > 1), which indicates that their binding strength to
MTA-Au becomes progressively stronger as more probe mole-
cules bind. In contrast, the affinity of 1 for MTA-Au is somewhat
independent of the bound probe molecules (n z 1). The
observed high-cooperativity of binding (2 and 3) should arise
from the synergistic enhancement of intermolecular hydro-
phobic interactions between probe molecules, which leads to
ordered stacking of 2 or 3 on the surface of Au NPs due to the
perfect matching in length between alkyl chains of the probe
molecules and that of MTA monolayer, while a lengthy alkyl
chain leads to diminished cooperative binding for 4, which
indicates a relative disordered stacking of 4 on the surface of Au
NPs. These ndings have strong implications considering the
effect of binding cooperativity when exploring or exploiting
non-covalent interactions on the surface of nanoparticles.
Binding of 1–4 to MUA-Au

In the next step, Au NPs with a negatively charged amphiphilic
surface (MUA-Au) were prepared by functionalizing AuNPs with a
monolayer of MUA. The binding constants Kd of 1–4 for MUA-Au
were thenmeasured and compared with that forMTA-Au in order
to examine the effect of electrostatic attraction/repulsion on the
interactions between 1–4 and the surface of Au NPs. It was
surprising to observe that the binding constants of 1–4 for MUA-
Au (Fig. 3) or their efficiency of uorescent quenching (Fig. S6†)
were extremely lower than that for MTA-Au, which strongly
implies that not only the hydrophobic interaction, but also the
electrostatic attraction/repulsion plays a vital role in the inter-
action of 1–4 with Au NPs. This may also raise a query on a
preceding deduction that the effect of the electrostatic attraction
on the binding of 1–4 onto MTA-Au was less important. A further
quantitative comparison shows that the binding constants of 1–3
for MUA-Au increased slightly as the length of alkyl chains
increased, a result which is, to some extent, consistent with that
observed inMTA-Au, reecting a contribution of the hydrophobic
This journal is ª The Royal Society of Chemistry 2013
interaction on the binding events. However, a lengthy alkyl chain
(4) results in diminished binding to the MUA-Au likely due to the
mismatch of the length of alkyl chain in probe molecules and
MUA monolayer, a limitation which may hamper the hydro-
phobic binding of 4 onto MUA-Au. In addition, the binding
cooperativity of 1–4 for MUA-Au was found to be in the range of
0.79–1.11 (Fig. S7†), which represents an anti-cooperative (n < 1)
or non-cooperative (n z 1) binding model. This result was in
great contrast with that obtained from the binding of 1–4 toMTA-
Au, which directly demonstrates the effect of the electrostatic
attraction between 1–4 and the surface of MTA-Au on the
observed positively cooperative binding process. Moreover, Fig. 3
shows that the difference between the binding constants of 1–4
for MTA-Au and that for MUA-Au was signicantly more
pronounced (from 2.8-fold difference for 1 to 66.7-fold difference
for 4) as the length of the alkyl chain of uorescent probes
increased. This indicates, in combination with the preceding
data, that the importance of the interplay/synergy of the elec-
trostatic attraction and hydrophobic interaction on the binding
of uorescent probes onto Au NPs. Therefore, it is conceivable to
conclude that only when both the electrostatic attraction and
hydrophobic stacking are present, the binding of uorescent
probes onto Au NPs can be not only highly efficient, but also
positively cooperative.
LPS sensing

Supramolecular systems that consist of Au NPs and surface-
assembled uorescent probes have been attractive scaffolds for
the construction of uorescent turn-on sensors.16 The principle
of this kind of sensing is to exploit the reversibility of non-cova-
lent binding of uorescent probes onto Au NPs, a property which
can be quantitatively associated with uorescent signal
response.17 We then explored the feasibility of using our supra-
molecular systems (i.e. surface 2–4 assembled MTA-Au) for LPS
sensing. It was found that the uorescence of 2–4 can be
quenched almost completely when the concentration of MTA-Au
is higher than 0.2 nM (Fig. 1). This means that one particle is
capable of binding more than 250 uorescent probe molecules.
Nanoscale, 2013, 5, 8242–8248 | 8245
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Fig. 5 Fluorescence response of 2–4 and MTA-Au supramolecular sensing
systems to LPS and various biological important species in HEPES buffer (10 mM,
pH 7.0, 20% ethanol); concentration of each species: ssDNA (single-stranded
DNA), 1 mM; dNTP (deoxy-ribonucleoside triphosphate), 2 mM; dsDNA (double-
stranded DNA), 2 mg L�1; BSA (bovine serum albumin), 1 mg L�1; SOA (sodium
oleic acid), 2 mM; SLA (sodium lauric acid), 2 mM; PC (phosphatidylcholine), 2 mM;
Pi (sodium phosphate), 2 mM; glucose, 2 mM; glutamate, 2 mM; malic acid, 2 mM;
LPS, 0.5 mM in 2–MTA-Au and 3–MTA-Au systems; LPS, 1 mM in 4–MTA-Au sensing
system; no Au NPs refers to the fluorescence of 2–4; blank refers to the fluores-
cence of 2–4 andMTA-Au assembled systems without the addition of any species.
Data are presented as mean � SD (n ¼ 3).
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Three sensors that are 2–MTA-Au, 3–MTA-Au, and 4–MTA-Au,
which respectively exploit the binding of 2, 3, and 4 onto the
surface of MTA-Au were prepared by mixing proper amounts of
MTA-Au and 2–4 in HEPES buffer (10 mM, pH 7.0, 20% ethanol).
The uorescence of 2–4 was quenched rapidly and signicantly
as expected. Aer that, LPS of different concentrations was added
into the above mixtures, which resulted in a rapid (Fig. S8†) and
concentration-dependent (Fig. 4) recovery of uorescence.

LPS contains at least six fatty acid chains and many negative
charges, which render LPS a high affinity to the surface of MTA-
Au. It is not surprising that the binding of LPS onto the surface
of MTA-Au can effectively displace the surface bound uores-
cent probes, thus leading to a rapid and sensitive uorescence
response. In Fig. 4, we observed that the uorescence of the
sensing systems can be gradually restored to approximately
30–50% of their original values upon addition of LPS from 0 to
1.0 mM. The relative lower extent of uorescence recovery for
2–MTA-Au (�30%) likely resulted from the increased amount of
MTA-Au that was added strategically for further quenching of 2.
In addition, the addition of LPS led to a 7-, 22-, and 8-fold
increase of uorescence intensity for 2–MTA-Au, 3–MTA-Au,
and 4–MTA-Au, respectively. The de-quenching effect observed
for 2–MTA-Au or 4–MTA-Au was signicantly less pronounced
than that for 3–MTA-Au due to the relatively poor quenching
effect of 2 or 4 by MTA-Au. Interestingly, the response sensitivity
of the three sensors to LPS decreased remarkably as the affinity
of uorescent probes (2–4) to MTA-Au increased (Fig. 4), which
indirectly reects a competition of binding onto the surface of
MTA-Au between LPS and uorescent probes.

The selectivity of the three sensors for LPS determination
was further evaluated and compared by their uorescence
responses to various biological important species (Fig. 5). We
observed that biological species with multiple negative charges
and hydrophobic groups/domains such as ssDNA (single-
stranded DNA), dsDNA (double-stranded DNA), BSA (bovine
serum albumin), and dNTP (deoxy-ribonucleoside triphos-
phate), induce a remarkable increase in uorescence due to
Fig. 4 Fluorescence recovery of probes (2–4) and MTA-Au supramolecular
sensing systems in the presence of LPS in HEPES buffer (10 mM, pH 7.0, 20%
ethanol). Data are presented as mean � SD (n ¼ 3).

8246 | Nanoscale, 2013, 5, 8242–8248
their strong cooperative non-covalent interactions with MTA-
Au. Other small biological species do not lead to an obvious
uorescence response. It is noteworthy that the uorescence
response of 4–MTA-Au to these biological species was signi-
cantly less sensitive as compared with that for the other two
sensors, which led to a high selectivity to LPS. This has strong
implications that the binding affinity of MTA-Au for LPS is
signicantly higher than that for other biological species, as a
consequence that the uorescent probe 4 bound on the surface
of Au NPs can only be effectively replaced by the binding of LPS.
This result, in combination with the preceding data, also indi-
cates that the non-covalent binding strength between uores-
cent probes and Au NPs has a signicant inuence on the
sensitivity and selectivity of LPS sensing. However, to further
increase the selectivity of LPS sensing without a compromise of
the response sensitivity, more sophisticated surface engi-
neering of Au NPs and more systematically optimizing the
manner of synergy of non-covalent interactions between uo-
rescent probes and Au NPs are required.
Conclusions

In summary, the synergy of non-covalent interactions between
uorescent probes (i.e. guest molecules) and Au NPs has been
systematically and quantitatively explored. We found that both
the electrostatic attraction/repulsion and the hydrophobic inter-
action play very important roles to the binding of uorescent
This journal is ª The Royal Society of Chemistry 2013
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probes for Au NPs. Moreover, we demonstrated that a synergy of
electrostatic attraction and hydrophobic stacking can not only
lead to a very pronounced increase in the binding constant, but
also allows the binding of uorescent probes to the surface of Au
NPs in a positively cooperative manner. Considering that the
synergy of non-covalent interactions on the surface of nano-
particles is crucial for a broad range of applications, such an
understanding is important. Finally, in light of the under-
standing of non-covalent interactions on the surface of Au NPs,
hybrid systems that consist of Au NPs and surface-assembled
uorescent probes were exploited for uorescent turn-on sensing
of LPS. Our study shows that the sensitivity or selectivity to LPS
relies strongly on the binding affinity between uorescent probes
and Au NPs. Comparing to other uorescent turn-on sensors for
LPS, uorescent probes assembled Au NPs thus provide more
straightforward and attractive alternatives for further optimiza-
tion of sensitivity/selectivity of LPS sensing. New routes to
increase the selectivity of LPS sensing without a compromise of
its sensitivity could include the introduction of other interactions
such as host–guest interactions and hydrogen bonds,18 and the
use of Au NPs with more sophisticated surface modications.
Thus, further development will also greatly benet from the great
number of Au NPs with diverse surface monolayers available in
the literature.19
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