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GNPs (gold nanoparticles) as an eye-catching sensor rely
on the high extinction coefficients and the shift of the
surface plasmon band which signals the disperse-to-
aggregate transformation. The selectivity of the sensors
is dictated by the surface functionality whose density
presumably has a positive correlation with the sensitivity
toward the targeted analyte. To improve the analytical
performance, most efforts in this research field focus on
the design and synthesis of the sensing elements as well
as on the increase in density on GNPs. Proposed here is
an alternative rationale that the further improvement of
the GNP sensitivity can be achieved by minimizing the
electrostatic repulsion and hence the energy barrier for
the recognition event to take place. Our model system
begins with thioctic acid-stabilized GNPs which are sub-
sequently modified with 15-crown-5 ether for the recogni-
tion toward K+. For a given coverage of 15-crown-5 ether,
the limits of detection (LODs) can be improved by more
than 3 orders of magnitude via adjusting the solution pH
and ionic strength which we suggest a general guideline
for the optimization of a new GNP sensing scheme.
Following this guideline, satisfactory performance with
LODs at the micromolar level can be systematically and
efficiently found for GNPs with a range of 15-crown-5
ether coverage.

Gold nanoparticles (GNPs) have received great attention in
the development of visual sensing schemes because of their high
extinction coefficients and strongly proximity-dependent surface
plasmon band which render the distinct color transformation in
responding to the recognition events associated with the disper-
sion-aggregation transition of GNPs.1–3 Such analyte-triggered
signaling of the GNP colors is dictated by interactions that,
although oversimplified, can always be broken down into inter-
particular attraction and repulsion. The attractive interactions have
been the center of focus to improve the sensing performance.
Successfully engineered strategies reported in literature are

examples such as (1) maximizing the amount of the recognition
functionality on GNPs to increase the sensitivity,4–8 (2) tailoring
the sensing moieties to pursue the affinity and specificity toward
analytes,2–6,9–37 and (3) preorganizing the sensing group to
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accelerate the complexation with analytes.37–41 On the other hand,
the repulsive force is considered to play a passive role that
functions limitedly to stabilize GNPs, rather than to enhance the
colorimetric response. In the field of colloidal science, the stability
of dispersive colloids is commonly rationalized by the DLVO
theory (after Derjaguin, Landau, Vervey, and Overbeek).42 This
theory quantitatively explains the interactions between particles
by the equation, VT ) Vvdw + Velec, with the potential energy, VT,
being the sum of the energies from the van der Waals attractions,
Vvdw, and the electrostatic repulsions, Velec. The contributions of
Vvdw and Velec to VT generally vary as the inverse sixth power and
the inverse of the separation between the particles, respectively.
In terms of distance dependence, Vvdw is a short-range interaction
and Velec is a long-range one. The recognition events generally
require the sensing moiety to host the guest analyte via multiple
affinity sites, and thus the recognition events can be considered
as contactlike interactions that a smaller Velec can reduce the
energy barrier for the sensing reaction to take place.

Much progress has been made in recent years for water-soluble
GNPs that feature a variety of thiolated monolayers.3–24,43–57

Although the buffer compositions11 and ionic strength5 have been
mentioned in the consideration of interparticlar interactions, how
the sensing performance can be optimized by tuning the electro-
static repulsion has not yet been subjected to detailed examina-

tion.6 Herein, the model system is a potassium sensor. Potassium
is one of the vital electrolytes in the human body. The urine
potassium falls in the range of 25∼125 mEq/day which varies
with diet.58,59 The urine volumes for adult males and females are,
respectively, 800∼1800 mL/day and 600∼1600 mL/day, which
vary with water intake and other factors. An abnormally high level
of urine potassium indicates aldosteronism, alkalosis, renal tubular
acidosis, or excess potassium intake while a low level suggests
acute renal failure, diarrhea, or hypokalemia.58,59 The potassium
sensor is denoted 15c5-C4-/TA-GNPs that the GNPs are bifunc-
tinoalized by thioctic acid (TA, I) and 2-(4-mercaptobutyloxy)m-
ethyl-15-crown-5 ether (15-crown-5-CH2O(CH2)4SH or 15c5-C4-SH,
II). The presence of K+ induces a 2-to-1 sandwich complexation
of 15-crown-5 to K+,24,38,60–66 leading to the aggregation of GNPs
and a red-to-blue transformation.24,38 Employment of TA to modify
GNPs has the advantages of stability that arises from the bidentate
S-Au ligation and from the negative charge carried at the
carboxylate.50 In the following, the electrostatic repulsion between
15c5-C4-/TA-GNPs is tuned by adjusting pH and ionic strength.
The limits of detection (LODs) are thoroughly examined for a
range of experimental conditions and are utilized to evaluate the
effect of minimizing interparticular repulsion. This study demon-
strates a guideline for the condition optimization when a novel
GNP sensing scheme is under development.

EXPERIMENTAL SECTION
General Information. All chemicals were reagent grade. Buffer
solutions were 10.0 mM MES (2-(N-morpholino)ethanesulfonic
acid, Sigma) adjusted to desired pH and ionic strength with 0.5
N NaOH and 0.5 N NaCl, respectively. Synthesis of 2-(4-
mercaptobutyloxy)methyl-15-crown-5 ether (15c5-C4-SH) was de-
scribed elsewhere.24,67 Colloidal gold was prepared by the protocol
of Natan and co-workers.68 The average diameter of 19.6 ± 3.1
nm was measured by transmission electron microscopy (TEM,
Hitachi, H-7500) and determined with Scion Image Beta Release
2 (available at www.scioncorp.com). The bifunctionalized 15c5-
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C4-/TA-GNPs were prepared by the previous protocol.50 Instru-
ments employed to carry out the measurements of weight
percentage of the organic monolayer on GNPs, � potentials,
absorbance of the SP band, and semiquantification of oxygen to
sulfur abundance at the organic monolayer of the GNPs were,
respectively, thermogravimetric analyzer (HI-RES TGA 2950, TA
Instruments), Zetasizer (Nano ZS, Malvern), UV-visible spec-
trophotometer (UV 300, Unicam), and XPS (ESCA PHI 1600,
Physical Electronics).

Amount of 15c5-C4-SH for Ligand-Exchange Modification.
The surface coverage of the crown ether moiety was adjusted by
the amounts of 15c5-C4-SH introduced to and stirred with the
solution of TA-GNPs. This approach was based on the ligand-
exchange methodology that the mole ratio of in-coming ligand
against those on GNPs decides the final surface composition.69–71

To select a range of mole ratios for functionalization, we began
with estimating the total number of the thiol headgroup on GNPs
per 40.0 mL batch whose intensity of the SP band was fixed at
3.00 AU (without baseline correction). The weight of GNPs was
estimated 0.30 mg/mL (Figure S2, the Supporting Information).
The weight and surface area per gold core were approximated
by the averaged particle diameter (19.6 ± 3.1 nm) from TEM
electromicrographs and by assuming 19.3 g/cm3 in density and
perfect spherical particles in shape. The overall weight of gold
cores was deduced from the 2.5% weight loss of TA molecules
from GNPs (Figure S3, the Supporting Information) measured at
elevating temperatures (200-400 °C). Accordingly, the number
and surface area of the 40.0 mL GNP solution were, respectively,
∼7.38 × 1013 particles and 8.86 × 1016 nm2, leading to a maximum
of 0.7 µmol of thiol headgroup based on 0.216 nm2 per thiol for
the close-packed arrangement.72 We therefore decided to add to
the 40.0 mL of TA-GNPs the amounts of 0.50, 2.50, 5.00, 10.0,
15.0, and 20.0 µmol of 15c5-C4-SH (1.00 mL), roughly 0.70, 3.6,
7.1, 14.3, 21.4, and 28.6 times the maximum mole of thiol legs on
GNPs, respectively. In the following manuscript, the mole ratio
is utilized to denote how the nanoparticles were functionalized.
For examples, 21.4× represents 15c5-C4-/TA-GNPs prepared by
mixing 15.0 µmol of 15c5-C4-SH with 40.0 mL of TA-GNPs (3.00
AU at λmax).

Preparation and Analysis of Human Urine Samples. Urine
samples were collected from a volunteer and were not subjected
to pretreatment other than dilution by the MES buffer that was
also used in the preparation of GNPs solutions. Unless specifically
stated, UV-vis spectra were acquired 3 min after introducing a
0.10 mL aliquot of the sample into 1.9 mL of GNP solutions. The
calibration curves were obtained by correlating the concentration
of analytes to the decrease in peak intensity of the dispersive SP
band.

RESULTS AND DISCUSSION
Modification Time for the Preparation of 15c5-C4-/TA-GNPs.
The sensitivity of GNPs toward K+-sensing is presumably decided
by the surface composition; specifically, crown ether and car-
boxylate accounted for the recognition and the electrostatic
stabilization, respectively. To yield a meaningful analysis on the
sensing performance, it is essential to have a protocol for the
preparation of GNPs whose number of ligands is controllable and
reproducible to some extent.

In this study, IR spectra of 15c5-C4-/TA-GNPs were used to
examine the degree of modification. The peak intensities for the
characteristic vibrational modes of crown ether and carboxylate
were strongly associated with the amount of 15c5-C4-SH intro-
duced for functionalization and with the duration of the mixing
time (see Figure S1 in Supporting Information). However, the
information deduced from IR peak intensity was only qualitative
and not in real time. Alternatively, the dynamic exchange of TA
by the incoming 15c5-C4-SH was monitored by the � potential,
the electrostatic potential at the surface of shear near the GNPs.73

Panel A of Figure 1 shows that, upon introducing 0.45 µmol of
15c5-C4-SH into 40.0 mL of TA-GNPs, |�| decreased due to the
displacement of the negatively charged TA by the neutral 15c5-

(69) Kassam, A.; Bremner, G.; Clark, B.; Ulibarri, G.; Lennox, R. B. J. Am. Chem.
Soc. 2006, 128, 3476–3477.

(70) Hostetler, M. J.; Templeton, A. C.; Murray, R. W. Langmuir 1999, 15,
3782–3789.

(71) Song, Y.; Murray, R. W. J. Am. Chem. Soc. 2002, 124, 7096–7102.
(72) Ulman, A. Chem. Rev. 1996, 96, 1533–1554.
(73) Hunter, R. J. Zeta Potential in Colloid Science; Academic Press: New York,

1981.

Figure 1. � potentials and surface compositions of the colloidal gold. (A) � monitored as a function of stirring time for 0.64× GNPs. (B) � and
(C) exchange ratio for GNPs prepared by 4 days of stirring with the indicated amount of 15c5-C4-SH. The exchange ratio was determined by
the oxygen to sulfur abundance ratios from XPS measurements (see text). The values on the bottom abscissa describe the mole ratios of the
introduced 15c5-C4-SH to those estimated from a full monolayer on GNPs (see Experimental Section). The solutions were prepared by filling
Millipore-Q water to purified TA-GNPs without introducing electrolytes or adjusting the solution pH deliberately. A 1.00 mL aliquot of 15c5-C4-SH
was introduced to 40.0 mL of TA-GNPs (3.00 AU at λ523 nm).46,50,76–78 The upper abscissa shows the concentration of 15c5-C4-SH in the 1.00
mL aliquot. The GNPs used to determine the compositions in part C by XPS measurements were from the corresponding batch of part B.
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C4-SH and thus the loss of surface charge. The place-exchange
reaction reached equilibrium in less than 2 days. The profile
revealed a relatively fast reaction at the initial stage followed by
a slow one after 1 day, analogous to that of citrate-GNPs
exchanged by thioctic acid in aqueous solution50 or that of
decanethiol-protected gold clusters exchanged by dodecanethiol
in organic phase.69,74,75 To obtain GNPs with a reasonably
reproducible composition, the duration of mixing 15c5-C4-SH with
TA-GNP sol was decided 4 days or longer when the steady state
equilibrium of the place-exchange reaction was attained.

For 15c5-C4-/TA-GNPs already at the steady state, another
addition of 15c5-C4-SH led to a further decrease in |�| (data not
shown), suggesting that the extent of the place-exchange reaction
was determined by the molar ratio of incoming to outgoing ligand.
Accordingly, the surface composition of 15c5-C4-/TA-GNPs was
controllable. Panel B of Figure 1 demonstrates that |�| was a
function of the introduced amount of 15c5-C4-SH. |�| of 28.6× GNPs
was 30.1 ± 1.6 mV, approaching the limiting value of ∼25 mV for
nanoparticles being stable exclusively by electrostatic repulsion.79

The attempt to prepare 38.6× GNPs was failed due to the
development of unstable purplish flocculation. Therefore, the mole
ratios examined in this study ranged from 0.70× to 28.6× GNPs.

Panel C of Figure 1 quantitatively describes the exchange ratio.
The GNPs prepared for Figure 1B were subsequently subjected
to the measurements of X-ray photoelectron spectroscopy (XPS)
which conferred the abundance ratio of oxygen to sulfur atoms.
From the abundance ratio and the numbers of sulfur and oxygen
atoms per molecule (two sulfur and two oxygen atoms per TA;
one sulfur and six oxygen atoms per 15c5-C4-SH), the percentages
of the crown thiols to total number of thiol legs per GNP were in
the range of 47-92% (Table 1). The traces in panels B and C are
quite similar, suggesting that the measurements of � for the GNPs

are sufficient and effective to gauge the degree of the place-
exchange reaction.

Improvement of the Sensitivity by Minimizing the Inter-
particular Repulsion. Experimental parameters associated with
electrostatics on GNPs are intercorrelated and thus complicate
the rationale. To straightforwardly demonstrate that the interpar-
ticle repulsion is a general and significant factor for the analytical
performance, the experimental conditions should be constrained.
Specifically, among the solution pH, the ionic strength, and the
amount of carboxylate on 15c5-C4-/TA-GNPs, two of them should
be fixed to unambiguously examine how the repulsion dictated
by the third factor affects the sensing performance. During the
preparation of this manuscript, we thoroughly assessed a range
of combination of these parameters and deduced a general
guideline for the optimization of the sensing conditions. To better
present the findings in the following, while the observation was
made to show how GNP performance was a function of a particular
factor, the other two were actually predetermined at their
optimized conditions.

Effect of Solution pH on LOD. Figure 2A summarizes the
effect of solution acidity on the interparticular repulsion, viz., the
stability of 15c5-C4-/TA-GNPs. The data were derived from UV-vis
spectra measured 1 h after the GNPs were exposed to the solution
pH indicated in the abscissa. The ratio of ε525nm/ε660nm has been
utilized as the flocculation parameter21 of gold sols because the
numerator and the denominator evaluate the degree of dispersion
and aggregation, respectively. A smaller ε525nm/ε660nm indicates that
the gold sols are less dispersive. When the solution acidity was
pH 5.50 or more acidic, 0.70× GNPs began to exhibit flocculation
in ∼1 h or less. A decrease in the TA coverage speeded up the
flocculation at low solution pH and required a stronger solution
basicity to keep the gold sols dispersive.

The response of GNPs after being exposed to K+ is illustrated
in Figure 2B. Figure 2C,D summarizes the effect of solution pH
on the sensing performance of 21.4× GNPs. To make a conclusive
comparison, all the solutions had a nominal ionic strength of 8.14
mM (see the following paragraph and the Supporting Information
for the details). The best LOD of 21.4× GNPs toward K+-sensing
was found at pH 6.25, the strongest acidity that 21.4× GNPs
remained robustly stable. For solutions of pH 6.00 or more acidic,

(74) Donkers, R. L.; Song, Y.; Murray, R. W. Langmuir 2004, 20, 4703–4707.
(75) Guo, R.; Song, Y.; Wang, G.; Murray, R. W. J. Am. Chem. Soc. 2005, 127,

2752–2757.
(76) λmax of 523∼525 nm are reported in this manuscript. The variation in the

λmax arises from the dielectrics of the organic monolayers rather than from
the size of GNPs. See ref 46 77, and 78.

(77) Mulvaney, P. Langmuir 1996, 12, 788–800.
(78) Nath, N.; Chilkoti, A. Anal. Chem. 2002, 74, 504–509.
(79) Klabunde, K. J. In Nanoscale Materials in Chemistry; Paul, M., Ed.; John

Wiley & Sons Inc.: New York, 2001; p 129.

Table 1. Numbers of Crown Thiols per GNP Estimated by XPS Measurements

binding energy (eV) abundance ratiob

15c5-C4-/TA-GNPsa S2p3/2 O1s O/S exchange ratioc,d (%)

0.7× 162.8 532.6 3.35 47 ± 2 (64)d

3.6× 162.4 532.6 4.06 61 ± 1 (76)
7.1× 162.6 533.8 4.55 71 ± 1 (83)
14.3× 162.4 533.6 5.00 79 ± 1 (89)
21.4× 162.4 533.6 5.33 87 ± 1 (93)
28.6× 162.4 532.2 5.62 92 ± 1 (96)

a GNPs were centrifuged twice and drop-cast on thermally evaporated gold substrate. b Calculations of the abundance ratio were based on peak
area multiplied by the corresponding atomic sensitivity factor. c The exchange ratio roughly represents the fraction of TA exchanged in the second
step. The ratio is calculated from the abundance ratio (XPS) and by the number of crown thiol over the total number of thiol-legs where crown
thiol and TA have one and two S-Au bonds per molecule, respectively. Specifically, the fraction and the abundance ratio should satisfy the fact
that there are two sulfur atoms and two oxygen atoms per TA molecule, one sulfur atom, and six oxygen atoms per 15-crown-5 thiol. The numbers
of organic molecules per GNP were estimated by the following procedures. The weight ratio of 2.5% for the organic layer per GNP was measured
by monitoring the weight loss of GNPs from 110 to 500 °C. The average diameter of 19.6 ± 3.1 nm for GNPs was used to calculate the nominal
mass of the gold core. Therefore, the numbers of crown thiols per GNPs were estimated from the weight fraction of organic layer (by TGA), the
ratio of crown thiols over the total thiol (by XPS), and molecular mass. d Reported in the parentheses are the percentages of the number of crown
thiol over the total number of molecules on GNPs.
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the flocculation parameters, ε525nm/ε660nm, were small and indicative
of unstable gold sols. The instability was attributed to the lack of
sufficient repulsive charges as evidenced by the � potential at the
left ordinate of Figure 2D. The right ordinate of Figure 2D shows
that as the solution acidity increased (i.e., a smaller pH), |�| of
21.4× GNPs decreased and the LOD concomitantly became better,
demonstrating a strong correlation between the electrostatic
repulsion and the sensing performance of GNPs. In other words,
to achieve the optimal sensitivity, the solution pH should be
determined at the strongest acidity that GNPs are stable yet have
minimal electrostatic charges which render a small barrier for
the recognition events to overcome. Noted that even under such
conditions, the gold sols have sufficient selectivity to determine
[K+] in solutions containing interferants and for human urine
samples (vide infra).

Effect of Ionic Strength on LOD. � potential measurements
(Figure S4 of Supporting Information) confirmed that a smaller
|�| was found for 15c5-C4-/TA-GNPs in solutions of higher ionic
strengths which developed a thinner Debye screening length and
a smaller electrostatic barrier for the recognition event. Figure
3A displays the sensitivity of 21.4× GNPs toward K+-sensing at
ionic strengths of 6.14, 7.14, and 8.14 mM. The slopes are similar,
suggesting an insignificant effect of the ionic strength on the
detection sensitivity. For solutions with the ionic strength of 9.14
mM or more, the gold sols gradually flocculated within 1 h (0
and the dotted part in Figure 3B), and consequently experiments
that examined the sensitivity were not carried out. The right
ordinate of Figure 3B shows that increasing the ionic strength
improves the LOD by orders of magnitude and that, at a fixed
solution pH, the best LOD can be obtained at the strongest ionic
strength available.

Effect of the Amount of Functional Groups on LOD. XPS
measurements found 47-92% coverage of 15c5-C4-SH for GNPs
prepared by the place-exchange reaction. For each type of the
GNPs, the corresponding optimal conditions were applied to
determine the LODs, which would otherwise exhibit a difference
by orders of magnitude as what presented in Figures 2D and 3B.

Figure 4A displays the peak height of the GNPs as a function of
CK+ at conditions of the highest ionic strength and strongest acidity
yet truly stable for the GNPs. The corresponding LODs are
summarized in Figure 4B and Figure S5 in Supporting Information.

The LOD was presumably improved with an increasing
number of the sensing ligand on GNPs.8 The results in Figure
4B generally followed this trend until the amount of crown ether
was greater than that of 21.4× GNPs. The LODs of two additional
compositions, 18.6× and 25.7× GNPs, were therefore prepared and
were both found somewhat inferior to that of 21.4× GNPs. This

Figure 2. The effect of the solution pH on the analytical performance of 15c5-C4-/TA-GNPs. (A) Flocculation parameter of ε525 nm/ε660nm of the
GNPs as a function of solution pH. Symbols: GNPs of 0.70× (0), 3.6× (O), 7.1× (4), 14.3× (3), 21.4× (left facing triangle), and 28.6× (right
facing triangle). (B) Spectroscopic response of 21.4× GNPs toward an aliquot of 0.1 mL of K+ at pH 6.25. The curves from topmost to bottom
corresponded to progressively increasing concentrations of K+: 0.0, 5.0, 12.5, 25.0, 37.5, 50.0, and 75.0 µM. (C) The effect of the solution pH
on the analytical performance of 21.4× GNPs. (D) � (0) and LOD (O) of K+-sensing for 21.4× GNPs against solution pH. UV-vis spectra and
� potentials were, respectively, acquired 1 h and 10-15 min after introducing 0.10 mL of GNPs into 1.80 mL solutions buffered to the reported
pH. The dashed trace in part D indicates where the 21.4× GNPs were flocculated and, therefore, the corresponding LODs were unavailable.
Solution conditions: 10.0 mM MES with an ionic strength of 8.14 mM.

Figure 3. The effect of the ionic strength on (A) the sensitivity and
(B) flocculation parameter and LOD of 15c5-C4-/TA-GNPs. UV-vis
spectra for the assessment of the sensitivity and stability (ε525nm/ε660nm)
were measured, respectively, 3 min and 1 h after the preparation of
the test solutions. Symbols in panel A: the ionic strength of 6.14 (4),
7.14 (O), and 8.14 mM (0). The dashed trace in panel B indicates
under what pH the 21.4× GNPs were flocculated. Solution conditions:
21.4× GNPs in 10.0 mM MES (pH 6.25).
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confirmed that 21.4× GNPs conferred the best LOD. The fact that
25.7× and 28.6× GNPs had higher coverages of crown moiety yet
showed slightly inferior analytical performances to 21.4× GNPs
suggests that the presence of TA at the solution-GNP interface
had an effect on the sensing efficiency of 15c5-C4-/TA-GNPs. This
appears to echo to our previous finding80 that the rate constant
of K+ recognition by 15c5-C4-/TA-GNPs was more than 4 orders
of magnitude faster than those of 15c5-C8-/TA-GNPs and 15c5-
C12-/TA-GNPs. Such a chain-length dependence was attributed
to a cooperative effect between crown ether and the carboxylate
group at TA.80

The LOD of 21.4× GNPs had a ∼30-fold improvement (0.2 µM)
from our previous study (6.5 µM) when the comparison was made
by using the earlier experimental protocol that UV-vis spectra
were obtained 15-20 min after introducing a 0.70 mL aliquot of
samples into 1.80 mL of GNPs.80 On the other hand, the LODs of
the eight types of GNPs were approximately on the same order
of magnitude. The small difference in LODs, in fact, manifested
the foremost finding of this thorough examination. For recognition
schemes relying on the disperse-to-aggregation transformation,
the effect of increasing the density of the sensing moiety on GNPs

was not as significant as that of reducing the repulsion between
GNPs. To be explicit, it was a very tedious and expensive task to
determine the coverage of the sensing group on GNPs with the
combining effects from of UV-vis, TEM, TGA, and XPS. It
required numerous calibration curves to pin down the coverage
that showed the best analytical performance. Even if the optimal
coverage was a given, it was quite a challenge to modify GNPs
exactly with that specific coverage. Figure 4B demonstrated that
these GNPs performed comparably under their optimal detection
conditions. Therefore, to strive for the best sensing performance,
minimizing the interparticular repulsion via tuning pH and ionic
strength is a more efficient and controllable approach than
optimizing the coverage of the sensing moiety on GNPs.

Real Sample Analysis: Selectivity of 15c5-C4-/TA-GNPs
under Conditions of Low Interparticular Repulsion. Figure
5 shows that, under the optimized pH and high ionic strength,
15c5-C4-/TA-GNPs selectively responded to K+ in matrices
containing interfering cations mimicking human urine samples.
The red and blue traces were from 21.4× GNPs subjected to a
0.10 mL aliquot of, respectively, a blank solution and with
additional 0.25 mM K+. Both the 0.10 mL aliquots contain
physiologically important cations that were equivalent to 50-fold
dilution of real samples, viz., Na+ (2.0 mM), NH4

+ (0.75 mM),
Mg2+ (0.075 mM), Ca2+ (0.05 mM), Zn2+ (2.0 µM), and Cu2+

(0.050 µM). The relative concentrations of K+ to the other ions
were prepared based on a literature report.58 The LODs for the
GNPs were so low that the dilution of samples made the ionic
strength impossible becoming higher than 8.14 mM.58 The gold
sols examined by the blank solution remained red (the left
cuvette) while the other transformed into pale blue immediately
upon being exposed to K+, demonstrating the excellent selectivity
of 15c5-C4-/TA-GNPs and the applicability of this approach toward
K+ sensing.

Real sample analysis was carried out to demonstrate that, even
at low coverage of crown moiety, the approach of reducing the
interparticular repulsion provided satisfactory results of K+

recognition. Following the previously reported protocol which had
been interrogated by ICP-AES,38 the UV-vis spectra and calibra-

(80) A concentration of 16.5 nM 6× GNPs or absorbance of 1.36 AU at λmax, pH
5.85, and 5.34 mM ionic strength for both the sample and gold sols.

Figure 4. The effect of the amount of crown ether at GNPs on the
LOD of K+-sensing. The notation in the abscissa indicates how the
GNPs were prepared (see Experimental Section). Conditions: ab-
sorbance of 0.275 AU at λ525 nm for GNPs; spectra acquired 3 min
after introducing a 0.100 mL aliquot of the sample into 1.90 mL of
GNPs; 10.0 mM MES; solution pH, at the lowest pH where the GNPs
were stable, pH 6.00 for 0.70× and 3.6×, pH 6.25 for 7.1×, 14.3×,
18.6×, and 21.4×, pH 6.50 for 25.7× and 28.6× GNPs; ionic strength,
under the above pH where the strongest ionic strength was available
for stable GNPs, 8.14 mM for 0.70×, 3.6×, 18.6×, 21.4×, 25.7×,
and 28.6× GNPs and 9.14 mM for 7.1× and 14.3× GNPs.

Figure 5. UV-visible spectra and photographs of solutions of 21.4×
GNPs (1.90 mL) after subjected to addition of 0.10 mL of blank (red
trace and the cuvette at the left) and of 0.10 mL of sample with
additional 0.25 mM K+. Conditions: 10.0 mM MES, pH 6.25, ionic
strength of 8.00 mM. The 0.10 mL of blank and sample both contained
Na+ (2.0 mM), NH4

+ (0.75 mM), Mg2+ (0.075 mM), Ca2+ (0.05 mM),
Zn2+ (2.0 µM), and Cu2+ (0.050 µM) whose concentrations relative
to that of K+ were prepared based on ref 58.
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tion curves were obtained 15-20 min after introducing the
samples into the solutions of 21.4× GNPs. The calibration curve
exhibited good linearity (for details, see Table 2 and Figure S6 in
Supporting Information). The urine samples, whose concentration
of K+ typically falls in the range 25-125 mmol/24 h,58 were
treated simply by dilution to minimize the matrix effect. The
concentration of K+ was found to be 14.2 ± 1.4 mM (n ) 6) and
the recovery was 103% (n ) 7). A similar K+ level and a spike
recovery were measured by 7.1× GNPs. Also conducted was GNPs
modified by an arbitrary amount of crown thiol. The measured
[K+] was in good agreement with the other two GNPs although
the relatively small slope of the calibration curve suggested a
smaller coverage than that of 7.1× GNPs.

CONCLUSIONS
By taking advantage of the high extinction coefficients of

GNPs, successful demonstration for the pretreatment of the
complicated urine samples was simple dilution which made the
matrix effect negligible. This can be achieved by either increasing
the density of the sensing moiety on GNPs or by minimizing the
repulsion between particles. The coverage of crown ether on GNPs
was adjusted by place-exchange reactions and reached a limiting
value which was dependent on the ratio of the number of the
incoming crown ether to that of thioctic acid already on GNPs.
With 4-day modification, the coverage of crown ether to the total
thiol legs was found in the range of 47-92%. An exhaustive
examination of eight types of 15c5-C4-/TA-GNPs revealed that the
sensitivity and LODs were a function of the coverage of crown
ether moiety and that the one with a 87% exchange ratio (namely,
21.4× GNPs) exhibited the best analytical performance. Under
the optimal conditions for each type of 15c5-C4-/TA-GNPs, their
LODs were all sufficient for real sample analysis and actually

differed only by 20-fold. In other words, satisfactory LODs could
also be obtained by minimizing the electrostatic repulsion between
GNPs. From the practical aspect of condition optimization,
adjusting solution pH and ionic strength were more controllable
and efficient than tuning and determining the coverage of the
sensing moiety. Therefore, when developing a GNP sensor, the
general guideline for the improvement in LODs should be focused
on reducing the repulsive energy barrier for the recognition event.
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Table 2. Measurements of K+ on a Human Urine Sample

GNPs 21.4× GNPs 7.1× GNPs arbitrary× GNPs

linear equation y ) 0.164 - 1.642x y ) 0.191 - 1.101x y ) 0.188 - 0.807x
r2 0.992 0.9998 0.995
measured concentration

(mM) for urine after dilution
0.28 ± 0.03 (50-fold dilution) 0.72 ± 0.04 (20-fold dilution) 1.39 ± 0.07 (10-fold dilution)

spike (mM, n g 6) 0.500 1.000 1.00
concentration after spike

(mM, n g 6)
0.79 ± 0.04 1.69 ± 0.07 2.38 ± 0.05

recovery (%) (n g 7) 103 97 99
concentration (mM) in urine

determined by this method (n g 6)
14.2 ± 1.4 14.4 ± 0.8 13.9 ± 0.7
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