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ABSTRACT: By exploiting a magnetization transfer between monolayer-protected
nanoparticles and interacting analytes, the NMR chemosensing protocol provides a
general approach to convert supramolecular receptors into chemosensors via their
conjugation with nanoparticles. In this context, the nanoparticles provide the
supramolecular receptor not only with the “bulkiness” necessary for the NMR
chemosensing approach but also with a different selectivity as compared to the parent
receptor. We here demonstrate that gold nanoparticles of 1.8 nm core coated with a
monolayer of 18-crown-6 ether derivatives can detect and identify protonated primary
amines in methanol and in water, and even discriminate between two biogenic
diamines that are selectively detected over monoamines and α-amino acids.

■ INTRODUCTION

Three decades after their introduction, chemosensors are still
attracting great attention from a scientific and technological
perspective.1 Also known as “molecular chemical sensors”, they
are defined as molecular systems capable of detecting a target
analyte by producing a measurable signal.1a,2 The success
encountered by such systems is mainly related to their
flexibility, which has allowed their use in test kits and sensors,
as well as in probes for intracellular and even in vivo detection
of selected compounds.3

Generally, chemosensors are composed by two subunits: a
receptor, which recognizes the analyte, and a signaling unit,
which produces the output signal.1a−c,4 These two units
become a chemosensor only if a suitable transduction mechanism
is active.4 This mechanism converts the analyte recognition by
the receptor into an observable property (namely, a
physicochemical modification) of the signaling unit, and its
design represents the major problem that must be addressed
when a new chemosensor is conceived.5

In many examples, the transduction mechanism is based on
the chemical properties of the analyte (chemical reactivity,
photophysical properties, redox activity) that can induce a
modification of the sensor properties.1 In these cases, however,
the sensing strategy cannot be generally transferred from one
class of substrates to a new one. The realization of a
chemosensor for a different analyte requires consequently a
nonstraightforward design and optimization procedure.
In order to make the chemosensor design simpler, several

strategies have been proposed over the years to provide general
transduction mechanisms that can be implemented in any
system, and the demand for such strategies is still high.
The so-called “intrinsic” approach1a used in the first

chemosensors6 already belonged to this category. In these

systems, where signaling is based on the change in the light
absorption or emission properties of the chemosensor, the
receptor is designed in such a way as to be integrated into the
chromophoric (signaling) unit. Hence, the binding of the
analyte intrinsically modifies the state of the signaling units in
order to generate the signal. Such a strategy however is not free
from limitations: the strength and the extent of the interaction
between the recognized analyte and the signaling units is
difficult to predict or to extend from one analyte to another.
Consequently, the effectiveness of the sensing systems can be
lower than expected.
Such a limitation was first overcome by the photoinduced

electron transfer (PET) luminescent sensors.7 In this case, a
luminescence self-quenching process, due to a photoinduced
electron transfer from an electron rich moiety to the
fluorogenic unit, is built into the sensor. The binding of the
analyte decreases the availability of electrons for the photo-
induced transfer and this restores the luminescence. Such a
strategy is quite effective for detection of metal ions yet more
difficult to apply to organic molecules.
The conformational modifications caused by substrate

binding provide another useful sensing strategy, particularly
in the case of fluorescent systems. If such modifications are
well-defined and relevant enough, they can cause a substantial
distance change between the interacting part of the sensors
generating the signal. Examples of this strategy include
activation/deactivation of FRET (Forster energy transfer) or
quenching mechanisms.8 Molecular beacons represent a very
successful example of this approach.9 These systems are DNA
probes that report the presence of a specific target via a change
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in conformation (i.e., from a hairpin to a double strand
structure) triggered by hybridization or by a specific
recognition event.
Another general chemosensing approach is the signaling unit

displacement, also known as indicator displacement assay
(IDA).10 In this method, the signaling unit is an independent
molecule noncovalently bound to the receptor unit. The
complexation of the substrate by the receptor causes the
displacement of the signaling unit, which is released in the
solution and undergoes a consequent variation of its properties.
Initially developed and highly successful for fluorescent
chemosensors, this method has found application also in
chromogenic and recently even in NMR-based chemosensors.11

The noncovalent nature of the interaction between the receptor
and the signaling unit limits however its application to “in tube”
analyses, where dilution and a consequent spontaneous
dissociation of the sensing complex are not possible.
In the case of metal ions, the problem has been solved by the

“ion selective optode” approach.12 Here, a neutral ionophore
and a pH sensitive probe are merged into a hydrophobic matrix.
The binding of the metal ion induces the deprotonation of the
dye (to maintain the electroneutrality) and the consequent
modification of its absorption/emission. Evidently, this sensing
scheme only works with charged analytes.
NMR spectroscopy has recently emerged as an interesting

alternative to optical spectroscopy and potentiometry, that are
most commonly used for sensing applications. Several examples
of relaxivity-based chemosensors for the detection of metal ions
have been reported. These probes, which can be used for in vivo
applications, are designed in such a way that the substrate
binding alters the longitudinal relaxation time of water
interacting with a Gd(III) contrast agent.13

19F NMR has also attracted considerable attention. In fact, in
addition to the high receptivity of 19F, most organic compounds
do not bear fluorine atoms in their structure, and 19F spectra of
a mixture under analysis contain typically a small number of
signals arising only from the chemosensor. Swager and co-
workers have recently demonstrated that the chemical shifts of
fluorine atoms judiciously positioned in cavitand-type receptors
can change by a different extent depending on the nature of the
bound substrate. In this way, the chemosensor produces
different signals for each substrate, thus allowing for detection
and identification of the analyte.14,15

Our interest in the structure and interactions of monolayer
protected nanoparticles investigated by NMR spectroscopy16

has recently led us to report a new detection protocol, named
“NMR chemosensing” (Scheme 1), based on the combined use
of monolayer-protected gold nanoparticles (AuNP) and
NMR.17 The rationale of this method rests upon the slow
diffusion rate of the nanoparticles with respect to small analytes,
and on the intermolecular dipolar interactions as a pathway to
transfer magnetization between two interacting species.
Inspired by Shapiro’s NOE pumping sequence,18 the NMR
chemosensing experiment starts with a diffusion filter which
dephases the magnetization of all the small, fast diffusing
species in the sample while retaining that of the nanoparticles.
This magnetization is then transferred via NOE to the small
analytes interacting with the nanoparticle monolayer, and the
resulting signals are detected. The main advantage in the use of
such nanoparticle-assisted spectral editing is the fact that the
signal produced by the sensing system is the full NMR spectrum
of the analyte, and not just a variation of one sensor property.
This allows not only a detection and quantification of the

analyte but also its unambiguous identification. Moreover, even
unknown compounds or interferents detected by the sensing
system may be, in principle, identified.
In this communication, we show that NMR chemosensing

also provides a very general strategy for turning supramolecular
receptors into chemosensors by their simple grafting to
nanoparticles. In our previous examples, the analyte interaction
with the nanoparticles was a micelle-like adsorption or
inclusion into the nanoparticle coating monolayer, induced by
hydrophobic and/or ion pairing interactions.17 Albeit quite
effective, such an interaction is not expected to provide high
selectivity when comparted to the state of the art receptors
used for molecular recognition. However, most supramolecular
receptors are likely not suitable for NMR chemosensing.
Indeed, the selection of receptors’ NMR signals with a diffusion
filter is not generally possible, since the receptor size (and
hence its diffusion coefficient) is similar to that of the analytes.
On this basis, we reasoned that conjugation of the same
supramolecular receptor with a nanoparticle could result in a
reduced diffusion rate, thus recovering the necessary condition
for NMR chemosensing.
To prove this idea, we here report how crown ethers,

selected as representative supramolecular receptors, can be
turned into NMR chemosensors for amines by simply
conjugating them with monolayer protected nanoparticles.19

Scheme 1. Outline of the NMR Chemosensing Experimenta

aA FID denotes the existence of observable signals after each pulse
sequence block. The different sizes of the analyte molecules represent
the unbalance between populations of the free and bound states.
Details on the pulse sequence and CPMGz filter are provided in the
Supporting Information and in ref 11a, respectively.
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Moreover, the spontaneous formation of multivalent binding
sites on the particle surface provides the system with a
selectivity different from that of the original receptor.

■ RESULTS AND DISCUSSION
The Detection System. 18-Crown-6 is well-known for its

ability to bind ammonium and protonated primary amines by
the formation of three NH+·O hydrogen bonds with the oxygen
atoms in the 1, 7, and 13 positions.20 For this reason, we
selected it as a recognition unit for the development of a
nanoparticle-based NMR chemosensor for protonate primary
amines. Thiol 1 (Chart 1), bearing a 18-crown-6 moiety, was

straightforwardly synthesized from commercially available 2-
aminomethyl-18-crown-6. Gold nanoparticles with a 1.8 nm
gold core protected with a monolayer of 1 (1-AuNP) were
prepared by a two-phase, two-step method.21

In the first step, the gold nanoparticles are formed by NaBH4
reduction of AuCl4

− in toluene in the presence of
tetraocylammonium bromide as a phase transfer catalyst and
dioctylamine as a weak nanoparticle stabilizing agent. The thiol
monolayer is subsequently formed by substitution of the
dioctylamine monolayer with thiol 1. The nanoparticles coated
with 1 were soluble in water and methanol.
Once obtained, 1-AuNPs were tested for their ability to

detect protonated primary amines. Figure 1A,B illustrates the
results of a NOE pumping experiment performed using 1-
AuNP (29 μM, corresponding to [1] = 2.0 mM)22 and a
mixture of (Chart 1) tyramine hydrochloride (2), phenyl-
alanine (3), phloretic acid (4), N-methylphenethylamine
hydrochloride (5), p-toluic acid (6), arbutin (7), and 3-
chlorophenol (8) each 10 mM in CD3OD. Inspection of Figure
1A clearly reveals the difficulties one may encounter in using
NMR for analyzing mixtures of compounds. Several signals are
present in the 1H NMR spectrum with some overlapping, and

assignment of the sets of signals arising from a single
compound, even if well resolved, is not trivial. The compounds
in this mixture possess several functional groups which may
potentially interact with the nanoparticle coating monolayer via
H-bonding. This challenging situation allows us to test both the
chemical selectivity of the sensing system and its spectroscopic
ability to discriminate overlapping signals at the same time.
Remarkably, only the tyramine signals are observed in the

NOE pumping spectrum reported in Figure 1B, allowing its
unambiguous identification in the original mixture. This result
clearly indicates that the grafting of 18-crown-6 to small
nanoparticles results in a sensing system highly selective for
protonated primary amines.
Interestingly, the selectivity of the nanoparticle-based system

is even greater than that of the parent receptor. Indeed, not
only compounds without the protonated primary amino group,
as 4, 6, 7, 8, and 5,24 but even α-amino acids, as 3, are not
detected in the nanoparticle assisted NOE pumping spectrum.
The strength of the ammonium−crown ether interaction is very
sensitive to steric effects (see infra).20a The low affinity revealed
here by the nanoparticle system for α-amino acids could be
ascribed to this property. It may be expected that the crowding
of crown ether moieties on the particle surface amplifies the

Chart 1. Nanoparticle Passivating Thiol 1 and Substrates 2−
10 Used in This Work

Figure 1. (A) 1H NMR spectrum of a mixture of compounds 2−8,
each at 10 mM in CD3OD. (B) NOE pumping spectrum of the same
mixture in the presence of 1-AuNP (29 μM). (C) The NOE pumping-
CPMGz spectrum of the same mixture in the presence of 1-AuNP (29
μM). (* = nanoparticles’ residual signal, ° = residual solvents and
impurities).
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sensitivity to steric effects as those likely arising from the
substituents of the carbon in α.
In order to give a full account of the potential of this

approach, we tried to analyze the mixture with other methods
usually applied to NMR analysis of mixtures (see the
Supporting Information). Remarkably, DOSY, selective
TOCSY, and saturation transfer difference (STD) experiments
(the latter in the presence of 1-AuNPs) failed in clearly
identifying the presence of 2 in the mixture (Figures S5−S7).
The reason for the failure can be attributed to signal overlap
(STD),25 too similar diffusion rates (DOSY), or a break in the
analyte’s spin systems (TOCSY). In the end, nanoparticle-
assisted NOE pumping emerges as the only general technique
allowing the full and unambiguous identification of an analyte
interacting selectively with the nanoparticles in a complex
mixture.
Inspection of Figure 1B reveals however one relevant

limitation of the NMR chemosensing experiments performed
with the standard NOE pumping pulse sequence.17b Namely,
the final NMR spectrum contains not only the signals of the
analyte interacting with the nanoparticles but also the signals of
the nanoparticles themselves (in much the same way as
diagonal peaks are found in a 2D NOESY spectrum). Since the
nanoparticle signals have an intensity comparable to (or even
larger than) those of the analytes, their presence in the final
spectrum could potentially interfere with the analyte identi-
fication.
In some cases, this problem can be partially addressed by

optimizing the duration of the NOE mixing time to exploit the
exponential decay of the nanoparticle signals, as opposed to the
NOE buildup of the analyte signals (namely, an initial increase
followed by a decrease at long mixing times, Figure 2).

However, such a solution is not of general applicability, since
the maximum intensity for the analyte signals may be reached
at mixing times where the intensity of the nanoparticle signals is
still significant (Figure 2).
In order to circumvent this limitation, we tried to take

advantage of the fast transverse relaxation typical of the
nanoparticle spins, which endows an efficient T2-filtration just
before signal detection. In this way, the residual nanoparticle

signals (having short T2) are removed from the spectrum, while
those of the analyte (featuring longer T2) are retained. To this
scope, the CPMGz pulse scheme16a is particularly suitable, as it
requires no phase cycling to produce clean spectra. The
advantages of appending a CPMGz filter to the NOE pumping
pulse scheme are evident by comparing parts B and C of Figure
1. In the latter, the nanoparticle signals have been significantly
reduced or even completely removed, and the spectrum of 2
can be easily identified.
Taken together, the above results confirm that 18-crown-6 is

turned into a NMR chemosensor, capable of detecting and
identifying protonated primary amines, by conjugation with the
gold nanoparticle. In principle, such a strategy can be extended
to any supramolecular receptor capable of recognizing organic
molecules.

Multivalent Binding. In order to confirm that the analyte
detection comes from a molecular recognition of the primary
ammonium group by the crown ether receptor (and not by
unspecific absorption), we investigated the interaction between
2 and 1-AuNP in more detail. The first evidence arises from a
deeper analysis of the NOE pumping spectra in Figure 1B and
C, which reveals that the signals of the alkyl protons are larger
than those of the aromatic protons. This qualitative information
is confirmed by inspection of Figure 2, which highlights that the
NOE buildup is faster for aliphatic than for aromatic protons.
Whenever intramolecular dipolar interactions are modulated
during the lifetime of the complex, faster NOE buildups are
generally expected on substrate protons lying closer to the
receptor. Albeit spin diffusion and relay effects may complicate
a quantitative analysis, the behavior observed for cross
relaxation rates of 2 is consistent with an interaction that
drives the alkylammonium portion of 1 closer to the
nanoparticle monolayer than the aromatic part, as expected in
a typical crown ether−ammonium interaction.
Further evidence of the substrate recognition mechanism was

obtained by repeating the experiment (Figure 3) in the
presence of the strong organic base DBU (1,8-diazabicyclo-
[5.4.0]undec-7-ene). In this case, tyramine signals are not
visible in the NOE pumping spectrum (Figure 3C,D). The
deprotonation of the ammonium groups by DBU reduces both
the number and the strength of the hydrogen bonds that
tyramine can form with 18-crown-6, which ultimately decreases
the binding of the substrate to the nanoparticles.20a

Other insight into the features of the receptor−substrate
interaction was obtained by investigating the detection of
protonated diamines. In this case, we applied the NOE
pumping experiment to samples containing 1-AuNP along
with putrescine (9) or cadaverine (10) in their protonated form
(Figure 4). These molecules are biologically relevant diamines
differing only in the linear alkyl chain length connecting the
two amino groups, with 10 being longer by one carbon atom.
Most supramolecular chemosensors for chromogenic diamines
produce similar signals for both substrates, even when they
recognize them with different affinity.20c,26 On the other hand,
the two molecules can be easily distinguished by NMR
chemosensing thanks to the differences in their 1H spectra.
Indeed, inspection of Figure 4 confirms that both the molecules
are recognized and revealed by 1-AuNP. However, the presence
of the diagnostic signal at 1.6 ppm (relative to protons c of the
alkyl chain) in the spectrum of 10 (Figure 4C, left side) easily
allows its identification. In this case, the use of the NOE
pumping-CPMGz sequence is essential, since the residual
nanoparticle signals found in the standard NOE pumping

Figure 2. NOE buildup evolution of tyramine hydrochloride (2)
signals (■ = Hc, 2.9 ppm; □ = Hd, 3.1 ppm; ○ = Ha, 6.8 ppm; ● = Hb,
7.1 ppm) and decay of a selected 1-AuNP signal (◆, 3.66 ppm,
intensity divided by 10) in CD3D. Conditions: [2] = 10 mM, [1-
AuNP] = 29 μM, T = 25 °C. Lines represent the best fit of the data
according to the transient NOE model.23
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spectrum mask the 1.6 ppm diagnostic signal of cadaverine
(Figure 4B, left side).
The nanoparticle affinity for the two molecules, as well as for

tyramine hydrochloride (2), was determined by combined
titration and NOE pumping experiments (Figure 5). In all
cases, the integrated intensities of the analyte signals increase
with the concentration following a saturation profile. As we
previously demonstrated, such binding profiles can be used as
calibration curves for the analyte detection.17a A fit of the
integrated signal intensities versus the analyte concentration
with a 1:1 binding model provided an apparent association
constant (Kassoc) value of 1.6 × 102 M−1 for 2. Moreover, a
detection limit of 3.8 mM could be determined, defined as the
smallest substrate concentration of 2 producing a signal
intensity 3 times larger than the standard deviation of the
noise.27 The Kassoc value obtained is at least 1 order of
magnitude smaller than those reported for the binding of
protonated primary amines to 18-crown-6.20 As in the case of
α-amino acids previously discussed, this effect also can be
ascribed to the sensitivity of the crown ether−primary
ammonium interaction to steric effects and to the crowding
of crown ether moieties on the particle surface, which could
prevent the optimal accommodation of the substrate.
In the case of 9 and 10, two binding modes are possible,

involving respectively the interaction of the protonated

diamines with one (1:1) or two (1:2) crown ether moieties
on the nanoparticle surface. Good fits are obtained by
postulating both a 1:1 (Kassoc = 6.2 × 102 M−1 for 9 and 9.9
× 102 M−1 for 10) and 1:2 (Kassoc = 4.5 × 102 M−1 for 9 and 6.3
× 102 M−1 for 10) interaction.28 The evidence of an almost
identical affinity of the nanoparticles for the two diamines is not
surprising, since the flexibility of the substrates and of thiol 1
allows them to find the conformation most suitable for the
recognition event. The binding strengths of diamines are in any
case larger than those obtained for 2, supporting the occurrence
of a 1:2 interaction. Indeed, when the titration experiments
were repeated using 9 and 10 in the monoprotonated form,
binding constant values were very close to those obtained for 2
(see Figure S15). Such observations suggest that the

Figure 3. (A) 1H NMR spectrum of 2 (10 mM in MeOD). (B) NOE
pumping spectrum of 2 in the presence of 1-AuNP (29 μM). (C) 1H
NMR spectrum of 2 (10 mM in CD3OD) in the presence of
diazabicyclo[5.4.0]undec-7-ene (DBU, **, 10 mM). (D) NOE
pumping spectrum of 2 in the presence of 1-AuNP (29 μM) and DBU.

Figure 4. (A) 1H NMR spectra of putrescine 9 (right) and cadaverine
10 (left) each 10 mM in CD3OD. (B) NOE pumping spectra of 9 and
10 in the presence of 29 μM 1-AuNP. (C) NOE pumping-CPMGz
spectra of 9 and 10 in the presence of 29 μM 1-AuNP (60 ms CPMGz
filter).

Figure 5. Integrated intensities of the signals arising from 2 (circles: ●,
3.1 ppm; ○, 2.9 ppm; ◑, 6.8 ppm; ◓, 7.1 ppm), 9 (■, 3.0 ppm), and
10 (□, 3.0 ppm) in NOE-pumping experiments with 1-AuNP, as a
function of the analyte concentration. Solid line: best fit of the data.
Conditions: [AuNP] = 29 μM.
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protonated diamines can simultaneously bind two crown ether
moieties on the particle surface and such ditopic interaction
results in a stronger affinity. On the other hand, when only one
of the two amino groups is protonated, ditopic binding is not
possible anymore, and the affinity for the nanoparticles drops to
the values observed for protonated monoamines.
Closer inspection of Figure 5 reveals also that the sensitivity

of the detection system for 2, 9, and 10 is quite different.
Indeed, the signals obtained in the NOE pumping experiments
for the diamines, when saturation binding is reached, are 2−4
times more intense than those produced with 2. As a
consequence of this effect and of the higher affinity, the
detection limit of 9 and 10 decreases to 0.4 and 0.7 mM,
respectively.27

The intensity of the substrate signal recorded in the NOE
pumping experiment depends on four main parameters: the
amount of substrate bound to the nanoparticle, its mean
residence time, the local mobility of the substrate inside the
monolayer, and the spatial proximity between the substrate and
receptors spins. Once saturation is reached, no difference is
expected between mono- and diamines regarding the amount of
substrate bound. Hence, the greater sensitivity for protonated
diamines likely arises from the other three factors at play, which
all favor a ditopic binding mode. Indeed, the substrate residence
time in the nanoparticle monolayer is expected to be longer in
the case of 1:2 binding, since dissociation requires a
simultaneous detachment of two ammonium groups. Also,
the local mobility is expected to be reduced by the two-point
interaction, increasing the extent of NOE magnetization
transfer. Moreover, the ditopic binding mode would likely
result in a greater spatial proximity between the spins of the
substrate and those of the crown ether moiety.
The larger affinity and sensitivity for diamines with respect to

monoamines should result in selective detection of the former.
This hypothesis was verified by a competition experiment
performed with tyramine (2) and putrescine (9) hydro-
chlorides (Figure 6) as target analytes. In this case, the signals
arising from 9 are clearly visible in the NOE pumping spectra,
while those from 2 are virtually undetectable.
Having defined the main features of the detection systems,

we decided to investigate its ability to detect other relevant

polyamines. Indeed, multivalent binding should lead to greater
affinity, and consequently sensitivity, as the number of
ammonium groups interacting with 1 units on the nanoparticle
surface is increased.
NMR chemosensing performed with 1-AuNP was able to

detect spermine hydrochloride 11 in CD3OD/D2O 98.5:1.529

with an estimated limit of detection of 1 mM (Figure S8). Such
a sensitivity, similar to that found for protonated diamines 9
and 10, is justified by the fact that only two out of four amino
groups in 11 are primary and effectively interact with the crown
ether moieties. This hypothesis is supported by the fact that
tris(2-aminoethyl)amine hydrochloride (TREN) 12, which
features three primary ammonium groups, is detected in
CD3OD/D2O 99.4:0.6 with a Kassoc value of 2.4 × 103 M−1

(postulating a 1:3 interaction) and a limit of detection of 0.3
mM (Figure S10).
As a final test, we decided to investigate the effectiveness of

the sensing system in water. It is well-known that the binding
constants of crown ethers for ammonium ions are usually 2
orders of magnitude lower in water than in methanol.20

Nonetheless, NMR chemosensing performed with 1-AuNP in
D2O (buffered with 10 mM HEPES at pD 7.5) could detect
both tyramine 2 and putrescine 9 at 10 mM concentration
(Figure S9).

Guidelines for the Design of NMR Chemosensors. On
the basis of the results discussed here and in our previous
reports,17 it is possible to define the main requirements that a
nanoparticle-based receptor must fulfill to effectively perform as
an NMR chemosensor.
Regarding the structure and the functionalization of the

nanoparticle, the main points to consider are (1) the
nanoparticle size, (2) the functionalization density, and (3)
the length of the spacer chain. The nanoparticle size must be
large enough to let the diffusion filter dephase the magnet-
ization of the small molecules while preserving that of the
nanoparticles. As an example, in order to retain 80% of the
nanoparticle magnetization and only 1% of the analyte
magnetization, the nanoparticle diffusion rate must be at least
20 times larger than that of the analytes. On the other hand, the
length and flexibility of the coating molecules must be large
enough to let their magnetization survive up to the beginning of
NOE magnetization transfer. Still, too flexible coating
molecules will produce signals with long T2 values that will
not be efficiently removed by the CPMGz filter.16a

The best compromise depends on the diffusion rate of the
analytes to detect and on the chemical structure of the coating
molecules. In the case of analytes with molecular weights below
300 Da, gold nanoparticles with a 2 nm gold core coated with a
monolayer of molecules about 10−20 atoms long nicely fulfill
this requirement. Larger nanoparticles will be characterized by
larger rotational correlation times τc and by shorter relaxation
times.30 Consequently, nanoparticles with a gold core diameter
larger than 4 nm should not be used, unless the ligand length is
sensibly increased and the binding occurs in the outer region of
the ligand shell.
The density of receptor units on the nanoparticle surface

must be optimized taking two factors into account. First, as
suggested by the results discussed earlier, a high density of
receptors on the nanoparticle surface may produce a steric
hindrance that reduces their affinity for the analyte. Second, an
effective detection requires a binding geometry such that the
spins of the analyte and of the nanoparticle are close enough for
NOE magnetization transfer.

Figure 6. (A) 1H NMR spectrum of 2 and 9 (10 mM in CD3OD). (B)
NOE pumping spectrum of 2 and 9 in the presence of 1-AuNP (29
μM) (* = nanoparticles’ residual signal).

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b06300
J. Am. Chem. Soc. 2015, 137, 11399−11406

11404

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06300/suppl_file/ja5b06300_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06300/suppl_file/ja5b06300_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06300/suppl_file/ja5b06300_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b06300


The second point to analyze is the affinity of the receptor for
the analyte and the role of the residence time. The influence of
the binding affinity on the detection limit has already been
discussed in a previous paper.17b In order to be effective, the
mean residence time of the substrate in the bound state should
be larger than the nanoparticle τc, while keeping the system in
the fast exchange regime. If τc ∼ 10 ns and the spins are set 4
ppm apart at 500 MHz proton Larmor frequency, then 103 ≪
koff ≪ 108 s−1. In the case of an association rate (kon) close to
the diffusion limit of 1010 M−1 s−1 (as in the case of crown
ethers),31 binding constants in the range 102−107 M−1 would
be suitable, being Kassoc = kon/koff. Smaller kon values will
consequently reduce the maximum acceptable affinity. Indeed,
large binding constants and low complex formation rates will
lead to very high residence times, which turn into a decrease of
the analyte diffusion coefficient and a less efficient NOE or
diffusion filtration (Scheme 1).

■ CONCLUSION

In the end, the overall picture that emerges from the
experiments reported here is stimulating: conjugation of
crown ether derivatives with monolayer protected nanoparticles
is a straightforward strategy to create chemosensors for
protonated organic primary amines. Moreover, at difference
from 18-crown-6, 1-AuNP binds diamines with a greater affinity
than monoamines, due to the spontaneous formation of ditopic
binding sites. The self-organization of the binding units on the
nanoparticle surface hence results in the formation of more
complex binding sites, and in a change of the system selectivity
with respect to the parent receptor. This produces an NMR
chemosensor capable of detecting biogenic diamines with a
submillimolar detection limit both in methanol and in water.
The most relevant feature is however the possibility to

unambiguously identify the analyte and even to discriminate
between homologues differing by a single methylene residue in
the alkyl chain. Such an ability is precluded to most
supramolecular chemosensors, since the signal triggered by
the recognition event results from the modulation of a
receptor-related property. Indeed, the intensity of the generated
signal contains the information on the amount of analyte
present, but the information on the analyte identity rests upon
trusting in the selectivity of the receptor. On the contrary, in
the “NMR chemosensing” approach, the signal is produced by
the substrate itself and contains all the information on an NMR
spectrum, allowing both the discrimination and identification of
very similar substrates which may bind to the receptor in a
similar way.
In principle, the approach outlined here can be extended to

any supramolecular receptor, thus providing a very general
transduction mechanism for the development of new chemo-
sensors. Combined NMR and chemical strategies are currently
underway in our laboratories to improve the selectivity and
sensitivity of the proposed method.32
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