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Abstract: Silica nanoparticles function-
alized with a Zn"-dipicolylamine deriv-
ative are used as the receptor compo-
nent of a sensing ensemble for an indi-
cator-displacement assay. The nano-en-
semble system, constructed with pyro-

sponding absorption spectral changes
in a buffer solution of pH 7. A distinct
recognition behavior—the nano-ensem-
ble does not sense hydrogen phosphate
that was sensed by the traditional en-
semble with the same molecular recep-

tor—is explained by an incomplete-dis-
placement model in the case of the in-
tegrated receptor system. The present
work demonstrates that the nanoparti-
cle-based competition assay is as effec-
tive as the traditional approach with

catechol violet as an indicator,
selectively senses pyrophosphate over
other anions including hydrogen phos-
phate, thus showing a visible blue-to-
yellow color change and the corre-

Introduction

A typical chemical sensing system is composed of two key
components, recognition and signaling parts (or receptor
and indicator). Usually, the recognition site is covalently
linked to the indicator in such a way that the supramolec-
ular interactions between an analyte and the recognition site
can generate signals, usually as absorption and emission
changes. This binding site/signaling subunit approach has
been traditionally used in the development of various che-
mosensors. A different approach is to use an ensemble of a
receptor and an indicator, which is called the indicator-dis-
placement (or competition) assay.'! In this ensemble ap-
proach, the receptor is not linked to the indicator by cova-
lent bonds, which discriminates it from the traditional ap-
proach. In the indicator-displacement assay, an indicator
molecule bound to the receptor through supramolecular in-
teractions, such as hydrogen bonding and metal-coordina-
tion bonding, is released when the receptor-indicator en-
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molecular receptors. Furthermore, such
an integrated receptor system can pro-
vide distinct recognition behavior from

receptors - X
its molecular receptor.

semble is exposed to an analyte that has stronger affinity to
the receptor rather than to the indicator. As the indicator is
displaced, a change in the color or fluorescence of the en-
semble system is observed, thereby enabling detection of
the analyte. Such a sensing ensemble can be created simply
by mixing a molecular receptor with a suitable indicator;
here, the task of covalent linking between the receptor and
indicator parts is not required. In the traditional approach,
covalent attachment of an indicator to a receptor structure
without affecting the recognition and the signaling events is
sometimes challenging.

The indicator-displacement assay is now widely used as a
standard sensing method!"! since the Anslyn group demon-
strated its usefulness in the detection of various oxoanions
such as citrate, tartrate, phosphate, inositol triphosphate
(IP5), heparin (a sulfate-containing biomolecule), and 2,3-bi-
sphosphoglycerate.”

Although ample examples of indicator-displacement
assays for various analytes are known, almost all the assays
are based on molecular receptors.!"! Martinez-Méafiez and co-
workers reported a heterogeneous competition assay for cit-
rate, using mesoporous silica solids functionalized with gua-
nidinium groups.”! The solid ensemble was suspended in
water, and the displaced indicator was analyzed spectropho-
tometrically after isolation. This is a rare example of compe-
tition assays in which material-based receptor systems are
used as the ensemble component. Nanoscale cavities of the
mesoporous materials are presumed to impart a good selec-
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tivity toward citrate over several carboxylates examined.
Our experiences from integrated receptor systems, including
this study,” suggest that congested “micro-environments”
generated by the assembled receptors on a silica surface
also seem to influence the guest selectivity.

We have been studying how “integrated” supramolecular
systems, recognition systems in which many receptor units,
either the same or different types, are integrated onto nano-
materials.*>) With such integrated supramolecular systems,
we may realize novel recognition features, such as multiple
interactions, signal enhancement, or analyte specificity,
which are commonly realized in biological systems but are
difficult to achieve with non-integrated systems. Also, a
chemical ensemble sensing system based on an integrated
receptor system would extend the usefulness of the indica-
tor-displacement assay in solution to that on sensory materi-
als. To this end, we have investigated an indicator-displace-
ment assay by exploiting receptor-functionalized silica nano-
particles as the molecular receptor component.

Results and Discussions

To realize the “nano-ensemble” system, we have chosen
silica nanoparticles as the integration platform, as they are
readily available and show no optical interference. The func-
tionalization of a silica surface is also well established.

We have chosen Zn"-dipicolylamine (DPA) as the recog-
nition motif. The DPA ligand coordinates strongly to the
Zn** cation to form the Zn(DPA) complex (Figure 1),
which provides one or two vacant coordination sites for an
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Figure 1. Structures of Zn(DPA), bis-Zn(DPA), and PPi.
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anionic guest such as phosphate anion. Accordingly, bis- or
tris-Zn(DPA) derivatives have been widely used for the rec-
ognition of biologically important phosphate derivatives
such as phosphate, pyrophosphate (PPi), IP;, and phytate (a
hexaphosphate compound). Particularly, bis-Zn(DPA) com-
plexes, such as 1 and 2 (Figure 1), recognize PPi, an impor-
tant biomarker, with a good selectivity over phosphate and
mono-, di-, and tri-phosphate nucleotides. Hence, they have
been widely used for the development of chemosensors for
PPi.! Kim and co-workers first reported an indicator-dis-
placement assay for HPO,*~ based on bis-Zn(DPA) 1 (R=
Me).! Since then, other types of indicator-displacement
assays for phosphate and its derivatives have been develo-
ped.?48 Recently, we also developed indicator-displacement
assays for phytate and IP; using tripodal receptors com-
posed of the Zn(DPA) binding motif.””

Synthesis

To prepare the desired Zn(DPA)-functionalized silica nano-
particles, we have designed bis(DPA)-acid 6; its synthesis is
straightforward as depicted in Scheme 1. Thus, 3-(4-hydroxy-

8 = L

4 R=Me CO,R
5 R=Me
) e r=H
Scheme 1. Synthesis of bis(DPA) 6: a) SOCl,, MeOH, —40—25°C, 12 h,
95%; b) paraformaldehyde, bis(2-pyridylmethyl)amine (DPA), 1m HCl

(cat.), EtOH/H,O (1:3), reflux, 36 h, 64 %; c) NaOH, H,0/MeOH (1:3),
25°C, 1 day, 85%.

phenyl)propanoic acid methyl ester (4), which was obtained
from the commercially available acid 3, was treated with
DPA under Mannich reaction conditions to afford bis-
(DPA)-ester 5 as pale brown oil in 64 % yield after careful
purification by silica-gel column chromatography. Hydrolysis
of the methyl ester provided bis(DPA) acid 6 in 85% yield.

Silica nanoparticles (~50 nm) with terminal aminopropyl
groups (7) were used as a nanotemplate; they were coupled
with bis(DPA)-acid 6 under the standard EDC-HOBt cou-
pling protocol (EDC=1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide; HOBt=1-hydroxybenzotriazole). The result-
ing nanoparticles were treated with an excess amount of Zn-
(ClO,), dissolved in water to give the corresponding func-
tional nanoparticle (NP 8), which was purified by dialysis in
deionized water to remove excess Zn(ClO,),, unreacted 6,
and other reagents (Scheme 2). On the basis of the amount
of the nanoparticle 7 used in the coupling reaction, a stock
solution of the functional nanoparticles was prepared
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Scheme 2. Preparation of bis-Zn(DPA)-functionalized NP 8: a) silica NP
7, bis(DPA)-acid 6, EDC, HOBt, H,O/DMEF, 25°C, 3 days; b) excess Zn-
(C10,),-H,0.

(0.1 mg NPsmL™") and used for sensing purposes after dilu-
tion.

The functionalized nanoparticle (NP 8) was characterized
by IR and TEM. The amide bond of the organic moiety on
the surface of silica nanoparticles was identified by the band
at 1627 cm™'. Also, the hydroxy stretching band around
3500 cm ™! increased upon the coordination of a Zn" ion to
the bis(DPA) moiety, which is likely owing to an increased
hydrophilicity of the metal complex (Figure 2a). The func-
tional nanoparticles show little change in the particle size
from that of the starting aminopropyl-terminated 7 (particle
diameter ~50 nm) (Figure 2b).

Competition Assay

The nanoparticle ensemble system was prepared by simply
mixing NP 8 (0.02 mgmL™") with pyrocatechol violet (PV)
(50 um) in an aqueous HEPES buffer at pH 7.0 (HEPES =
2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid).
Figure 3 shows the UV/Vis spectra obtained when the indi-
cator solution was titrated with NP 8. A color change from
yellow (An.=444 nm) to blue (4,,,,=625 nm) was observed
upon addition of the nanoparticles, which can be ascribed to
the binding of PV to the Zn" complexes on the nanoparticle
surface.[™!

The UV/Vis spectral changes upon addition of the nano-
particle solution to the PV solution were dependent on the
pH of the solution. The absorption peak at 4,,,=625 nm in-
creased slightly at pH 6.0; the result indicates that the coor-
dination of PV to the Zn(DPA) sites requires deprotonation
of the catechol hydroxy groups, which is unfavorable at
acidic pH. As expected, the indicator complexation seems to
be favorable at pH7 or higher, as the absorption peak
showed essentially the same increase (see the Supporting In-
formation). At higher pH than 7, however, PV can exist in
its diphenolate form, the absorption peak of which overlaps
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Figure 2. a) IR spectra of silica nanoparticle 7 and its bis(DPA)- and bis-
Zn(DPA)-functionalized NPs. b) TEM image of the bis-Zn(DPA)-func-
tionalized NPs (particle diameter ~50 nm).

0.6+
0.54 l ‘ [NP 8]
0.4+
A 0.3 / / el
0.2- :
pyrocatechol
0.1 violet
0.0 T T T —
300 400 500 600 700 800
Alnm

Figure 3. UV/Vis spectral changes of a solution of PV (50 um) in HEPES
buffer (pH 7.0, 10 mm) upon addition of NP 8 (final concentrations:
0.004, 0.008, 0.012, 0.016, 0.020, 0.024, 0.028 mgmL ™" water).

the peak at A,,,=625 nm. Therefore, pH 7 is chosen as an
optimum value for our sensing purposes.

On the basis of the above experiments, an optimum nano-
ensemble solution is composed of PV (50 um) and NP 8
(0.02 mgmL™) in a pH 7 buffer solution. As expected, the
absorption peak at A, =625 nm decreased while the peak
at Ay =444 nm increased upon addition of PPi to the nano-
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ensemble solution at pH 7. These absorption changes indi-
cate that the PV molecules bound to the nanoparticles are
released upon addition of PPi, which is a much stronger
binder to the bis-Zn(DPA) complex (K, =2-6x10°m"" in
water) (Figure 4).1%4
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0.4 1 ‘
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Figure 4. UV/Vis spectral changes of the nano-ensemble (50 pm
PV+0.02 mgmL ' of NP 8) upon addition of PPi (final concentrations: 0,
20, 40, 60, 80, 100, 120, 140, 160, 180, 200 um) in water buffered at pH 7.0
(HEPES buffer, 10 mm).

The replacement is highly selective to PPi; other anions
(AcO", citrate, CO;*~, CI°, Br, N;, ClO, SO/, and
NO;") show little optical changes (Figure 5). The selectivity
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Figure 5. UV/Vis spectra of the nano-ensemble system (50 um
PV4+0.02 mgmL™"' of NP 8) in a buffer solution at pH 7.0 (HEPES
buffer, 10 mm) in the presence of various anions (150 pm; AcO~, Cl-,
Br, ClO,", N5, NO;, SO,*", citrate, CO*~, HPO,*", and PPi).

for PPi over HCO;~, Cl~, AcO™, and SO,*" is also an impor-
tant feature because these anions play important roles in the
body. Only in the case of HPO,”", the absorption peak at
Amax=0625nm shows a 40% decrease compared to that
caused by PPi. Although addition of HPO,*~ caused an ab-
sorbance change at the blue wavelength region, interestingly
there was a small increase in the absorbance at A,,,=
444 nm.

Nanosensing-ensembles that can be used to detect ana-
lytes with the naked eye, without resorting to any spectro-
metric instrument, are of interest because of their operation-
al simplicity. The present nano-ensemble system shows an
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apparent color change from blue to yellow only when PPi
was added to an aqueous buffered solution of the nano-en-
semble (HEPES pH 7.0); other anions including HPO,*~
failed to cause the color change (Figure 6). It may thus be
concluded that the nano-ensemble system may serve as a
specific tool for PPi, which can be effectively detected by
the naked eye in a neutral aqueous solution.

Figure 6. Photos that show the color of the nano-ensemble solution
(50 um PV40.02 mgmL~" of NP 8) in the absence and presence of anions
(140 um) in a buffer solution at pH 7.0 (HEPES, 10 mm): from left to
right; no anion, PPi, HPO/*", citrate, ClO,”, CH;CO, , NO;~, SO,>", N,
CO, CI, Br.

In the above, we have noted that HPO,*~ causes unusual
absorption changes when it interacts with the nano-ensem-
ble; the absorption peak of bound PV at 4., =625 nm de-
creases as expected in the presence of HPO,*", whereas the
peak of “free” PV at A,,, =444 nm increases only a little,
thus suggesting an incomplete restoration. As a conse-
quence, the nano-ensemble does not show a blue-to-yellow
color change toward HPO,*~ (Figure 6). The conventional
sensing ensemble composed of a 1:2:1 molar ratio of bis-
(DPA) 1 (R=DMe), zinc perchlorate, and pyrocatechol violet
shows a color change in the case of HPO,* [l The contrast-
ing behavior of the integrated receptor system from the tra-
ditional molecular receptor system toward HPO,>~ may be
ascribed to a complex binding mode between HPO,* and
the nano-ensemble. In this case, the PV molecules coordi-
nated to the Zn(DPA) site are resistant to the displacement
by HPO,*", owing to the “congested” microenvironment, or
they are not completely displaced from it but are still in a
bound state, possibly as in its mono-catecholate form
(Figure 7). The normal decrease in the absorption peak at
Amax =625 nm indicates that the PV is no longer in its dicate-
cholate form. Also, the abnormal increase in the absorption
peak A,.,=444 nm (a little increase) suggests that most of
PV molecules are not in the unbound state, but somewhere
in the intermediate state. Probably, this incomplete displace-
ment state, which does not occur in the non-integrated re-
ceptor system, seems to persist in a congested micro-envi-
ronment of the integrated receptor system. But in the case
of PPi, the incomplete displacement state is not conceivable
because it is a much stronger competitor than HPO,*~ or
PV toward the metal binding site (association constant
values of PPi, HPO,", and PV toward the bis-Zn(DPA)
complex are 2-6x10%, 11x10% and 5x10*m~!, respective-
ly).*" The binding mode between PPi and the bis-Zn-
(DPA) moiety has been established by Hong and co-work-
ers.® It should be noted that the molecular interactions be-
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Figure 7. Complete and incomplete displacement complexes in a congest-
ed micro-environment conceivable in the cases of PPi and HPO,, re-
spectively.

tween the indicator, the analyte, and the Zn" centers can be
discrete in part but are complex in total; for example, inter-
molecular interactions with neighboring Zn" sites are also
conceivable, which will lead to the formation of ternary or
higher complexes.

The different selectivity behavior observed by our nano-
ensemble system compared with the conventional sensing
ensemble provides an additional example of notable fea-
tures obtainable with integrated recognition systems. We
demonstrated such an example recently in the case of a lipo-
some-based integrated sensing system.!

The present nano-ensemble system might allow quantita-
tive assay of PPi in an aqueous solution at physiological pH.
The calibration curve gives a good correlation with respect
to the concentration of PPi down to a low um level
(Figure 8).

Conclusions
We have demonstrated that the traditional indicator-dis-
placement assay can be extended to a nanoparticle-based

assay. Specifically, we have introduced silica nanoparticles
functionalized  with a  pyrophosphate-binding  bis-
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Figure 8. A plot of absorbance (at 625 nm) of the nano-ensemble system
(50 um PV40.028 mgmL ™" of NP 8) against [PPi] in a buffer solution at
pH 7.0 (HEPES).

Zn"(dipicolylamine) moiety as the receptor component of
the sensing ensemble. Together with pyrocatechol violet as
the indicator component, this nano-ensemble sensing system
senses pyrophosphate with an excellent selectivity over hy-
drogen phosphate and other mono- and divalent anions,
showing a blue-to-yellow color change along with the corre-
sponding spectral changes. A distinct recognition behavior—
the nano-ensemble does not sense hydrogen phosphate that
was sensed by the traditional ensemble with the same mo-
lecular receptor—is explained by an incomplete-displace-
ment model in the case of the integrated receptor system.
The present work demonstrates that the nanoparticle-based
competition assay is as effective as the traditional approach
with molecular receptors. Furthermore, such an integrated
receptor system can provide a distinct recognition behavior
from the corresponding molecular receptor.

Experimental Section
Methyl 3-(4-hydroxyphenyl)propanoate (4)

Thionyl chloride (0.5 mL, 6.6 mmol) was added dropwise with stirring to
a pre-cooled solution of 3-(4-hydroxyphenyl)propanoic acid (3) (1.0 g,
6.0 mmol) in MeOH (40 mL) at —40°C with an acetonitrile-dry ice bath;
the reaction mixture was allowed to stand at room temperature for 12 h.
Solvent was evaporated under reduced pressure and the residue was puri-
fied by column chromatography on silica gel (EtOAc/n-hexane=1:1, by
volume) to give the ester as a yellow oil (1.0 g, 95%). 'HNMR (CDCl,,
300 MHz): 6=2.58 (t, 2H), 2.87 (t, 2H), 3.64 (s, 3H), 6.75 (d, 2H), 7.00
(d, 2H), 7.20 ppm (s, 1H); "CNMR (CDCl;, 75 MHz): 6 =30.06, 36.08,
51.87, 115.47, 129.31, 131.94, 154.49, 174.56 ppm.

Methyl 3-(3,5-bis{bis[ (pyridin-2-yl)methylJaminomethyl}-4-
hydroxyphenyl)propanoate (5)

Phenol 4 (1.0 g, 5.6 mmol) and HCI (1M, 1.4 mL) were added to a suspen-
sion of paraformaldehyde (0.55¢g, 18.3 mmol) and di(2-picolyl)amine
(DPA) (2.76 g, 13.9 mmol) in ethanol (15 mL) and water (45 mL), and
the resulting mixture was refluxed for 36 h. The reaction mixture was
cooled to room temperature, neutralized with Na,CO;, and then extract-
ed into chloroform. The organic layer was dried over magnesium sulfate
and concentrated to give a brown oil. The crude product was purified by
column chromatography on silica gel (CHCl;/MeOH =20:1) to give bis-
(DPA) 5 as a pale brown oil (2.1 g, 64%): 'HNMR (CDCl,, 300 MHz):
0=2.56 (t, 2H), 2.84 (t, 2H), 3.62 (s, 3H), 3.78 (s, 4H), 3.93 (s, 8H), 7.03
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(s, 2H), 7.10-7.15 (m, 4H), 7.50 (d, 4H), 7.58-7.70 (m, 4H), 8.53 (d, 4H),
10.95 ppm (s, 1H); "CNMR (CDCl,, 75 MHz): 6 =30.38, 36.27, 51.68,
54.91, 59.95, 122.12, 123.09, 124.20, 129.02, 130.28, 136.69, 149.02, 154.45,
159.39, 173.75ppm; MS (FAB+) [M+H]": 603.2; HRMS (FAB+)
[M+H]* caled for C3H3NgO5: 603.3005; found: 603.3088.

3-(3,5-Bis{bis[ (pyridin-2-yl)methylJaminomethyl}-4-
hydroxyphenyl)propanoic acid (6)

A solution of bis(DPA)-methyl ester 5 (350 mg, 0.58 mmol) in MeOH/
water (3:1, 5mL), was treated with NaOH (23 mg, 0.58 mmol), and the
mixture was stirred for 24 h at room temperature. Most of the methanol
was evaporated under reduced pressure, and the aqueous solution was
washed with CH,Cl, (3x20 mL). The aqueous solution was neutralized
with 1 N HCI and extracted with CH,Cl, (3x30 mL). The combined or-
ganic layer was dried over anhydrous Na,SO, and concentrated in vacuo
to give bis(DPA)-acid 6 (290 mg, 85 %), which was used for the nanopar-
ticle functionalization. 'HNMR (CDCl,, 300 MHz): 6 =2.57 (t, 2H), 2.91
(t, 2H), 3.79 (s, 4H), 3.85 (s, 8H), 7.08 (s, 2H), 7.12-7.16 (m, 4H), 7.50
(d, 4H), 7.59-7.65 (m, 4H), 853 ppm (d, 4H); "CNMR (CDCl,
75 MHz)): 6=31.48, 37.83, 55.07, 59.57, 122.39, 123.52, 123.81, 129.95,
130.51, 137.06, 148.83, 154.54, 159.08, 176.25 ppm; MS (FAB +) [M+H]*:
589.2; HRMS (FAB+) [M+H]" calcd for C3;H3N4O5: 589.2849; found:
589.2930.

Preparation of bis-Zn(DPA)-silica nanoparticle 8

A solution of bis(DPA)-acid 6 (185 mg, 0.315 mmol), aminopropyl-termi-
nated silica nanoparticles (2.5 mg; available as 25mg/l mL, 50 nm;
www.kisker-biotech.com), EDC (60 mg, 0.315 mmol), and HOBt (43 mg,
0.315 mmol) in water/DMF (2 mL, 1:1) was stirred at room temperature
for 3 days. After centrifugation twice (12000 rpm, 30 min, 20°C), the
nanoparticles were subjected two times to dialysis (membrane pore
3500 MW, 2000 mL water x2) to remove any remaining reagents. As dial-
ysis proceeded, nanoparticles became solid and subsided onto the bottom
of the membrane. Then, bis(DPA)-functionalized nanoparticles were dis-
solved in water/MeOH (1:1) and treated slowly with an aqueous solution
(10 mL) of ZnClO,-6 H,O (235 mg, 0.63 mmol), and the resulting solution
was stirred at room temperature for 24 h. The reaction mixture was sub-
jected to centrifugation (5000 rpm, three times) and then dialysis to
afford bis-Zn(DPA)-functionalized silica nanoparticle 8. For sensing pur-
poses, a solution of nanoparticles (0.02 mgmL ') was prepared from a
stock solution of the nanoparticles (0.1 mgmL~!, water). The functional-
ized nanoparticle was characterized by IR and TEM.

UV/Vis Titration of the Nanoparticle Ensemble System with PPi

The nanoparticle ensemble system was prepared by mixing bis-Zn(DPA)-
silica nanoparticle 8 and pyrocatechol violet in HEPES buffer (pH 7). A
nano-ensemble solution (1.0 mL) containing the functionalized nanopar-
ticle (0.02 mgmL™") and pyrocatechol violet (50 um) in HEPES buffer
(pH 7, 10 mm) was titrated with pyrophosphate aliquots (in the final con-
centration range of 0-200 pum) and the corresponding absorption changes
were followed by UV/Vis spectrometry.
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