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Abstract: We describe a pyrophosphate
(PPi) probe that is based on a fluores-
cent dicarboxylate-substituted poly-
(para-phenyleneethynylene) (PPE) and

to the PPE-NP construct displaces the
quenched PPE to give rise to a fluores-
cent response; we found that PPi and
phosphate (Pi) have significantly differ-

ent binding affinities for the self-assem-
bled materials. We can discern >40 nm
PPi in the presence of 0.1 mm Pi at
pH 7, which suggests that these assem-

10 nm cobalt-iron spinel nanoparticles
(NPs) in aqueous media. The spinel
NPs efficiently quench the fluorescence
of the PPE at a concentration of 20—

rophosphate
30 pmol. Addition of phosphate anions BHEIEEE

Introduction

Human bodily processes rely upon the combination of a
host of different small molecule inorganic compounds at
specific concentrations. Therefore, simple and reliable chem-
ical probes for inorganic anions are generally desirable.
Severe medical conditions, such as arthritis and Moncke-
berg’s arteriosclerosis (MA), occur when the concentration
of pyrophosphate (PPi) is abnormal.

MA™ is a form of vascular calcification caused by the
unwanted deposit of hydroxyapatite in blood vessels.[" Vas-
cular calcification observed in MA is not due to the excess
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blies may be useful in bio-analytical
applications. This displacement assay
was used to effectively determine the
ability of pyrophosphatase to hydrolyze
PPi to Pi.

fluorescence -

concentration of calcium and/or phosphate (Pi) ions, but the
relative lack of PPi.®l On the other hand, an excess of PPi
can deposit calcium-PPi crystallites, leading to a form of ar-
thritis. Therefore, the facile detection of PPi levels in the
presence of Pi is of interest. The classic analytical determi-
nation of Pi is based on colorimetric molybdate and related
assays.”'”l However, PPi can not be quantitatively detected
by these methods. Instead, enzymatic assays are deployed in
clinical settings!""'? to obtain PPi concentrations in blood
serum. These assays are sensitive and reliable, but elaborate
involving radioactively labeled reagents. A simple and rapid
fluorescence-based assay for PPi would be attractive for its
expeditious chemical quantification.

The determination of phosphate-type anions including
PPi has been pursued with small and medium-sized fluores-
cent dyes.”? The concepts that have been developed
mostly use ammonium, guanidinium, thiourea, calixpyrrole
and similarly tailored N-H species, which are able to hydro-
gen-bond phosphate and related anions. These receptors
have been heavily investigated, but seem to work best in
polar protic or polar aprotic media and not in water.!'>1>21]
To achieve sensing of phosphate in serum, Anslyn removed
the native protein content of serum by ultracentrifugation to
ensure an unperturbed assaying process with a supramolec-
ular probe.['*

In further developments Anzenbacher demonstrated the
sensing of Pi and PPi in water using polyurethane-immobi-
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lized sensor dyes.'**d However, his reported affinities for
phosphate and pyrophosphate are similar and millimolar
aqueous concentrations of either anion are needed to elicit
a fluorescence response.

Blood serum concentrations of Pi are millimolar, whereas
PPi concentrations are only micromolar and ATP is present
in serum in nanomolar quantities. Therefore, it is of concep-
tual interest to obtain reporter systems that discern Pi and
PPi. PPi sensors in water exploit either the complexation of
multiply amine- or pyridine-appended fluorophores with a
zinc salt or the reaction of carboxylate poly(para-phenyle-
neethynylene) 1 with a copper salt into composite probes.
These probes bind PPi quite nicely, particularly if the fluoro-
phores are coordinated to two zinc ions: PPi is chelated by
the zinc ions held in place by suitable binding appendag-
es.'1 While the competition between PPi and Pi binding
has not been carefully examined in these systems, it seems
that Pi/PPi ratios of up to 100 can be tolerated and micro-
molar amounts of PPi are detected in 0.01m HEPES buffer.
However, the zinc-based sensors might be less efficient
when sensing Pi/PPi under more realistic conditions. The
concentration of Mg?* and Ca** is significant in serum and
could interfere with the process, since both bind tightly to
any phosphate-type anions and may also de-complex the
probes. The masking of serum—Ca®" or serum-Mg*" with
either cyclen or fluoride anions may not be able to solve
this problem, since one could expect that the metallofluoro-
phores might also suffer from decomplexation or metal ex-
change.

Alternative, simple, variable, modular, sensitive, robust,
and easily modifiable methods for successful serum Pi/PPi
analyses are desirable. A promising approach to determining
Pi/PPi concentrations employs a self-assembled poly(para-
phenyleneethynylene)-nanoparticle (PPE-NP) construct
that is specific and sensitive for phosphate and phosphate-
related anions in aqueous media and appears insensitive to
most other anions. The concept expands our earlier notion
that the addition of a suitable cofactor to a conjugated poly-
mer is valuable to either detect or discern transition metals,
proteins, or bacteria.**/ Similarly, using conjugated poly-
mers with suitable cofactors in the form of matching—mis-
matching single-stranded DNA was successfully implement-
ed by Bazan® and Leclerc® and also exploited by
Schanze?” to detect and quantify DNA.

Herein we describe the self-assembly of cube-shaped mag-
netic cobalt spinel ferrite NPs (CoFe,0,) with the conju-
gated polyelectrolyte 17" and the use of this simple non-
fluorescent material as a turn-on displacement probe for
phosphate-type anions.”! The electrostatically bound PPE is
efficiently displaced from the NP surface forming a fluores-
cent solution upon addition of phosphate anions. The PPE—
NP constructs detect PPi in the presence of a large excess of
Pi.

These initial results from our experiments only serve as a
proof of concept, since we have neither optimized the struc-
ture, charge density, or the size of the used PPE nor have
we manipulated the surface properties of the spinel ferrite
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NPs to achieve more sensitive detection of PPi in aqueous
media.

Results and Discussion
Upon mixing 1 (5x107°m) with 10 nm diameter cobalt fer-
rite spinel NPs (CoFe,0,), in piperazine-1,4-bis-(2-ethane-

sulfonic acid) (PIPES)-buffered solutions (50 mm, pH 7.2,
0.1m KCIO,), the fluorescence of 1 (degree of polymeri-
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zation, P,=16) was quenched to 10% of its original intensi-
ty in the presence of 20 pM of the NP. A probable quench-
ing mechanism is Forster resonance energy transfer (FRET)
from the excited state of 1 to the NP, but other mechanisms
such as electron transfer cannot be excluded either. As
PPEs have very short emissive lifetimes (0.3-0.5 ns), dynam-
ic quenching processes are generally thought not to play any
significant role. The observed quenching in PPEs is purely
static.”*** The NPs have a strong absorption at 463 nm,
which overlaps with the emission maximum of 1. Quenching
is not unexpected, since gold NPs extinguish the fluores-
cence of conjugated polymers with high efficiency in assem-
blies produced from electrostatic interactions.”*>> The mul-
tivalent display of the carboxylate in 1 stabilizes the PPE-
NP constructs (Scheme 1) as one NP quenches the fluores-
cence of approximately 10* PPE chains. To support the
claim of multivalency between 1 and the NPs we investigat-
ed the interaction of the NPs with a monomer 2. Even at
NP concentrations above 1 nm the fluorescence of 2 was not
appreciably quenched and the constructs formed from 2 and
the NPs were not further investigated. The other possible
reason this compound is not quenched might be poor spec-
tral overlap with the absorption of the NP; however, the ab-
sorption spectrum of the NPs ranges over the whole spec-
trum from 250 to 700 nm. The emission maximum of the
trimer is around 400 nm, and therefore there is full spectral
overlap.
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Scheme 1. Schematic representation for the PPE-NP construct and fluo-
rescence quenching with conjugated polymers. A) Displacement of the
DMAB by 1. B) Coordination of 1 to an unprotected NP (red dots are
small inorganic counter-anions that are not replaced efficiently). C) Ad-
dition of 1 to TMAD functionalized NPs. In this case the TMAD is not
released but 1 forms a complex with the cationic ammonium head group.

To understand the interactions between 1 and the NPs, we
examined the fluorescence quenching of PPE 1 not only by
the dimethylaminobenzoic acid (DMAB)-functionalized
NPs but also with propionate-modified, unmodified, and 11-
(trimethylammonium)undecanoate (TMAD)-modified NPs
(Schemes 1 and 2). In Figure 1 the Stern—Volmer plots of
the quenching of 1 by DMAB- and TMAD-functionalized
NPs are shown. The DMAB-functionalized NPs give the
most efficient quenching, while the TMAD-functionalized
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Scheme 2. Inefficiency of small fluorophores in replacing DMAB from
the NPs.

NPs were comparatively inefficient in quenching the fluores-
cence of the PPE 1. NP concentrations at which the fluores-
cence drops to 10% of its original value ([Q]y) of 1 (5x
107%m) is 20 pM for the DMAB-functionalized NPs, while a
concentration of approximately 2 um of the TMAD-func-
tionalized NPs is necessary to reach the same [Q]q.

The concentration of 1 was 5x107%M based on the molec-
ular weight of the repeating unit. All experiments were per-
formed in a PIPES buffered solution. Scheme 1 illustrates
the interpretation of our results. In the case of the DMAB-
functionalized NPs, the aniline nitrogen atom of DMAB is
uncharged as its pK, values are 2.6 and 5.0 in water. When
coordinated to the NPs, the apparent pK, of the DMAB
may change and better estimated as the pK, of the hypo-
thetical zwitterion, which was calculated/estimated to be 4.3
according to Wepster et al.”®! As a consequence, even coor-
dinated to the NP, we do not assume that the coordinated
DMAB is protonated at the amine at pH 7.2, the conditions
under which the experiments were performed. At this pH
DMAB exists as a carboxylate, while TMAD exists as an
uncharged zwitterion. We interpret the large differences in
the [Q]y values between DMAB- and TMAD-functional-
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Figure 1. A) Fluorescence quenching and B) Stern-Volmer plot of PPE 1 (5x107°m) by 10 nm NPs (CoFe,0,), stabilized by DMAB (left) or TMAD
(right). The Stern—Volmer curves show a fluorescence intensity ratio, F/F and the different absolute initial intensities as show here have no bearing upon

the Stern—Volmer plots as they are—by definition—internally calibrated.
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ized NPs such that the DMAB ligand is displaced, and 1 is
coordinated to a “naked” NP through displacement of
DMAB. In the TMAD case the interaction of the NP to 1 is
attenuated by the interspersed, positively charged TMAD,
which is not removed by the addition of 1; instead a weak
complex forms between the TMAD-complexed NP and 1
(Scheme 1).

For native, unfunctionalized NPs the [Q]y, is 2 nm. The
surface of the “unfunctionalized” nanoparticles are “stud-
ded” with inorganic counterions (chloride, hydroxide) and
residual surfactant molecules from the particle synthesis.*®
Negatively charged surfaces result,”™! which very likely at-
tenuate the interaction of the NP with the PPE 1.

To get a further insight into these processes, we investigat-
ed the DMAB- and TMAD-functionalized NPs by IR spec-
troscopy before and after the addition of the PPE 1. Photoa-
coustic IR experiments (Figure 2) demonstrate that the ad-
dition of the PPE 1 to the DMAB-functionalized NPs leads
to displacement of a significant fraction of the bound
DMAB from the NPs, while according to the same surface
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Figure 2. Photoacoustic IR spectra of cube-shaped functionalized spinel
NPs before and after addition of polymer 1. A) DMAB-functionalized
NPs before and after addition of PPE 1. B) TMAD-functionalized NPs
before and after addition of PPE 1. In A) the IR spectra change signifi-
cantly upon addition of 1, while in B), the addition of 1 does not induce
much change. The large band at 2300 cm ™' is due to atmospheric carbon
dioxide.
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IR measurements, the NPs coated with TMAD only exhibit
minimal changes. The PPE 1 therefore does not displace the
TMAD from the NPs, but is electrostatically bound to the
outer sphere of the still fully TMAD-coated NPs.
Fluorescence quenching of 1 by the low concentrations of
the DMAB-coated NPs suggested that the PPE-NP con-
structs could be used as turn-on nanosensors for negatively
charged analytes by displacement of the PPE from the NPs.
Scheme 3 shows the proposed working mechanism of such

Scheme 3. Working principle of the nanoparticle based displacement
assay. On the left hand side is the quenched PPE-NP construct, and on
the right hand side is the now PPi-decorated NP and the displaced and
now fluorescent PPE.

an assay. The PPE-NP constructs, formed by the combina-
tion of the DMAB-NPs and 1 are nonfluorescent. If 1 is dis-
placed from the NP selectively by an analyte through strong
binding to the NP, fluorescence recovery should be ob-
served, and the PPE-NP constructs would act as a displace-
ment assay. As the functionalization of both the spinel NPs
and the conjugated polymer are facile, constructs with a va-
riety of binding characteristics and strengths will be avail-
able by simple combination of aqueous solutions of NP and
conjugated polymers. Such PPE-NP constructs might have
potential use in bio-analytical applications. By combining
differently substituted PPEs with a variety of NPs one could
imagine an almost limitless range of properties (Scheme 1).
Figure 3 shows the exposure of DMAB-functionalized NP
to various anions (2mwm) in PIPES buffered solutions
(50 mm, pH 7.2). Only Pi anions disassemble 1 from the
NPs, probably due to their high charge density and affinity

Figure 3. Photograph of fluorescence recovery of the PPE-NP constructs
in PIPES buffer (50 mm) upon the addition of different anions. Photo-
graph was taken under black light (Ex =365 nm) and photographed using
a Canon EOS digital camera equipped with an EFS 18-55 mm lens. Con-
centration of the DMAB-functionalized NPs was 30 pmol; concentration
of 1 was 5x10™°m a) Control; b) NaF; c) NaCl; d) NaBr; e) Nal; f)
Na,HPO,; g) Na,SO,; h) CH;COONa; i) NaNOj; j) NaNO,. The concen-
tration of each anion is 2 mm.

Chem. Eur. J. 2009, 15, 449 -456
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towards the exposed cobalt and iron sites on the NPs, giving
significant fluorescence recovery from the PPE-P constructs.
The addition of biologically relevant cations (K*, Na*t, Zn**,
Mg**, Ca**) in mm concentrations did not disassemble the
PPE-NP constructs. We have added these cations as their
perchlorates and there was no fluorescence gain. From our
experience with nanoparticles, only at concentrations
>200 mm of NaCl does disruption of the PPE-NP constructs
occur under “turn-on” of the fluorescence. Because the con-
structs were uniquely responsive to Pi, we suspected that
other, more highly charged phosphate species such as ade-
nosine triphosphate (ATP) and PPi ions would also disas-
semble the PPE-NP constructs (Figure 4). A remarkable
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Figure 4. A) Photograph of the fluorescence recovery of the PPE-NP
constructs in PIPES buffer (pH 7.2, 50 mm) upon the addition of P,O,*"
(PPi) and PO, (Pi) ions i) Control, ii) 2x107"m, iii) 2x107°Mm, iv) 2x
107°M, v) 2x107*m, vi)2x107°m, vii) 2x10*m. Photograph was taken
under black light (Ex=365nm) with a Canon EOS digital camera
equipped with an EFS 18-55 mm lens. B) Fluorescence spectra of the sol-
utions of the PPE-NP construct in PIPES buffered solutions (pH 7.2,
50 mm) upon the addition of phosphate type anions. Concentrations of
the phosphate and related anions are 4 pM. Concentration of the NPs
was 30 pmol; concentration of 1 was 5x 10"°m.

fluorescence increase was found upon the addition of PPi or
ATP to the PPE-NP constructs. Figure 4a shows two sets of
photographs. The top set displays the PPE-NP construct in
the presence of increasing amounts of PPi, while the lower
panel displays the same constructs in the presence of in-
creasing amounts of Pi. For PPi, turn-on of the fluorescence
is visible at a PPi concentration of 2 umol, while for Pi very
weak fluorescence is observed at a concentration of
200 pmol. Triphosphate, while also reactive, is of less inter-
est in serum as its concentration is considerably less than
that of pyrophosphate or diphosphate. Similarly, the concen-
tration of ATP in the blood stream is lower by a factor of
1000 or so than that of pyrophosphate and therefore the

Chem. Eur. J. 2009, 15, 449-456
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sensing of triphosphate seems to be of lesser interest as well
as beyond the sensitivity of our assay.

Biological fluids contain metal cations for which ATP and
PPi have a high binding affinity (Mg®*, Ca’"). In the pres-
ence of Mg>™ and Ca’ ions (2 mm), the fluorescence recov-
ery of the PPE-NP construct by ATP and PPi was dimin-
ished, but still sufficiently high to detect either anion at mi-
cromolar concentrations (Figure S3 in the Supporting Infor-
mation). For enhancing the sensitivity, Mg?* and Ca’* ions
could be partially masked by the addition of fluoride anions
in the forms of KF or NaF. Neither K nor Na™ ions inter-
fere with the detection of PPi. The fluorescence recovery for
added PPi is much greater than that for ATP.

In potential bio-diagnostic applications for the determina-
tion of PPi, a possible approach is to first determine the cu-
mulative phosphate response by the PPE-NP constructs.
Then, the PPi is hydrolyzed to Pi by addition of pyrophos-
phatase; this step is followed by re-determination of the
fluorescence by using the solution in which the PPi had
been hydrolyzed into Pi. The difference in fluorescence re-
covery would be attributed to the presence of PPi. As a
proof of concept we checked the suitability of the PPE-NP
constructs to monitor the hydrolysis of PPi to Pi by pyro-
phosphatase (Figure 5), in the presence of Mg?* ions.””) Our
test consisted of monitoring the fluorescence modulation
from the PPE-NP constructs upon responding to the de-
crease in the concentration of PPi in the enzymatic assay."™

The time-dependent decrease of PPi was measured by ad-
dition of small aliquots (20 pL) of the pyrophosphatase/PPi
solution to the PPE-NP construct (2 mL). The kinetics were
recorded by using solutions of PPi in tris- buffer (50 mwm,
pH8.0), adding 0.4-2.0 “units” of pyrophosphatase
(Figure 5). The hydrolysis was monitored upon the change
of the fluorescence in the PPi-PPE-NP solution.””!

The saturation time is a period in which full hydrolysis of
PPi to Pi was achieved. The test showed the saturation time
varied correlating to the amount of the enzyme units, which
indicated that relative quantification of the active enzyme
was easily achieved by measuring the change in the fluores-
cence due to the presence of the PPE-NP constructs.
Figure 5 shows the experimental design and the results. In
the current setup, the final concentration of Pi is 40 um,
while the beginning concentration of PPi is 20 um. Under
these specific concentration conditions, the fluorescence re-
covery from Pi is quite low, and we reach a fluorescence in-
tensity plateau. To provide a true assay, one would have to
invest a significant amount of effort to understand the un-
derlaying rate equations, equilibrium constants, and so forth.

A critical question for MA (Figure 6) is the determination
of small amounts of PPi in the presence of a large excess of
Pi as found in blood serum. Aqueous solutions containing
0.1 mm Pi were spiked with increasing amounts of PPi at
physiological pH. At a concentration of 0.1 mm, Pi does par-
tially disrupt the PPE-NP constructs leading to a modest in-
crease in absolute fluorescence intensity. If solutions that
contain 0.1 mm Pi and 400 nm of PPi are investigated, a suf-
ficient amount of additional PPE is released to give rise to a

www.chemeurj.org — 453
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Figure 5. A) Kinetics of the enzymatic assay of pyrophosphatase moni-
tored by the PPE-NP construct. B) Concentration of the DMAB-func-
tionalized NPs was 30 pmol; concentration of 1 was 5x107°m. F, is the
fluorescence intensity from the solution of the constructs, from which
20 pL of the assay solution at 7,=0 was transferred to the PPE-NP con-
struct solution, and F is the fluorescence intensity from the solution of
the constructs from which 20 pL of the assay solution at time ¢ was trans-
ferred to the construct solution. EA200-EA40 indicates units of pyro-
phosphatase used in the enzymatic assays. EA200=2 units, EA100=
1 unit, EA70=0.7 unit, and EA40=0.4 unit. If only enzyme is added,
there is no change in fluorescence intensity.
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Figure 6. Fluorescence spectra of the solutions of the PPE-NP constructs
upon the addition of PPi ions in the presence of 0.1 mm of HPO,*/
H,PO,™ ions at pH 7.2. Concentration of the NPs was 30 pmol; concen-
tration of 1 was 5x10™°m.

strong signal. The addition of Pi increases emission about
50 times, while 4 um PPi only adds an additional fourfold in-
crease. The reason for this behavior is that the PPE is rela-
tively short and polydisperse. As a consequence, Pi is able
to displace some of the shorter PPE chains and lead to
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some restoration of the fluorescence. One can see that the
Amax Of the emission is somewhat blue shifted when adding
0.1 mmol Pi, suggesting that the shorter chains are liberated
first.

As the ratio of Pi/PPi is >250 in blood serum, any pro-
posed sensing scheme must show a selectivity of PPi/Pi sig-
nificantly above 500. The herein-presented PPE-NP con-
structs can detect PPi in a solution that is above 40 nMm in
PPi and 0.1 mm in Pi, demonstrating that their selectivity
against PPi/Pi is in the range of > 500, that is, PPi can be de-
tected in the presence of a >500-fold excess of Pi by using a
simple self-assembled PPE-NP construct.

Conclusion

DMAB-functionalized NPs (CoFe,0,), combine with 1 to
furnish nonfluorescent PPE-NP constructs that act as
simple, self-assembled, convenient fluorescence turn-on
probes for PPi at high nanomolar concentrations. An immi-
nent application of this scheme is the successful monitoring
of phosphatase activity in vitro. The PPi assay is robust as it
can be performed in the presence of 0.1 mm Pi in aqueous
solution at pH 7.2 and shows excellent selectivity for PPi.
The combination of conjugated polymers with different sur-
face-coated NPs should provide PPE-NP constructs of con-
sanguine structure with varying analytical capabilities for
the detection of Pi and related anions. Using a small ensem-
ble of PPE-NP constructs as “chemical tongues”* might
help to discriminate biologically important species in serum,
saliva, and other biological fluids that have been freed from
native protein by ultracentrifugation. The trivial ease of the
PPE-NP construct assembly combined with the broad array
of NPs and conjugated polymers available should make
these constructs powerful, yet simple, versatile biodiagnostic
tools, in which the recognition element (nanoparticle) is sep-
arated from the transmission element (conjugated polymer)
and therefore independently addressable. As a next step we
will examine PPE-NP constructs as nanomaterial-based™ !
PPi and Pi sensors in clinical settings, and while the direct
sensing of PPi is not possible, a suitable strategy would be
to use a difference method (vide supra) to determine the
concentration of PPi. The concentration ranges and the dif-
ferences in sensitivity of our PPE-NP constructs towards
different phosphate-type anions are similar to the concentra-
tions of these anions that are found in biological media.
Therefore this approach should be feasible.

Experimental Section

Detailed experimental procedures, and emission spectra for the em-
ployed constructs are to be found in the Supporting Information.
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