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ABSTRACT

This work describes the development of a novel fluorescent biosensor based on the
inhibition of alkaline phosphatase (ALP). The biosensor is composed of the enzyme
ALP and the conjugated cationic polyfluorene HTMA-PFP. The working principle of
the biosensor is based on the fluorescence quenching of this polyelectrolyte by p-
nitrophenol (PNP), a product of the hydrolisis reaction of p-nitrophenyl phosphate
(PNPP) catalyzed by ALP. Since HTMA-PFP forms unstable aggregates in buffer, with
low fluorescence efficiency, previous stabilization of the polyelectrolyte was required
before the development of the biosensor. HTMA-PFP was stabilized through its
interaction with lipid vesicles to obtain stable blue-emitting nanoparticles (NPs).
Fluorescent NPs were characterized and the ability to be quenched by PNP was
evaluated. These nanoparticles were coupled to ALP and entrapped in a sol-gel matrix
to produce a biosensor that can serve as a screening platform to identify ALP inhibitors.
The components of the biosensor were examined before and after sol-gel entrapment,
and the biosensor was optimized to allow the determination of phosphate ion in aqueous

medium.

2
ACS Paragon Plus Environment

Page 2 of 32



Page 3 of 32

©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

INTRODUCTION

The enzyme alkaline phosphatase (ALP) nonspecifically catalyzes the hydrolysis of
phosphoryl esters in alkaline media. This low biocatalytic selectivity enables the use of
the enzyme for a wide range of substrates in enzyme activity assays, one of which is p-
nitrophenyl phosphate (PNPP). In the last years, the catalytic activity of ALP has been
exploited in the design of immunosensors and biosensors, either for direct monitoring of
analytes (enzymes or substrates) or for indirect monitoring of organic (i.e. pesticides) or
inorganic salts (i.e. phosphate, heavy metals) which act as inhibitors'”. Studies of ALP
activity and screening of its inhibitors are required in clinical diagnosis to develop
potential drug therapies for different diseases, as well as in environmental monitoring of
pollutantsé. The choice of the substrates for these analytical applications depends on the
transduction methods, i.e. fluorescence, chemiluminescence or amperometry, and on the
purpose of the analytical measurements’. Various fluorimetric assays and fluorescent
biosensors based on ALP activity have been reported using organic dyes, inorganic
semiconductor quantum dots (QDs) and carbon quantum dots as fluorimetric
indicators””. Many of these fluorophores suffer drawbacks such as poor stability of dyes
or high toxicity of QDs which constitute important concerns for the practical
application. Recently, much interest has been generated in synthesizing novel highly-

1012 CPEs are polymers containing

fluorescent conjugated polyelectrolytes (CPEs)
hydrophobic backbone chain of alternating double- and single-bonds, functionalized
with ionic side chains' '*. Thanks to this conjugation, m-electrons are delocalized along
the backbone, providing collective optical responses as well as amplified signals when

415 CPEs and CPE-based nanoparticles have

comparing to common fluorophores
emerged in recent years as fluorescent probes, due to their low cytotoxicity, excellent

photostability and good biocompatibility, thereby allowing their use in biomedical
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applications such as cell imaging, diagnosis and therapy without risking the cellular
viability'®?%. In addition, they have received great attention as novel materials for the
development of sensor and biosensor devices to detect specific molecules, metal ions

. 23-26
and biomolecules .

The amplified quenching of CPEs upon binding to an opposite charge molecule is
frequently used in the design of CPEs-based sensors or biosensors'> '*** 7. Chen et al.
demonstrated that the fluorescence of the CPEs, can be very efficiently quenched via a
photo-induced electron transfer mechanism (PET), by electron acceptors of opposite
charge®. Fluorescence can also be quenched due to fluorescence resonance energy
transfer (FRET) between the CPEs and molecules with absorption spectra overlapping
the polyelectrolyte emission spectrum'® 2!, In a previous work, it was shown that p-
nitrophenol (PNP), an electron acceptor that absorbs at 400 nm in its anionic form, is
able to quench the fluorescence intensity of blue-emitter cationic polyfluorenes, such as
poly{(9,9-bis(6'-N,N,N-trimethylammonium)hexyl]fluorene-phenylene } bromide

(HTMA-PFP), presumably via a combination of PET and FRET mechansims’* **. Cao,
et al. used this property to develop a fluorimetric assay in buffer for the screening of a-
glucosidase inhibitors, exploiting that this enzyme catalyzes the hydrolysis of p-
nitrophenyl-a-p-glucopyranoside to PNP. PNP is also the end product of hydrolysis of
PNPP, catalyzed by ALP. Therefore, a fluorescent ALP biosensor could be developed
by coupling of the polyelectrolyte HTMA-PFP to this enzyme. At a constant
concentration of PNPP, this biosensor should be capable of detecting the ALP activity

in absence and presence of inhibitors.

The fluorescence quenching of HTMA-PFP and similar polyfluorenes has been also
used as a tool to determine DNA, metal-organic ions or proteins in water’*’. However,

our group reported in a previous study that this polyelectrolyte is not stable in aqueous
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solvents™. In that work, the photophysical properties of HTMA-PFP were explored in
buffer, and compared to those observed in a good solvent. Addition of the
polyelectrolyte to the buffer resulted in a strong decrease in the fluorescence intensity
and a red-shift of the emission spectrum, evidencing the formation of polymer
aggregates. The average size of these aggregates largely increased through the time,
inducing the corresponding decrease in their fluorescence intensity. This behaviour is
common to other CPEs and must be taken into account to define the real-world sensing
applications of this class of polymers, because the fluorescence decrease can be due not
only to the presence of a specific analyte but also to the continuous aggregation process.
As a consequence, previous stabilization of the CPE in buffer is usually needed before

the development of quenching based-sensor systems.

In the present work, we have incorporated HTMA-PFP in lipid vesicles to obtain stable
fluorescent nanoparticles (NPs). NPs were characterized and the ability to be quenched
by anionic PNP (at alkaline pH) was evaluated. These nanoparticles were coupled to
ALP and entrapped in a sol-gel matrix to develop a biosensor that can serve as a
screening platform to identify ALP inhibitors. The biosensor was examined before and
after the sol-gel entrapment of its components and was used to determine phosphate ion,
a competitive inhibitor of ALP. Determination of this analyte is very important in
clinical and environmental studies since variations in its optimal concentrations are
associated to different pathologies and to the quality of water’”’. The scheme and

working principle of the biosensor is shown in Scheme 1.
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Scheme 1. Working principle of the biosensor: The PNP produced after hydrolysis of
PNPP, catalyzed by ALP, quenches the fluorescence of NPs, leading to fluorescence
turn-off. The presence of inhibitors inactive the ALP and the fluorescence of the system

is preserved.

MATERIALS AND METHODS

The synthetic phospholipid 1,2-Diacyl-sn-glycero-3-phospho-(1-rac-glycerol) (PG),
enzyme alkaline phosphatase (ALP) (E.C. 3.1.3.1; from bovine intestinal mucosa, 2982
U/mL), substrate p-nitrophenyl phosphate (PNPP) and the quencher p-nitrophenol
(PNP) were obtained from Sigma-Aldrich (St. Louis, MO, USA) and used as received.
Stock solutions of ALP, PNPP and PNP were dissolved in Tris buffer (50 mM, pH 9.2)
at 40 U/mL, 1.2 mM and 5 mM respectively. Tetraethyl orthosilicate (TEOS) was
obtained from Sigma-Aldrich (Spain). All other solvents were of spectroscopic reagent
grade (UVASOL, Merck). Tris buffer (50 mM, pH 9.2) was prepared with twice
distilled and deionized water, utilizing Milli-Q equipment (Millipore, Madrid, Spain).
Enzyme inhibitor, sodium phosphate dibasic (Na,HPO,) was purchased from Sigma-
Aldrich (Spain). Stock solution of Na,HPO, was prepared with Milli-Q water at 200

mM.
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Preparation of the Cationic Polyelectrolyte HTMA-PFP

The polyelectrolyte HTMA-PFP (M = 8340 g/mol, repeat unit molecular weight, M,,=
694,71 g/mol; n’=12) was synthesized in the laboratory from the neutral polymer
poly[bis(6 -bromohexyl)fluorene-phenylene], as was previously described*” *!. Stock
solutions of HTMA-PFP were prepared in DMSO, with final concentrations of 3.65x10

*M (in repeat units) and stored at -20 °C before use.
Formation of PG Liposomes

To prepare multilamellar vesicles (MLVs), solutions of chloroform/methanol
containing 3 mg of PG were dried under nitrogen followed by high vacuum for 3 h. The
dried lipid was suspended in the buffer to the required final concentrations (0.5 mM)
and vortexed several times. Large unilamellar vesicles (LUVs) were formed by
extruding the multilamellar suspension through 100 nm polycarbonate filters

(Nucleopore, Cambridge, MA, USA).
Preparation of Fluorescent NPs

Aliquots of HTMA-PFP from the stock solution were added to the LUVs suspension
(final concentration of 1.5 uM in terms of repeat units) and incubated during 2 min at

room temperature. The proportion of DMSO in the sample was lower than 1% (V/V).
Preparation of the ALP Biosensor in Solution

The ALP biosensor was prepared from the addition of the enzyme ALP stock solution
(40 U/mL) to the solution of fluorescent NPs (0.5 mM in lipid). The final enzyme
concentration in the sample was 2 U/mL. This value was selected in a previous

experiment where the absorbance of the product PNP was measured at 405 nm as a
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function of time, using a constant concentration of PNPP (60 uM) (Figure S1). For 2
U/mL of protein, the time needed to hydrolyze the substrate was ~2.5 minutes, which
was considered a good response time for the development of the biosensor in solution.
For lower concentrations, this time clearly increased up to 6 minutes for 1 U/mL and

~10 minutes for 0.5 U/mL.
Sol-Gel Immobilization of the Fluorescent NPs

Fluorescent NPs were immobilized by the sol-gel process as is described in Martinez-
Tomé et al.*?. A volume of 4.46 mL of the precursor TEOS was mixed at room
temperature with 1.44 mL of H,O and 0.04 mL of HCI (0.62 M). After stirring for one
hour, 1 mL of this solution was mixed with 1 mL of distilled water, and submitted to
rotacvaporation to eliminate the alcohol resulting from alkoxyde hydrolysis.
Immobilized fluorescent nanoparticles were prepared by adding 0.7 mL of the
fluorescent NPs to 0.7 mL of the rota-evaporated sample. Transparent monoliths
containing the NPs within their pores were rapidly obtained, aged in 0.5 mL of Tris
buffer during 24 h and stored at 4°C in the dark before use. Immobilization of PG
liposomes (in the absence of HTMA-PFP) was required as a control for the dispersity of

the samples.
Sol-Gel Immobilization of the Enzyme ALP

ALP was immobilized following the same protocol as described above, by adding 0.7
mL of buffered ALP (300 U/mL) solution to 0.7 mL of the rota-evaporated sample. The
freshly formed monoliths containing ALP were rinsed with Tris buffer solution and

were stored at 4°C in the dark before use.
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Preparation of the ALP Biosensor in Sol-Gel matrix

Solutions containing fluorescent nanoparticles and enzyme ALP were simultaneously
immobilized in a sol-gel matrix. In brief, 0.7 mL of a solution containing NPs
(PG:HTMA-PFP, 1 mM:3 uM) and ALP (4 U/mL) in Tris buffer were mixed with 0. 7
mL of the rota-evaporated solution. Following gelation, transparent monoliths were
obtained, washed with Tris buffer, sealed with parafilm and kept in dark at 4°C

temperature before use.

Fluorescence Measurements

Fluorescence measurements were carried out on a QuantaMaster spectrofluorometer
(PTI, Birmingham, NJ, USA) using 1 cm x lcm path length quartz cuvettes. Samples

were excited at 380 nm. Background intensities were subtracted from the sample.

Dynamic Light Scattering (DLS)

Nanoparticles size was estimated by DLS techniques, using a Brookhaven 90 Plus
Nanoparticle Size Analyzer instrument equipped with a 35 mW red diode laser (A = 640
nm) as light source, with a 90° scattering angle of lecture. All measurements were

carried out by triplicate using disposable cuvettes.

Transmision Electronic Microscopy (TEM)

TEM was performed using a JEOL JEM-1011 (JEOL, Japan) electron microscope
operating at 80kV. Images of polymer aggregates, LUVs and NPs were obtained by
placing a drop of the corresponding suspension onto copper grids (300 mesh) coated

with carbon film, and then stained with lead citrate and uranyl acetate. These samples
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were left to air-dry before being placed under the microscope. Digital images were

recorded with a Gatan Erlangshen ES500W camera.

RESULTS AND DISCUSSION
Design of Fluorescent Nanoparticles (NPs)

As was mentioned in the Introduction, HTMA-PFP and, in general, CPEs have high
tendency to aggregate in aqueous environment leading to detrimental emission
quenching. Several methods are being developed to stabilize and increase the quantum
yield of the CPEs by overcoming the aggregation®’. In the present work, stabilization of
the HTMA-PFP was obtained through the incorporation of the polyelectrolyte in LUV,
using the same strategy previously reported by our group for the stabilization of other
polyfluorenes**. We selected phosphatidylglycerol (PG) lipid vesicles due to the high
affinity of HTMA-PFP for anionic vesicles and its insertion in the hydrophobic core of
the lipid bilayer’™ *. Vesicles were prepared in Tris buffer, pH 9.2, which is an
adequate pH for ALP activity. The lipid concentration was fixed to 0.5 mM to limit the
turbidity of samples which becomes an obstacle for fluorescence measurements. The
polymer concentration was 1.5 uM to ensure that all the polymer chains were
incorporated in the vesicles, taking into account its partition coefficient between lipid
and aqueous phase. In addition, the integrity of the vesicle was preserved at this
polymer concentration™. Figure 1 shows the emission spectra and the stability plot
obtained at these conditions for HTMA-PFP in PG and Tris buffer. The low
fluorescence intensity (Figure 1a) and its decrease as a function of time (Figure 1c)
confirm the formation of aggregates of polyelectrolyte in buffer. The incorporation of

the HTMA-PFP into the vesicles is evidenced by the increase of the fluorescence

10
ACS Paragon Plus Environment

Page 10 of 32



Page 11 of 32

©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

intensity and the blue shift of the fluorescence spectrum when compared to the buffer
(Figures la-b). This behavior is probably due to the transformation of the initially
formed polymer aggregates into liposomal nanoparticles (NPs) within which polymer
segments are separated by the lipid molecules. The fact that the fluorescence intensity
was constant as a function of time confirms the total incorporation of the polymer

chains in the vesicles (Figure 1c¢).
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Figure 1. a) Fluorescence emission spectra and b) Normalized fluorescence emission spectra of
HTMA-PFP in LUVs of PG (solid) and Tris buffer pH 9.2 (dash). ¢) Normalized fluorescence
intensity at the maximum emission wavelength of HTMA-PFP in LUVs of PG (squares) and
Tris buffer pH 9.2 (triangles) recorded as a function of time. (Aexc=380 nm).

The formed NPs were furtherly characterized by DLS. This technique was used to
confirm their formation as well as to check their size and stability through time. The
hydrodynamic radius (Rh) of the vesicles was measured before and after the addition of
HTMA-PFP and was compared to that obtained for the polyelectrolyte in the Tris
buffer. Results obtained in the buffer solution confirm the formation of aggregates and
their instability through time (Table 1). For the vesicles, in absence of HTMA-PFP, a
single distribution was observed with Rh ~ 86 nm. When the polyelectrolyte was

incorporated into the vesicles to form the fluorescent NPs, a similar distribution
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centered at 89 nm was obtained and no additional population was detected. The DLS
results support that HTMA-PFP is well inserted in the lipid bilayer because the vesicle
size is not changing after polymer interaction. The fact that the same result was obtained
1 h after the preparation confirms that aggregates of HTMA-PFP are not present in the
buffer, thus all the polymer chains are forming NPs. In addition, it supports that the
integrity of the lipid vesicles is maintained after polyelectrolyte incorporation since we
have not observed any vesicle fusion or decomposition into small fragments. These
nanoparticles remained stable even 24h after preparation as can be inferred from the Rh
values measured during this time period (Table 1). The above results were also
supported by TEM experiments. Images of polymer aggregates and lipid vesicles in
absence and presence of the polymer are shown in Figure S2, Supporting Information.
Results are in agreement with those obtained in DLS experiments and show that the
polyelectrolyte does not alter the integrity, size and morphology of the vesicles and that

vesicle fusion is not taking place.

Sample Rh (nm)
to t=t0+1h t=t0+24h
PG LUVs 86 89 89
NPs 89 89 88
HTMA-PFP/Buffer 85 130 180

Table 1. Average hydrodynamic radii, Rh, determined by DLS measurements for
different samples: PG LUVs, NPs (HTMA-PFP/PG LUVs) and HTMA-PFP in Tris

buffer pH 9.2, recorded at different times after preparation.
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Once the stability of the fluorescent NPs was confirmed, the ability to be quenched by
PNP was explored as an essential requirement for the biosensor construction. Increasing
concentrations of PNP (0 to 20 uM) were added to a suspension of NPs and their
emission spectra were recorded after each addition. A decrease in the fluorescence
intensity was observed as the quencher concentration was increased (Figure 2). This
result indicates that, in spite of HTMA-PFP is incorporated into the vesicles and,
therefore, much less accessible to the water-soluble PNP, its fluorescence still can be
quenched. This behaviour supports that in addition to PET, FRET is also one of the
quenching mechanisms of HTMA-PFP by PNP, because at difference of PET, which
occurs efficiently only upon van der Waals contact between fluorophore and quencher,
the FRET process takes place over much longer distances (2-10 nm). The inset of
Figure 2 shows that the dependence of the fluorescence intensity on the quencher
concentration is linear, being described by a Stern-Volmer plot with a value of
ng=5.0810.07x104 M. This value is large but about 7-fold lower than the value
reported for the same polyelectrolyte in buffer’”. A decrease in the quenching efficiency

46, 47
* %7, and reflects a

has been also reported for other CPEs in presence of surfactants
lower association constant between quencher and polymer. In our case, the decrease in
Ksv can be attributed to two factors, both of which reduce the electron transfer
probability between HTMA-PFP and PNP: firstly, the previously mentioned lower
accessibility of the PNP to the polyelectrolyte, which is inserted in the bilayer;
secondly, a reduction in the electrostatic attraction between PNP and HTMA-PFP,
because the polyelectrolyte cationic charge is partially neutralized by interactions with

the anionic lipid heads. In addition, the high quenching efficiency reported for the

HTMA-PFP in buffer could be also overestimated because of the continuous
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aggregation process, previously described, which largely decreases the fluorescence

intensity due to self-quenching.
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Figure 2. Fluorescence emission spectra of NPs at increasing concentrations of PNP.
Inset: Stern-Volmer plots for quenching of NPs by PNP (black squares) and after
addition of PNPP (60uM) to NPs, in presence of ALP (2 U/mL) (circles).

Development of the ALP Biosensor. Study in Solution

Once proved the quenching of the fluorescent nanoparticles by PNP, we investigated
their ability to detect ALP activity, taking into account that this enzyme catalyses the
hydrolysis of PNPP to PNP. With this end, firstly we recorded the emission spectra of
the NPs in absence and presence of ALP (2 U/mL), and the areas under the spectra were
plotted in Figure 3a. The fact that this area was not affected by the presence of the
enzyme suggests that no interaction is occurring between them. However, the addition
of substrate PNPP (60 uM) to the sample containing the enzyme induced a strong
decrease in the fluorescence intensity of the NPs which was monitored as a function of
time (Figure 3b). The fluorescence intensity practically reached its minimum value (~

12 % of the initial value) in the 2 first min after addition of substrate, reflecting the
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kinetics of the enzymatic activity. To confirm that the fluorescence quenching was due
to the PNP formed from the hydrolysis of PNPP, increasing concentrations of substrate
(0 to 20 uM) were added to a sample containing NPs and ALP. Fluorescence spectra
were recorded after 3 min of incubation for each substrate concentration. The inset of
Figure 2 shows the SternVolmer plot corresponding to this experiment. The Stern-
Volmer constant extracted from the lineal plot (Kgy=4.94+0.28x10* M™") was very close
to that obtained when PNP was directly added to the NPs suspension, evidencing the

adequate operation of the biosensor in solution.
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Figure 3. a) Fluorescence intensities represented as integrated areas under the emission
spectrum, for the fluorescent NPs without and with ALP (2 U/mL) and in presence of
ALP and PNPP (60 uM), after 3 min of incubation. b) Fluorescence intensity kinetics of
NPs in presence of ALP (2 U/mL), recorded after addition of PNPP (60 uM). (Aexc=380

nm ; Aep=412 nm).

As was described in the Introduction, this biosensor could be used for ALP inhibitors
screening and to determine the concentration of a specific inhibitor in a sample. The
mechanism of sensing is shown in Scheme 1 and is based on the fluorescence turn-
off/turn on. The PNP produced after hydrolysis of PNPP quenches the fluorescence of

NPs, leading to fluorescence turn-off. The presence of inhibitors prevents this effect and
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a higher fluorescence signal is observed compared to that recorded in absence of
inhibitors. This potential application was explored using phosphate ion, which is a
competitive inhibitor of the enzyme. To carry out this study different samples
containing the fluorescent NPs in presence of ALP (2 U/mL) and increasing
concentrations of phosphate ion (0 to 1 mM) were prepared. The same concentration of
PNPP (60 uM) was added to all the samples and the quenching of fluorescence (which
reflects the ALP activity) was recorded as a function of time for each sample. The
quenching kinetics was found to be slower as the concentration of phosphate increases,
evidencing a significant decrement in the enzymatic activity (Figure 4a). This result
indicates that our method is sensitive to the presence of the phosphate ions and
therefore, it could be used for the determination of inhibitors. Results are shown in
Figure 4b in form of calibration curve. The plot represents the maximum fluorescence
intensity of the NPs, recorded 3 minutes after PNPP addition, versus phosphate ion
concentration. This plot was linear in the range of concentrations studied (up to 1 mM),
with a limit of detection (LOD) of 52 uM, equivalent to three times the blank value®.
This LOD is lower than the concentration of phosphate which is normally present in
human blood serum (1.1-1.4 mM) and is similar to that recently reported for an ALP-

conductimetric biosensor®.
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Figure 4. a) Time-dependent fluorescence intensity of NPs, in presence of ALP (2
U/mL) and increasing concentrations of phosphate ions, after addition of PNPP (60
uM). b) Phosphate ion calibration curve. The fluorescence intensities were taken 3

minutes after the addition of PNPP to each sample. (Aexc=380 nm ; A, =412 nm).

Development of the ALP Biosensor: Immobilization of Components

The practical application of the biosensor described above requires the preparation of
different samples (fluorescent NPs, fresh solutions of the enzyme, etc.) for each use,
with the consequent time and economic burden. Immobilization of the biosensor
components would facilitate their handling, enabling their reutilization and thus
reducing the cost of the procedure. In the last two decades, the renaissance of sol-gel
chemistry has provided a versatile methodology for the immobilization and stabilization
of numerous biological systems, such as enzymes and liposomes, in transparent

inorganic glasses™>°.

Sol-gel immobilization has many advantages over other
immobilization methods, including encapsulation of large amount of biomolecules,
chemical and thermal stability of the sol-gel glasses, enhanced stability of the entrapped

macromolecules and flexibility in controlling geometry and pore size. In addition,

thanks to the porous nature of the material, the entrapped biomolecules remain
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accessible to specific analytes, with negligible macromolecule leaching. In this work,
we have selected the sol-gel methodology to simultaneously encapsulate the biosensor
components: ALP and NPs in the pores of a single matrix to obtain a stable, easy-to-use
and reusable device for detection of ALP inhibitors. Firstly, each component of the
biosensor was immobilized separately, to check the effects of the immobilization

process on its properties, as is described below.

A preliminary analysis was done to demonstrate that the immobilization process did not
affect the fluorescent properties of NPs. Fluorescence spectra of the immobilized NPs
were directly measured from the monolith and are shown in the inset of Figure 5a. The
shape and spectral position, as well as the fluorescence intensity, were very similar to
those observed for the spectrum of NPs in buffer, suggesting the suitability of the

immobilization method.

To better characterize the immobilized NPs, we explored their stability by monitoring
the fluorescence spectra as a function of time, pH and temperature. Figure 5a and its
inset show the effect of storage time (up to 12 days) on the fluorescence intensity of the
NPs, as well as on the shape and position of the emission spectrum. All these
parameters were not affected during this period of time. Larger stability (up to 6
months) was also found when the monolith was kept at 4°C protected from light (data
not shown). These results indicate that the immobilized NPs are chemically and
physically stable and that the leaching of the nanoparticles from the sol-gel monolith is

very limited or negligible during, at least, six months.

The effect of pH on the stability of the immobilized NPs was explored by immersion of
the monoliths in aqueous samples at different pHs (from pH 2.5 to pH 10.5) for 30
minutes before measurements. Fig. 5b shows the normalized fluorescence intensity

recorded from these monoliths, together with their emission spectrum (inset in Figure
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5b). Results show that the incorporation of the monolith in an acidic or basic solution
does not alter the intensity, shape and spectral position of the immobilized NPs,

suggesting that they are stable under these conditions.

Finally, thermal stability was explored measuring the emission spectrum of the
immobilized NPs between 15 and 55°C (Figure 5¢). The increase of temperature caused
a small decrease in the fluorescence intensity as well as a slight blue shift of the
spectrum, followed by a decrease in the spectral resolution. Similar changes have been

#2:44.57 and suggest an increase in the degrees of

described for other conjugated polymers
freedom of the polyelectrolyte within the lipid bilayer (inset in Figure 5c). When the
monolith was cooled to 25°C, the initial fluorescence spectrum was recovered. This
result indicates that the reduction of intensity is mainly caused by the increase of
probability of nonradiative transitions at higher temperatures, and not by degradation of
NPs. The high stability of the sol-gel immobilized NPs under different conditions open

the possibility of using this system not only for the ALP biosensor, but also for the

development of many other sensing applications.
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Figure 5. Stability of the immobilized NPs as a function of storage time (a), pH (b) and
temperature (c¢), measured as the area under the fluorescence spectrum. Inset: Effect of
time (a), pH (b) and temperature (¢) on the fluorescent emission spectra of the
immobilized NPs For temperature experiments the sample was heated from 15 to 55 °C

(squares) and subsequently cooled to room temperature (circle). (Aexc=380nm).

Once the stability of the immobilized NPs was ensured, we investigated the possibility
of being quenched by PNP. With this end, a monolith containing NPs was introduced in
a PNP solution (200 uM) and the fluorescence spectrum of the monolith was recorded
as a function of time. Contrary to that found for free NPs in solution, no intensity
decrease was observed in the first seconds, and longer time was required to quench the
fluorescence of NPs (Figure 6a). This result confirms that the immobilized NPs can be
still quenched by PNP but indicates that PNP diffuses much more slowly through matrix
than through the buffer. This behaviour has been observed for other analytes and is
attributed to the steric restrictions imposed by the sol-gel matrix™’. The same experiment
was carried out with other two monoliths in order to explore the reproducibility of the
assay. A similar quenching kinetics was obtained for the three monoliths confirming
that the behaviour of the NPs immobilized in the sol-gel matrices is highly reproducible

(Figure 6a).

The suitability of the encapsulated NPs to be quenched by PNP was confirmed above.
In the following step, we explored the capability of reusing the above monoliths after
the elimination of PNP by washing. With this end, monoliths were immersed in Tris
buffer every 1 hour for 3 times. Figure 6b shows the quenching kinetics recorded for
one of these monoliths before and after washing with buffer. Both curves were very
similar confirming the possibility to use the same monolith in more than one occasion

without losing efficacy.
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Figure 6. Fluorescence quenching kinetics of immobilized NPs after addition of PNP:
a) Reproducibility of the assay using three different monoliths; b) Reutilization of the

monoliths: first (squares) and second (circles) use.

As for immobilized NPs, a preliminary experiment was performed to check the effects
of sol-gel encapsulation on the properties of ALP, by following changes in its intrinsic
fluorescence (mainly from tryptophan). The fluorescence of tryptophan is very sensitive
to the polarity of its environment, providing a convenient probe to distinguish native
and unfolded states of proteins. To obtain fluorescence spectra of good quality the
concentration of the free and immobilized protein was increased to 150 U/mL, due to its
low fluorescence quantum yield. Figure 7 shows the emission spectra recorded in
solution and after the sol-gel immobilization. The similarity between both spectra

indicates the suitability of the immobilization method.

After ALP was successfully encapsulated in the sol-gel matrix, the kinetic properties of
the protein were tested by immersion of the monolith in a solution containing PNPP and
fluorescent NPs. Note that for this study, the protein concentration in the matrix was 2

U/mL, as for the assay in solution. Emission spectra, recorded from the solution, were
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taken each 10 minutes. Inset in Figure 7 shows the decrease of the fluorescence

intensity as a function of the incubation time.
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Figure 7. Fluorescence emission spectra of free (solid) and immobilized (dash) ALP
(150 U/mL) (Aexc=290 nm). Inset: Fluorescence intensity kinetics of NPs measured in a

PNPP solution (60 uM), after immersion of the protein-containing matrix (2 U/mL).

The fluorescence decrease confirms the formation of PNP and, therefore, the
functioning of the enzyme. However, the kinetics was largely slower than that obtained
for the enzyme in solution. As was discussed for the immobilized NPs, this result
suggests that diffusion of PNP and PNPP through the matrix is restricted, limiting the
response time of the sol-gel biosensor. A similar result was obtained by Garcia Sanchez
et al. when ALP was entrapped in a sol-gel matrix to obtain a biosensor for the

determination of pesticides™.

Alkaline Phosphatase Biosensor in Sol-Gel Matrices.
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The above results indicate the suitability of the immobilization methodology for the
components separately and suggest that the slow diffusion of PNPP and PNP through
the sol-gel matrix slows down the fluorescence quenching. The following step was the
co-immobilization of both NPs and ALP in the same sol-gel monolith to obtain the final
form of the biosensor. This monolith was immersed in a solution containing PNPP and
its fluorescence was measured at different incubation times. To reduce the response
time of the biosensor due to diffusional restrictions, the concentration of substrate was
increased from 0.6 uM to 0.2 and 1 mM. Figure 8a shows the results of this experiment.
The fluorescence decrease confirms the formation of PNP and, therefore, the suitability
of the co-immobilization process. Increasing the PNPP concentration resulted in a clear
improvement of the assay. Using 1 mM of substrate, a 90% of quenching was obtained
after 30 minutes of incubation (Figure 8a), which is an acceptable time of response for a
biosensor. These conditions were selected to check the possible reutilization of the
biosensor. The same monolith was used for seven consecutive assays and the efficiency
of the quenching was measured after 30 minutes of incubation (Figure 8b). After each
assay, the monolith was washed with Tris buffer for 3 h by changing the buffer every
hour to remove the residual PNP. The fact that the quenching efficiency is similar in all
the assays demonstrates that this biosensor can be used repeatedly for various

measurements without losing its sensitivity.
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Figure 8. a) Fluorescence quenching kinetics measured in the immobilized biosensor
after its immersion in a solution containing 200 uM PNPP (black squares) and 1 mM
PNPP (circles). b) Reusability study of the biosensor performed using the same
monolith after washing with buffer, for seven consecutive assays, measuring the

fluorescence quenching percentage after 30 minutes of incubation ([PNPP]=1mM).

Once the working conditions of the biosensor were optimized, we explored its ability to
determine the presence of inhibitors such as phosphate ion. Figure 9a shows the
fluorescence quenching percentage obtained in absence and presence of 1mM of
phosphate ion, after 30 min of incubation. The drop in the quenching efficiency
confirms the capacity of the biosensor to detect the inhibitor. Results are shown in
Figure 9b in the form of calibration curve. To build this curve, the biosensor was
immersed in buffer samples containing increasing concentrations of phosphate ion (0 to
5 mM). After the addition of ImM PNPP, monoliths were incubated for 30 min and
then their fluorescence intensity was measured and plotted as a function of phosphate
concentration. This plot was linear in the range of concentrations studied (up to 5 mM),
with a limit of detection (LOD) of 370 uM, equivalent to three times the blank value.

This biosensor shows a LOD higher than that obtained in solution, but still lower than
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the concentration of phosphate normally present in human blood serum (1.1-1.4 mM),

having the advantage of being reusable.
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Figure 9. a) Percentage of fluorescence quenching, after the addition of PNPP (1mM)
to the immobilized ALP biosensor, in the absence of inhibitor compared to that obtained
in the presence of inhibitor phosphate ion (5SmM). b) Fluorescence intensities recorded
for immobilized ALP biosensor in the absence and presence of different concentrations

of phosphate ions.

CONCLUSIONS

In this work, we have developed a fluorescent biosensor for the detection of phosphate
ion, a competitive inhibitor of the enzyme ALP. The biosensor is based on the
fluorescence intensity quenching of the conjugated polyelectrolyte HTMA-PFP induced
by PNP, the hydrolysis product of PNPP being catalysed by the ALP. HTMA-PFP was
previously stabilized in buffer through its interaction with lipid vesicles to obtain blue-
emitting nanoparticles (NPs). These NPs were stable under pH and temperature and
their fluorescence was efficiently quenched by PNP. The coupling of NPs with ALP in

solution was used to develop a biosensor able to rapidly determine the concentration of
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ion phosphate in an aqueous sample with a LOD of 52 uM. In order to improve the
performance of the biosensor, its components (NPs and ALP) were immobilized in a
sol-gel matrix, making the biosensor reusable for, at least, seven assays. The device was
successfully used for the determination of phosphate ion, with a LOD higher than the
one determined in the solution, and a longer response time that reflects the slower
diffusion of PNPP and PNP through the matrix. This methodology could be easily
extrapolated for the screening of inhibitors of other enzymes, such as a-glucosidase and

a-galactosidase, which catalyze reactions yielding PNP as final product.

SUPPORTING INFORMATION:

Optimization of the enzyme concentration and TEM experiments are included in the
Supporting information as Figures S1 and S2. This material is available free of charge

via the Internet at http://pubs.acs.org.
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