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ABSTRACT: A highly stable and reusable fluorescent multisample nano-
biosensor for the detection of a-glucosidase inhibitors has been developed by
coupling fluorescent liposomal nanoparticles based on conjugated polymers
(L-CPNs) to the enzyme a-glucosidase, one of the main target enzymes in
the treatment of type 2 diabetes. The mechanism of sensing is based on the
fluorescence “turn-on” of L-CPNs by p-nitrophenol (PNP), the end product
of the enzymatic hydrolysis of p-nitrophenyl-a-p-glucopyranoside. L-CPNs,
composed of lipid vesicles coated with a blue-emitting cationic polyfluorene, ‘

were designed and characterized to obtain a good response to PNP. Two 380 nm X 380 nm x
nanobiosensor configurations were developed in this study. In the first step, a
single-sample nanobiosensor composed of L-CPNs and a-glucosidase
entrapped in a sol—gel glass was developed in order to characterize and optimize the device. In the second part, the nanobiosensor
was integrated and adapted to a multiwell microplate and the possibility of reusing it and performing multiple measurements
simultaneously with samples containing different a-glucosidase inhibitors was investigated. Using super-resolution confocal
microscopy, L-CPNs could be visualized within the sol—gel matrix, and the quenching of their fluorescence, induced by the
substrate, was directly observed in situ. The device was also shown to be useful not only as a platform for screening of antidiabetic
drugs but also for quantifying their presence. The latter application was successfully tested with the currently available drug,
acarbose.
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H INTRODUCTION curing this disease, there are treatments that can control it,
thus reducing the risks involved.”® One of the most interesting
therapeutic approaches for type 2 diabetes is to inhibit the
activity of the enzyme a-glucosidase, which converts
polysaccharides into absorbable sugars in the intestinal
environment. In this way, the digestion of carbohydrates is
delayed, reducing the hyperglycemia that occurs after the
ingestion of food. Nowadays there are three major drugs in the
market belonging to the category of a-glucosidase inhibitors
(AGIs): acarbose (the most commonly used AGI), miglitol,
and voglibose, although the latter has been discontinued from
the US market.” These drugs, although efficient, have a very
severe dosage regimen and important side effects, mainly
gastrointestinal and hepatic, so they are infrequently prescribed
in the US and European countries. For this reason, there is
increasing interest in finding new antidiabetic agents with

Nowadays, medicine is becoming a molecular science in which
most drugs are directly targeted toward specific macro-
molecular sites, whose bioactivity is pathogenic or, at least,
associated with the pathology being treated.' ™ Among the
specific macromolecules that can act as therapeutic targets,
enzymes occupy a prominent position, given that their catalytic
role is essential in many physiological processes. Drugs can act
on the enzyme by activating or inhibiting it, the latter being the
most common. The use of suitable inhibitors can produce
accumulation of the enzyme substrate or a reduction in the
products generated. Both effects are interesting from a
therapeutic or diagnostic point of view. Therefore, the study
of drug-induced enzyme inhibition, the screening of inhibitors,
and the monitoring of their toxicity are of great interest in the
prevention and treatment of many diseases.* ™

One of the most prevalent chronic diseases in the world is
diabetes, which is characterized by an abnormal increase in the Received: February 5, 2021
concentration of glucose in blood. Its complications lead to Accepted:  May 17, 2021
kidney disorders, blindness, and a marked increase in the risk Published: May 27, 2021
of heart disease. Type 2 diabetes, or noninsulin-dependent
diabetes, is the most common and accounts for 90% of all cases
of diabetes. Although there is currently no drug capable of
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Scheme 1. Schematic Representation and Working Principle of the Single-Sample Nanobiosensor (a) and Multisample
Nanobiosensor (b) for Screening of @-Glucosidase Inhibitors, Based on the Quenching (Turn-On) of the Immobilized L-

CPNs by PNP, the Enzyme Catalytic Product of PNPG”
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“Presence of inhibitors prevents the quenching to a degree that depends on their ability to inhibit a-glucosidase.

better pharmacological profile, capable of inhibitin§ a-
glucosidase, reducing the side effects of current drugs. 10,11
However, to date, there has been no significant progress in this
field, despite the fact that acarbose and miglitol were
introduced in the market in the early 1990s.'>"*

The identification of new enzyme inhibitors can be carried
out, among others, using virtual screening methods, especially
if the structure of the enzyme and its active center is known. In
this way, a set of compounds that potentially have high affinity
and specificity for the active center are selected to behave as
competitive inhibitors."”'® The screening of inhibitors from
traditional Chinese medicines is also a prominent approach of
drug discovery. In this sense, many natural products have
proved to be a source of compounds that have a high ability to
inhibit a-glucosidase.'® In addition, the synthesis of com-
pounds with a monosaccharide or sugar-mimic frameworks,
designed on the basis of the common structure of commercial
AGIs, is another strategy in the search for new antidiabetic
agents.'"'” Regardless of the strategy used to identify these
new compounds, the next step is to assess their inhibitory
activity against a-glucosidase. A recent review summarizes
many of the methods developed to date for this purpose.'®
Hyperglycemic animal model for in vivo screening and enzyme
inhibitor model for in vitro screening, using p-nitrophenyl-a-p-
glucopyranoside (PNPG) as the substrate, are the two most
commonly used approaches. However, these tests usually
represent a high economic and time cost since they include
several stages and the use of enzymes and reactants, which can
sometimes be very expensive.'”*’ Specifically, the most
commonly used in vitro screening approach is based on a
96-well plate assay using UV—vis spectrophotometry as the
detection method. However, numerous sources of error can
contribute in affecting the accuracy and reproducibility of these
measurements, such as plate edge effects (temperature and
evaporation deviations), turbidity, air bubbles during mixing,
and so forth, as has been reported in a very recent study.”’ An
alternative to conventional methods is the use of enzyme
biosensors. These devices are simple, specific, and effective
tools for analytical investigations which incorporate an enzyme
coupled to a suitable physicochemical transducer, generally
optical or electrochemical. In addition, they directly monitor
the target enzymes without a complicated pretreatment. In the
fabrication of biosensors, the enzyme must be confined/
immobilized in an appropriate matrix that does not affect its
activity and allows the access of the substrate to the active site,
as well as that of possible inhibitors. In past years, various a-

glucosidase-based biosensors have been developed to be
applied in the screening of potential enzyme inhibitors, the
majority of which use colorimetric or electrochemical trans-
ducers. 7?%**** New fluorescent strategies are also currently
being developed for this purpose, although most of the devices
reported are either not reusable because the enzyme and
fluorophores are not immobilized or do not allow the
simultaneous screening of many compounds, with the
consequent economic and time cost.'®**~*® Therefore, it still
remains a challenge to obtain a simple, inexpensive, and
reusable platform for a-glucosidase inhibitor screening.

Fluorescent nanoparticles based on conjugated polymers
(CPNs) have attracted extensive research interest in recent
years because of their low cytotoxicity, excellent photostability,
good biocompatibility, and water stability. These excellent
properties allow their use as fluorescent probes in biomedical
applications such as bioimaging, diagnosis, and drug delivery,
without risking the cellular viability.””~** In addition, CPNs
have received great attention as novel materials in sensing
applications, acting as fluorescent transducers for detecting
chemical and biological species.’* %

Recently, we have developed a “turn-on” fluorescent
nanobiosensor for the detection of phosphate ions, an inhibitor
of the enzyme alkaline phosphatase (ALP), based on CPNs.
For the construction of the device, ALP was coimmobilized in
a sol—gel matrix with blue-emitting nanoparticles composed of
the cationic polyfluorene, poly{(9,9-bis(6’-N,N,N-
trimethylammonium)hexyl]fluorene-phenylene} bromide
(HTMA-PFP), incorporated in anionic lipid vesicles.”” The
operating principle of the biosensor is based on the quenching
of the fluorescent nanoparticles by p-nitrophenol (PNP), the
ALP hydrolysis product of the substrate p-nitrophenyl
phosphate (PNPP). PNP is an electron acceptor that in its
anionic form (pK, = 7.15) quenches the fluorescence of
HTMA-PFP, probably through a combination of electron
transfer and Forster resonance energy transfer.”>*" This
compound is also the end product of hydrolysis of PNPG,
catalyzed by a-glucosidase. Therefore, a fluorescent nano-
biosensor for the screening of a-glucosidase inhibitors could be
developed by coupling polyfluorene nanoparticles to this
enzyme and properly immobilizing the components for easy
handling and possible reuse.

In the present work, we have developed a low-cost
fluorescent multisample nanobiosensor for the detection of
a-glucosidase inhibitors, which potentially could be used as
antidiabetic drugs. The device is composed of a-glucosidase
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Scheme 2. Scheme of the Fabrication Process (in the Red Box) and Application Procedure of the Multiwell Plate

Nanobiosensor for Screening of Antidiabetic drugs; (a): Introduction of the Mixture Composed of L-CPNs and a-Glucosidase
in Each Well; (b): Addition of Rotaevaporated Hydrolyzed TEOS; (c): Gelification and Immobilization of the Components;
(d): Addition of the Inhibitor; (e): Addition of the Substrate and Measured of Fluorescence from the Bottom of the Wells and

Regeneration of the Nanobiosensor after Washing
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and polyfluorene-liposomal nanoparticles (L-CPNs) immobi-
lized in a sol—gel matrix. In contrast to the previously
developed phosphate ion biosensor, which only allows the
analysis of one sample per experiment and is therefore not
particularly suitable for screening a large number of samples,
two different configurations have been developed for the
present biosensor (Scheme 1): initially, a single-sample
nanobiosensor was tested in a fluorescence cuvette in order
to characterize and optimize the device, first with the
components in solution and then immobilized in the sol—gel
matrix. In the second part, the nanobiosensor was adapted to a
96-well microplate and the ability to be reused and to perform
multiple measurements simultaneously, with different inhib-
itors, was investigated. In addition, using a super-resolution
confocal microscope, the immobilized L-CPNs could be
individually visualized in the wells and the fluorescence
quenching of their fluorescence, induced by the hydrolysis of
PNPG, was directly observed in situ. Compared to traditional
PNPG colorimetric assays, this device has fewer measurement
steps and minimizes many of the associated concerns cited
above because measurements are made in the solid phase of
the wells and not in solution.

B MATERIALS AND METHODS

Materials and Reagents. The synthetic phospholipids egg yolk L-
a-phosphatidylcholine (PC) and L-a-phosphatidylglycerol sodium salt
(PG), enzyme a-glucosidase (E.C. 3.2.1.20, from Saccharomyces
cerevisiae, >10 unit/mg), substrate p-nitrophenyl-a-p-glucopyranoside
(PNPG) and p-nitrophenol (PNP) were obtained from Sigma-Aldrich
(Merck Life Science, Madrid, Spain). Stock solutions of a-glucosidase,
PNPG, and PNP were dissolved in sodium phosphate buffer (50 mM,
0.1 M NaCl, pH 7.4) at 45.1 uM, 2 mM, and 1 mM, respectively. The
polyfluorene HTMA-PFP [M, (g:mol™') = 4170; M,, (gmol™') =
8340] was s‘?mthetized and subsequently characterized in our
laboratory.*' ™ Stock solutions of the polyfluorene were prepared
in dimethyl sulfoxide (DMSO) with final concentrations of 3.65 X
10™* M (in repeat units) and stored at —20 °C before use. Tetraethyl
orthosilicate (TEOS) was obtained from Sigma-Aldrich (Merck Life
Science, Madrid, Spain). Sodium phosphate buffer (50 mM, 0.1 M

NaCl, pH 7.4) was prepared with twice distilled and deionized water,
utilizing Milli-Q equipment (Millipore, Madrid, Spain). Enzyme
inhibitors, acarbose, miglitol, and gallic acid were purchased from Alfa
Aesar (Thermo Fisher GmbH, Kandel, Germany), Tokyo Chemical
Industry Co. Ltd., (Tokyo, Japan) and Merck Life Science (Madrid,
Spain), respectively. Stock solution of inhibitors were prepared with
sodium phosphate buffer (50 mM, 0.1 M NaCl, pH 7.4) at 100 mM.
All other solvents were of spectroscopic or analytical reagent grade
(Uvasol, Merck).

Preparation of the Fluorescent Nanoparticles (L-CPNs).
Solutions of chloroform containing 2 mg of anionic PG or zwitterionic
PC lipids were left to dry under argon gas flow for 20 min. The dried
lipid was resuspended in sodium phosphate buffer to the required
final concentration (I mM to limit sample turbidity, a potential
artifact in fluorescence measurements) and vortexed several times in
order to obtain multilamellar vesicles (MLVs). Large unilamellar
vesicles (LUVs) were obtained from MLVs by pressure extrusion
through 0.1 pm polycarbonate filters (Nucleopore, Cambridge, MA,
USA). Straight away, aliquots of the polyfluorene HTMA-PFP from
the stock solution in DMSO were added to the LUVs suspension
(final concentration of 3 uM in terms of repeat units) and incubated
for at least 30 min at room temperature. The concentration of
HTMA-PFP was 3 uM to ensure that all the polymer chains were
incorporated into the LUVs, considering the partition coefficient
between the lipid and aqueous phase reported previously by our
group.** The proportion of DMSO in final samples was lower than
1% v/v in all the cases.

Fluorescent Assay of a-Glucosidase in Solution. The
functioning of the nanobiosensor was first checked with the
components in solution by adding the enzyme to a suspension of
L-CPNs and measuring the fluorescence signal after the addition of
the substrate. The a-glucosidase concentration in the sample was
tested from 0.4 to 1.2 uM (Figure S1). For 0.8 uM, the time necessary
to hydrolyze the substrate PNPG (15 uM) and to quench the
fluorescence of L-CPNs was ~13 min, which was considered a good
response time for the development of the biosensor in solution. The
hydrolysis effect did not improve remarkably when the a-glucosidase
concentration was increased to 1.2 uM.

Immobilization of a-Glucosidase and L-CPNs in a Sol—Gel
Matrix. Fluorescent L-CPNs and a-glucosidase were first immobi-
lized separately to facilitate their characterization within the sol—gel
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Figure 1. (A) Fluorescence emission spectra of PC and (B) PG L-CPNis at increasing concentrations of PNP (0—20 zM). Inset: Stern—Volmer
plot for quenching of HTMA-PEFP in LUVs of (A) PC and (B) PG by PNP in sodium phosphate buffer, pH 7.4 (4, = 380 nm).

matrix. a-Glucosidase was immobilized by the sol—gel process, as was
previously described.* In brief, 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 1 h, 1 mL of this solution was
mixed with 1 mL of distilled water and subjected to rotaevaporation
to eliminate the alcohol resulting from alkoxide hydrolysis.
Immobilized a-glucosidase was prepared by adding 0.7 mL of
buffered enzyme (12 uM) solution to 0.7 mL of the rotaevaporated
sample. Transparent monoliths containing the a-glucosidase (6 yM)
within their pores were rapidly obtained, aged in 1 mL of sodium
phosphate buffer during 48 h and stored at 4 °C in the dark before
use. The concentration of enzyme was increased to 6 M in order to
obtain a good-quality fluorescence emission spectrum of the protein
inside the monolith. In the case of the L-CPNs, the immobilization
protocol was similar to that of the enzyme other than adding 0.7 mL
of the fluorescent nanoparticle solution (PC/HTMA-PFP, 2 mM:6
uM) to 0.7 mL of the rotaevaporated sample.

Preparation of the a-Glucosidase Nanobiosensor. Two
configurations of the nanobiosensor were developed in this work
(Scheme 1). For the single-sample nanobiosensor, 0.7 mL of a
solution containing L-CPNs (PC/HTMA-PFP, 2 mM:6 yM) and a-
glucosidase (12 uM) in sodium phosphate buffer were mixed with 0.7
mL of the rotaevaporated solution in a disposable cuvette. Gelation
occurred readily after mixing. The freshly formed monoliths, having a
size of ~9 X 9 X 15 mm?, were aged during 48 h, washed with sodium
phosphate buffer, sealed with parafilm and stored in dark at 4 °C. For
the multisample device, 75 uL of the buffered nanobiosensor
components and 75 uL of the rotaevaporated sample were mixed in
the wells of a 96-well microplate. The sol—gel reaction was made
directly in the microplate, obtaining solid transparent monoliths of
~150 uL of volume that were fixed at the bottom of the well (Scheme
2). The microplate was sealed with parafilm and stored at 4 °C in the
dark before use.

Fluorescence Measurements. For the assays in solution and for
the single-sample nanobiosensor, the fluorescence measurements were
performed on a PTI-QuantaMaster spectrofluorometer (Birmingham,
AL, USA) at 25 °C. Samples were placed in 1 cm-path-length quartz
cuvettes and excited at 380 nm. The emission spectra were recorded
between 390 and S00 nm (integration time = 0.5 s) using excitation
and emission slits of 1 and 1.4 nm, respectively. Background
intensities, corresponding to intensities due to the excitation of
blanks, were checked and subtracted from the samples. For the
biosensor in solution, blanks correspond to suspensions of lipid
vesicles (without HTMA-PFP), while for the immobilized biosensor,
blanks correspond to sol—gel matrices containing lipid vesicles
(without HTMA-PFP). For the multisample nanobiosensor,
fluorescence measurements were carried out at 25 °C on a
CytationTM3 96-well plate reader (BioTek, Winooski, Vermount,
USA). All samples were excited at 380 nm. All measurements in the
microplate were made in triplicate. The assessment for statistically
significant differences between groups was addressed by performing
two-tailed t- and ANOVA tests, for two and more groups respectively,

25627

at the 95% confidence interval after assessing for normality with the
Shapiro—Wilk test.

Fluorescence Quenching Experiments. Fluorescence emis-
sions of the L-CPNs in sodium phosphate buffer were studied in the
presence and absence of different PNP and PNPG concentrations.
PNP acts as a quencher of the cationic golyﬂuorene HTMA-PFP
through charge or energy transfer process.”” Stern—Volmer analysis
was applied to the obtained fluorescence quenching values according
toeql

I/T=1+ Kgl[Q] (1)
where, I and I, correspond with the steady-state fluorescence
intensities in the presence and absence of PNP, respectively, Q
represents the quencher concentration, and Kgy, the Stern—Volmer
constant, whose value gives information on the efficiency of the
quenching process and reflects the sensitivity of the fluorophore to the
quencher or the accessibility of the fluorophores to a quencher. In the
current study, this would describe how easily accessible the
polyfluorene (within the L-CPN) is to the PNP compound.

Particle Size and Zeta Potential. The size and zeta potential of
L-CPNs were explored by the dynamic light scattering (DLS)
technique, with a Malvern Zetasizer Nano-ZS$ instrument (Worcester-
shire, UK) equipped with a monochromatic coherent 4 mW helium
neon laser (1 = 633 nm) light source, where size measurements were
performed at angles of 173°. Size was measured in disposable
cuvettes, while zeta potential measurements were performed in
specific zeta potential cells. All measurements were carried out in
triplicate at room temperature.

Transmission Electron Microscopy. Transmission electron
microscopy (TEM) was performed by using a TEM (JEM-1400
Plus, JEOL, Tokyo, Japan), working at 120 kV. Images of LUVs and
L-CPNs were obtained by placing a drop of the corresponding
suspension on to 300-mesh copper grips coated with carbon film and
then stained with lead citrate. These samples were left to air-dry
before being placed under the microscope. Digital images were
recorded with a Gatan ORIUS camera.

Fluorescence Microscopy. Images of the blue fluorescence of
the nanoparticles were acquired with a confocal laser scanning
microscope (Zeiss LSM 900 with a super-resolution Airyscan 2
detector) and processed using Carl Zeiss ZEN blue software. L-CPNs
were excited at 405 nm and imaged with a 63X/1.4 NA objective (oil-
immersion). The image in Figure S2B was taken at Carl Zeiss AG
(Oberkochen), and images in Figure 4A,B were acquired at our
Institute. Images were analyzed with Image] to obtain the
corresponding histograms.

B RESULTS AND DISCUSSION

Design and Characterization of Fluorescent L-CPNs.
Fluorescent L-CPNs were prepared by incorporation of the
cationic polyfluorene HTMA-PFP in lipid vesicles (LUVs)
composed of zwitterionic (PC) or anionic (PG) lipids, as is
described in Materials and Methods. This strategy stabilizes
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the polymer, avoiding its high tendency to aggregate in an
aqueous environment, which results in a drastic loss of
fluorescence intensity.”” L-CPNs were suspended in buffer at
pH 7.4, which is an optimum value for a-glucosidase activity.
The choice of the most suitable lipid for the preparation of L-
CPNs was made after exploring their ability to be quenched by
PNP, the end product of hydrolysis of PNPG. Figure 1A,B
shows the fluorescence emission spectra of L-CPNs composed
of either PC or PG lipids, respectively, in the absence and in
presence of increasing concentrations of PNP (0—20 uM). As
expected, a decrease in the fluorescence intensity was observed
as the PNP concentration was increased. Two pathways can in
principle be responsible for this quenching, and it is difficult to
separate them, as described in a previous paper.”” On the one
hand, polyfluorenes are electron donors, while PNP is an
electron acceptor, so the fluorescence of HTMA-PFP
incorporated in the nanoparticles can be quenched by PNP
through a photoinduced electron transfer mechanism. On the
other hand, the absorption of PNP, in its anionic form,
overlaps with the emission spectrum of HTMA-PFP. There-
fore, quenching can take place by a resonance energy transfer
process (FRET), from HTMA-PFP to PNP. In any case,
although the exact contribution of each mechanism is not
known, it was possible to analyze the results by means of
Stern—Volmer analysis, as described in Materials and Methods.
The corresponding Stern—Volmer plots were linear in the
concentration range studied with values of K¢y = 5.4 + 0.1 X
10* M™! and Ky = 4.6 + 0.1 X 10* M~ for PC and PG
nanoparticles, respectively (inset in Figure 1A,B). These results
indicate that both L-CPNs show a fairly similar response to the
presence of PNP, although it is slightly higher in the case of the
zwitterionic system. The small difference observed may be due
to the location of HTMA-PFP in zwitterionic vesicles, which at
difference of anionic ones, remains near or at the surface of the
bilayer and not in the hydrophobic core.””** This location
facilitates the accessibility of PNP to the polymer. Based on
these results and considering that a PC lipid, from the point of
view of the economic feasibility, is less expensive and more
readily available, we selected this phospholipid to make the
fluorescent nanoparticles.

The formed nanoparticles were further characterized by DLS
and zeta potential measurements to estimate the size and
surface charge density (Table 1). The results obtained show

Table 1. Hydrodynamic Diameter (d) and Zeta Potential
(ZP) of PC LUVs and L-CPNs

sample d (nm) ZP (mV)
PC LUVs 161.5 + 1.6 6.3 + 0.7
L-CPNs 164.1 + 0.5 10.5 = 0.3

that the hydrodynamic diameter of the L-CPNs is slightly
higher than that corresponding to PC LUVs before HTMA-
PFP addition, probably because the polymer coats the lipid
vesicles. With regard to zeta potential, the polymer helps to
stabilize the nanoparticles, although it is still below the
optimum value of 30 mV that prevents aggregation over time
and promotes colloidal stability.

The size and morphology of the L-CPNs were also explored
by TEM experiments. The images of these nanoparticles are
shown in Figure S2A. Results indicate that nanoparticles are
rather spherical having a size in agreement with those obtained
from DLS experiments, taking into account that each

technique measures different properties of the sample under
different conditions (in DLS, the nanoparticles are suspended
in buffer, making them completely hydrated, while for TEM
measurements, the samples must be dried and fixed on
appropriate media for viewing). Finally, the nanoparticles and
their fluorescence emission were viewed individually under the
confocal microscopy. L-CPNs were imaged with a 63X/1.4 NA
objective (oil-immersion), and their diameters were estimated,
obtaining values in the expected range of size (Figure S2B).
Study in Solution of the Nanobiosensor Compo-
nents. Once the quenching of the fluorescent L-CPNs by
PNP was confirmed, it was investigated whether the quenching
process was also triggered by the addition of the substrate
(PNPG) to a nanoparticle suspension containing the enzyme
a-glucosidase. In order to select the incubation time of the
assay, a first experiment was performed, in which the
fluorescence intensity of the sample was recorded as a function
of time upon addition of PNPG 1S5 uM, in the presence and
absence of the enzyme (0.8 uM), as is described in Materials
and Methods. The results, displayed in Figure 2A, show that

1.01 A 1.0
0.9 0.8
It”00.8- |13/|00.6
0.7 0.4
0.6 0.2
0.5+ . , , : 0.0 3
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Figure 2. (A) Quenching kinetics of L-CPNs in the absence (black
line) and presence of a-glucosidase (0.8 uM) without (red line) and
with acarbose (1 mM) (blue line), recorded after addition of PNPG
(15 uM). (B) Fluorescence quenching of L-CPNs at increasing
concentrations of PNP (black bars) or PNPG in the presence of a-
glucosidase (0.8 #uM) without (striped bars) and with acarbose 1 mM
(white bars), measured before (I,) and after 13 min of incubation

(I13)-

the fluorescence quenching, measured as I,/I,, where I, and I,
are the intensities at time ¢ and 0, respectively, occurs only in
the presence of the enzyme and reaches its minimum value
around ~12—15 min, evidencing that the fluorescence of the
L-CPNs is able to detect the activity of a-glucosidase. To
further confirm this result, increasing concentrations of PNPG
(0—20 M) were added to a sample containing L-CPNs and a-
glucosidase, and the corresponding fluorescence spectra were
recorded after 13 min of incubation. Figure 2B compares the
effect induced on the fluorescence signal of L-CPNs after each
addition of the substrate (striped bars), with that obtained by
adding the same concentration of PNP (black bars). A similar
quenching pattern was observed for both compounds. When
the Stern—Volmer analysis was applied to these results, a Kgy
value of 5.3 + 0.2 X 10* M™! was obtained for PNPG, which
similar to that found for PNP.

As described in Introduction, the purpose of this biosensor is
to be used as a tool for the screening of a-glucosidase
inhibitors (AGIs). The presence of a possible inhibitor in a
sample containing L-CPNs and enzyme would prevent the
transformation of the substrate into PNP, so that the
fluorescence quenching, after the incubation time, would be
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less than that observed in its absence. The validity of this
potential application was tested using the compound acarbose,
which is the first a-glucosidase inhibitor available for treatment
of type 2 diabetes. This molecule binds to the active site of the
enzyme preventing the hydrolysis of PNPG to PNP. The
compound was added to a sample containing L-CPNs and a-
glucosidase, and the fluorescence intensity of the nanoparticles
was monitored for 45 min upon addition of PNPG 15 uM
(blue line in Figure 2A). The results show that the presence of
acarbose slowed down the quenching kinetics, obtaining a
fluorescence signal, which was clearly higher than that obtained
in its absence, especially in the range of 5—20 min incubation
time. A similar result was observed at different substrate
concentrations. The intensity of fluorescence recorded after 13
min of incubation was higher than that obtained in the absence
of the drug (white bars in Figure 2B), evidencing the ability of
the nanobiosensor components to detect the presence of AGIs.

Development of the Nanobiosensor: Immobilization
of Components. To facilitate the handling and possible reuse
of the nanobiosensor components, L-CPNs and a-glucosidase
were immobilized in a sol—gel matrix, obtaining solid and
transparent glasses whose shape is determined by the container
in which the polymerization reaction proceeds. As was
mentioned in Introduction, two configurations of the device
were developed and tested in this work (Scheme 1): in the first
stage, a single-sample nanobiosensor was performed in order to
characterize and optimize the device. In the second part, the
nanobiosensor was integrated in a multiwell plate and the
ability to be reused and to perform multiple measurements
simultaneously was investigated.

Single-Sample Nanobiosensor. For this configuration, the
biosensor components were immobilized in a sol—gel monolith
of ~9 X 9 X 15 mm?®. First, L-CPNs and a-glucosidase were
immobilized separately, as is described in Materials and
Methods, to check that all the components work properly. In a
previous work, our group immobilized L-CPNs prepared with
anionic lipids at pH 9.2, reporting that the sol—gel process did
not alter the fluorescence properties of the nanoparticles and
that they are physically and chemically stable during months.*
In the present work, the lipid nature of the L-CPNss is different
because they are prepared with zwitterionic lipids instead of
anionic ones at pH 7.4. For this reason, a similar study was
performed, comparing the properties of the immobilized and
free L-CPNs. Figure S3A shows the fluorescence spectrum of
the immobilized L-CPNs, directly measured from the monolith
in the spectrofluorometer. The shape and spectral position of
the spectrum was rather similar to that obtained in the buffer.
In addition, the intensity of the emission maximum was
practically preserved during at least 72 days, reducing their
signal by only around 15% (inset in Figure S3A). These results
confirm that the immobilization in sol—gel matrices does not
only not affect the fluorescent properties of the zwitterionic L-
CPNs but also stabilizes the fluorescence signal, probably
because it prevents lipid vesicle aggregation.

The next step was to explore if the immobilized L-CPNs are
still quenched by PNP. For this experiment, one monolith was
immersed in a S mL solution containing PNP 20 yM and its
fluorescence spectrum was recorded at different incubation
times. The intensity of the monolith decreased with time, but
the fluorescence signal did not reach a plateau even after SO
min of incubation (Figure S3B). When the PNP concentration
was increased, the quenching of fluorescence was much faster,
reaching its minimum value around 50 and 30 min for

concentrations of 500 and 1000 uM, respectively. This
behavior was attributed to the diffusion restrictions imposed
by the porous matrix that limit the accessibility of small
molecules to the nanoparticles and has been previously
reported for PNP and other analytes in sol—gel glasses.*”*
These results show that the immobilized L-CPNs can be
quenched by PNP, although with slower kinetics than that
observed in solution and therefore confirm their possible use in
the detection of a-glucosidase inhibitors.

Despite the relevance of a-glucosidase, there are hardly any
studies in which this enzyme has been immobilized and
characterized in sol—gel matrices. In this work, immobilization
was confirmed from the intrinsic fluorescence of the protein,
mainly due to its tryptophan residues. The fluorescence of
these residues occurs at ~334 nm, and is highly sensitive to the
polarity of their environment, shifting to 347 nm during urea
denaturation.”” Figure S4 shows the fluorescence spectra of the
enzyme in buffer and entrapped in the monolith. The peak
observed at ~334 nm and the shape of the spectrum were
preserved after sol—gel immobilization, suggesting that the
enzyme has been successfully immobilized without altering its
structural conformation.

After L-CPNs and a-glucosidase were successfully encapsu-
lated separately, both components were coimmobilized in the
same monolith, as is described in Materials and Methods, to
obtain the final form of the nanobiosensor. In order to check
its functioning, the monolith was incubated in a solution
containing PNPG 500 yM and its fluorescence spectra were
recorded at different times and compared with those obtained
after incubation in a PNP 500 uM solution. The emission
maximum intensity for each time is drawn in Figure 3 (red
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Figure 3. Fluorescence quenching kinetics (I,/I;) of immobilized L-
CPNs measured in the monolith after its immersion in a solution
containing 500 yM PNP (black squares) or PNPG without (red
circles) and with acarbose 10 mM (blue triangles) (4, = 380 nm; A,, =
413 nm).

circles and black squares for PNPG and PNP, respectively).
The decrease of fluorescence indicates that the hydrolysis of
PNPG is taking place, confirming the suitability of the
coimmobilization process and the ability of the biosensor to
detect a-glucosidase activity. It is of interest to note that the
quenching kinetics was slower than that observed when the
monolith was directly incubated in the presence of PNP 500
HUM. This result was expected because PNPG has to diffuse
through the sol—gel matrix to reach the enzyme molecules and
produce PNP.

Finally, we explored the ability of the biosensor to detect the
presence of AGIs. With this end, the monolith was previously
incubated in a solution of acarbose 10 mM for at least 3 h to
guarantee the access of the inhibitor to the enzyme and
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subsequently immersed in a solution containing PNPG 500
UM. Fluorescence spectra were recorded at different
incubation times, and the fluorescence intensity in the
emission maximum was compared to that obtained in the
absence of acarbose. Blue triangles in Figure 3 show that the
fluorescence quenching is much less efficient for the monolith
exposed to acarbose. Incubation times of 10—20 min are
sufficient to detect its presence. This result indicates that the
biosensor is able to detect whether a given compound is an
inhibitor of a-glucosidase and can therefore be used as a tool
for the screening of a-glucosidase inhibitors.

Multisample Nanobiosensor. The above device allows
testing only one sample per experiment, thus increasing the
time and cost of the assay when more than one compound is to
be tested. In addition, the device is fragile because for each test,
it is necessary to immerse the biosensor previously in the
sample and then, after the incubation time, remove it to
measure its fluorescence signal. This procedure can produce
small breaks in the sol—gel matrix that affect the measured
intensity. In order to develop a more effective and robust
method able to analyze multiple samples in one only assay, the
single nanobiosensor was adapted to a 96-well microplate that
allows the simultaneous screening of a large number of samples
and can be reused. The new format also has the advantage of
minimizing the sample volume and the reagents used (Scheme
2).

With this end, the nanobiosensor components, L-CPNs and
a-glucosidase, were coimmobilized, directly leading to the sol—
gel reaction in the wells of the microplate, as is described in
Materials and Methods and illustrated in Scheme 2. In the first
experiment, we explored the fluorescence intensity and stability
of the monoliths as a function of storage time. The analysis of
the fluorescence emitted was carried out simultaneously for all
the wells containing the immobilized L-CPNs and the
measurements were taken in the plate reader from the bottom
of the wells. The microplate was stored in darkness in the
fridge (4 °C), and the intensity of these wells was recorded for
40 weeks (Figure SS). The results show that the signal is
preserved during, at least, this period of time, suggesting that
their stability is even greater than that observed for the largest
monoliths.

In order to better characterize the multisample nano-
biosensor, one of the monoliths was directly observed under
the confocal microscope described in Materials and Methods
(Figure 4A). The immobilized blue-emitting L-CPNs could be
viewed individually, and their size was comparable to that
determined in solution (Figure S2B). This result suggests that
the nanoparticles do not aggregate during the sol—gel process
and remain confined in each pore, which could explain their
high stability over time.** The advantage of having the L-CPNs

Figure 4. (A) Confocal fluorescence microscopy images of L-CPNs
immobilized in a sol—gel matrix before and (B) after 1 h PNPG (500
uM) treatment. Both images correspond to the same field.

immobilized is that it allows to visualize the same nanoparticles
after a certain time. This allowed us to check the functioning of
the biosensor at a submicroscopic level. Figure 4B shows the
image of the same field captured after 1 h PNPG (500 uM)
treatment. Histograms and 2.5D plots corresponding to these
images are shown in the Supporting Information (Figure S6).
The results show that some of the fluorescent L-CPNs
visualized in Figure 4A are still visible after the addition of
PNPG, but many of them are totally quenched, therefore
evidencing the adequate activity of the immobilized enzyme.
The fact that some L-CPNs are only partially quenched (as
deduced from 2.5D plots) could be due to the different
accessibility of the PNP molecules to the pore in which the
nanoparticle is entrapped and the fact that each nanoparticle
contains more than one fluorophore group (fluorescent
polymer chain). Probably, not all the pores are equally
accessible to the PNP molecules nor are they exactly the same
size, so in some of them the PNP will arrive earlier and its
concentration will be higher, being able to completely quench
the fluorescence of the nanoparticle, while in the less accessible
ones, the concentration will be lower, and it will only be able to
quench some of the fluorescent chains present in the
nanoparticle. If more PNPG was added and the incubation
time increased, all nanoparticles would be fully quenched, as
deduced from Figure S3B.

To select the operating conditions of the nanobiosensor, a
solution of 150 uL of PNPG (500 M) was added to the wells
of the microplate and their fluorescence intensity was
measured at different incubation times in the plate reader
(Figure SA). The decrease of the fluorescence signal confirmed
the suitability of the device to detect the activity of a-
glucosidase, as previously observed by fluorescence micros-
copy. It should be noted that the time response to PNPG is
slower than that observed in the single-sample device. This
result was to be expected because, unlike the single-sample
biosensor, in which the monolith is completely immersed in a
PNPG solution, in the new device, the monoliths are attached
to the wells so that only their surface is in contact with the
substrate solution, and the PNPG molecules have more
difficulty reaching the active site of the enzyme. Figure SA
shows that for a concentration of the substrate of 500 uM,
~50% of fluorescence quenching is obtained after 1 h of
incubation, a response time that we consider acceptable for the
use of the nanobiosensor.

To prove that the device could be reused on more than one
occasion, the same microplate of the above experiment was
used in three additional assays. In each assay, S00 uM PNPG
was added to the wells and the fluorescence intensity was
measured after 1 h of incubation. The signal was compared to
that of the first assay (Figure SB). After each assay, the
microplate was washed with phosphate buffer for 3 h, changing
the buffer every hour to remove the residual PNP. The fact
that the quenching efliciency does not differ significantly in all
four assays shows that the device can be used at least four
times without loss of sensitivity.

In addition to exploring the reuse of the device, we also
tested whether the nanobiosensor response was maintained
after a long period of storage. For this purpose, a microplate
was stored for 10 months in the refrigerator, and after this
period of time, the fluorescence signal was measured before
and 1 h after the addition of PNPG (500 uM). The intensity
recovered was practically similar to that obtained when the
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Figure S. (A) Fluorescence quenching as a function of time (I,/I,) recorded from the wells of the multisample biosensor (4, = 380 nm; 4,,, = 413
nm) after addition of 150 yL of PNPG (500 uM). (B) Reusability of the multisample biosensor tested using the same microplate for three
additional assays, measuring the fluorescence decrease percentage after 60 min of incubation (I4,/I,). Each column represents three replicates and

error bar stands for standard deviation (SD) of the mean.

nanobiosensor was recently prepared (Figure S7), evidencing
the large stability of the device.

Finally, the ability of the multisample nanobiosensor to
detect AGIs was checked using acarbose. First, the wells were
previously incubated for at least 3 h with 150 uL of a solution
containing increasing concentrations of the drug (from 0 to 10
mM). Then, the solution was removed and an equivalent
volume of PNPG (500 uM) was added to each well and its
fluorescence intensity was recorded before and after 1 h of
incubation (Figure S8). The results show that as the
concentration of acarbose increases, the quenching efficiency
decreases, evidencing that the device is able to detect the effect
of the inhibitor. To confirm that the biosensor, after washing,
did not lose sensitivity to the inhibitor, the assay was repeated
with the same concentrations of acarbose. The results were not
significantly different from those of the first test (Figure S8),
which again demonstrates the capacity of the nanobiosensor to
be reused.

Applications of the Multisample Nanobiosensor.
Once the multisample nanobiosensor was characterized and
its capacity to be reused and to detect the presence of acarbose
was confirmed, it was used to explore the inhibitory capacity of
several compounds simultaneously. With this end, four series
of wells were previously incubated with 150 uL of buffer,
acarbose, miglitol, and gallic acid at different concentrations
(10, 20, and 50 mM) and the fluorescence decrease percentage
was measured 60 min after addition of S00 uM PNPG (Figure
6). The fluorescence of the control (without inhibitor) was
subtracted to better show the ability of the compounds to
inactivate the enzyme. Results show that all three compounds
are inhibitors of a-glucosidase, but acarbose has the highest
effectiveness. Miglitol is the second a-glucosidase inhibitor
approved for the treatment of type 2 diabetes. Previous works
have reported that its inhibitory capacity is lower than that of
acarbose,” which agrees with our results. The third
compound, gallic acid, has recently been proposed as a
potential inhibitor of this enzyme, alone or combined with
acarbose.””" The results displayed in Figure 6 support this
finding and show that its inhibitory activity does not
significantly differ from that of miglitol.

In addition to detecting the presence of AGIs, results shown
in Figures S8 and 6 suggest that the nanobiosensor could also
be used to estimate their concentration. This potential
application was checked for acarbose. Few analytical methods
have been reported for the estimation of this compound in
pharmaceutical formulation. This information is of interest
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Figure 6. Effect of different inhibitor concentrations (acarbose, black
bar; miglitol, striped bar; and gallic acid, white bar) on the
fluorescence quenching of the multisample nanobiosensor measured
60 min after addition of 150 uL of PNPG (500 uM) (4, = 380 nm;
Aem = 413 nm). The fluorescence of the control (without inhibitor)
was subtracted to better show the effect of the inhibitor (Al =
I rinhibitor _ 1 —inhibitor) “NJote: the x-axis is not to scale.

among others for the good manufacturing practice of
pharmaceuticals products and is currently performed by
HPLC.>* To carry out this study, the wells of the multisample
biosensor were previously incubated with 150 pL of buffer and
increasing concentrations of acarbose (up to 3 mM). Once the
solution was removed, the same concentration of PNPG (500
uM) was added to all the wells and their fluorescence intensity
was measured before and after 60 min of incubation. Figure 7
shows the calibration curve corresponding to this inhibitor. At
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Figure 7. Acarbose calibration curve. The fluorescence intensities
were measured at the bottom of the wells 60 min after the addition of
PNPG (500 uM). Inset: linear section of the acarbose calibration
curve. The intensity values in the y axis are the final values obtained
after subtraction of the fluorescence corresponding to the wells in the
absence of the inhibitor Al/I,.
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low concentrations, the response is rather linear up to ~500
UM (inset in Figure 7) with a limit of detection (LOD) of 37.8
uM, calculated from the following equation: LOD = 36/S,
where S is the slope of the calibration curve and o is the
standard deviation of the blank (sol—gel matrix in the absence
of fluorophores). This value is 4 times lower than that recently
determined for the colorimetric 96-well plate assay, once
optimized and validated.”® These parameters suggest that the
developed nanobiosensor could be a simpler, more cost-
effective, and faster alternative to the current methods used for
the determination and stability test of acarbose in bulk or
pharmaceutical dosage forms.>”

B CONCLUSIONS

In the present work, we have developed a highly stable
fluorescent nanobiosensor for the detection of a-glucosidase
inhibitors, which is based on the quenching of polyfluorene-
liposomal nanoparticles (L-CPNs) by PNP, the enzyme
catalytic product of PNPG. The presence of inhibitors prevents
the quenching to a degree that depends on their ability to
inhibit the enzyme a-glucosidase, which is coimmobilized
together with the L-CPNs within a sol—gel matrix. The
substrate-induced fluorescence quenching of individual L-
CPNs can be observed directly in situ under confocal
fluorescence microscopy. The strength of this device is based
on the adaptation of the nanobiosensor to a 96-well microplate
that allows the simultaneous screening of a large number of
compounds that potentially could be used as antidiabetic
drugs. Compared to the traditional colorimetric assay with
PNPG, this device has fewer measurement steps, is easy to
handle, and minimizes potential sources of error that occur
when measurements are made in solution. With this nano-
biosensor, since the sol—gel matrices are transparent and have
a porosity that does not allow leaching of the nanoparticles or
enzyme but does allow diffusion of the substrate/inhibitor, the
measurement can be performed directly in the solid phase.
Moreover, since the change in fluorescence signal is reversible,
the plate can be reused after washing and stored for at least 10
months.

The ability of the nanobiosensor to determine the
concentration of a specific inhibitor has also been demon-
strated. The device was successfully applied for the
determination of acarbose in an aqueous sample, with a
LOD of 37.8 uM, which suggests that it could be used not only
as a platform for screening of antidiabetic drugs but also as a
simple, cost-effective, and fast tool for routine quality control
of acarbose tablets.
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