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Abstract

Creatinine level in biological fluids is a clinically relevant parameter to monitor vital functions and it
is well assessed that measuring creatinine levels in the human body can be of great utility to
evaluate renal, muscular, or thyroid dysfunctions. The accurate detection of creatinine levels may
have a critical role in providing information on health status and represents a tool for the early
diagnosis of severe pathologies. Among different methods for creatinine detection that have been
introduced and that are evolving with increasing speed, fluorescence-based and colorimetric
sensors represent one of the best alternatives, thanks to their affordability, sensitivity and easy

readability.

In this work, we demonstrate that the fluorescein-Au3* complex provides a rapid, selective, and
sensitive tool for the quantification of creatinine concentrations in ranges typical of sweat and urine.
UV-visible absorption, diffuse reflectance spectroscopy, steady state and time resolved fluorescence
spectroscopy were used to shed light on the molecular mechanisms involved in the changes of
optical properties, which underlie the multiplexed sensor analytical reply. Interestingly, sensing can
be performed in solution or on solid nylon support accessing different physiological concentrations
from micromolar to millimolar range. As a proof-of-concept, the nylon-based platform was used to
demonstrate its effectiveness in creatinine detection on a solid and flexible substrate, showing its

analytical colorimetric properties as an easy and disposable creatinine point-of-care test.
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Graphical Abstract
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1. Introduction

The rapid and sensitive recognition of creatinine (Cre) is of great significance as it can represent a
fundamental tool in clinical diagnosis of several pathologies?. Cre molecular concentration in
serum, sweat and in urine outside the physiological ranges is evidence of health issues associated
with renal and muscular functioning. The physiological concentration of Cre is 4.4 - 18 mM in urine,
45 —90 uM in blood serum and 9.4 — 18 uM in sweat?.

Nowadays, home-used fast medical tests are increasingly widespread and the development of easy
and reliable point-of-care tools for fast determination of Cre in biological fluids (such as saliva,
sweat, and urine) is highly relevant.

Traditional methods to detect Cre are based on the Jaffe's reaction, which exploits the colour change
occurring upon the reaction of Cre with an alkaline solution of picrate?. Unfortunately, despite its
cost-effectiveness and rapid analysis, this method is poorly selective and its sensitivity is affected by
temperature and pH%3. Due to the importance of revealing Cre molecule in biological fluids, several
methods based on surface-enhanced Raman scattering (SERS)?%, liquid chromatography-isotope
dilution mass spectrometry (LC-IDMS)>, capillary electrophoresis®, and electrochemistry have been
developed aiming at providing more stable and selective methods. Some of these methods need
laborious sample preparation steps, complex and environmentally toxic reagents, and the use of
expensive and sophisticated instruments. In most cases, their use is not accessible to unspecialised
users and only few expensive commercial kits are available’=°. Hence, a fast, simple, inexpensive,
highly sensitive, and specific method to detect and quantify Cre is required. Among the most
promising alternatives, optical sensors, such as fluorescence-based and colorimetric sensors, have
received a great interest!®1>. The ease of readability and signal transduction, together with the

exquisite sensitivity and selectivity of fluorescence, are the main advantages. Examples of
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fluorescence-based sensors used for Cre detection in aqueous solution are the Naphthalimide-
lead® and Rhodamine B-gold!' complexes. These complexes are not fluorescent but their
dissociation, induced by Cre, and the consequential release of the free dyes (Naphtalimide and
Rhodamine B) cause a turn on of the fluorescence that is quantified by means of intensity-based
methods.

Colorimetric sensors based on silver!? and gold*®'’ nanoparticles are also gaining growing attention
due to their excellent sensitivity, inexpensiveness, and ease of detectability of different biologically
relevant molecules, such as DNA, protein and organic compounds, including Cre!®. Importantly,
colorimetric detection represents a promising tool for commercial applications as the read out can
be achieved by naked eye or commercial cameras like smartphone’s*?.

In this work, we designed a simple and quick-response sensing platform, based on the complexation
between fluorescein dye and gold ions (fluorescein-Au3* complex), for the selective recognition of
Cre in different concentration regimes.

Fluorescein is a water-soluble fluorescent dye, that thanks to its well-known properties, such as high
guantum vyield, sensitivity to the micro-environment and large availability, is widely used as tracer
for many biological and medical applications?®=?2. It has also already been used in the field of sensing
organic molecules, in complexed form with gold nanoparticles, as for the detection of the pesticide
fenitrothion, potentially harmful for humans?324,

Here, we exploit the spectral changes in the optical range induced by the formation of fluorescein-
Au3* complex and its dissociation/modification following the interaction with Cre molecules for the
guantification of this important biomarker both in the micromolar and millimolar concentration
ranges. The molecular mechanisms involved in their interaction were investigated by means of UV-
Visible absorption, diffuse reflectance spectroscopy, steady state and time resolved fluorescence
spectroscopy. Moreover, the analysed mechanisms and signal changes present similar features both
in aqueous solution and on solid nylon support.

This, together with the large dynamic range of the measurement capability, provides high versatility
in the potential applications of the presented system. Measurements carried out in water solution
gave us the possibility to quantify Cre in micromolar concentrations, while experiments performed
on nylon measured the Cre in the millimolar range. For both ranges, typically found in sweat and
urine respectively, we analysed the sensor response toward Cre concentrations higher than

physiological ones, commonly found in patients with renal diseases.
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2. Materials and Methods
2.1 Chemicals and Reagents

Fluorescein sodium (46960), Gold (lIl) chloride trihydrate (HAuCls - 3 H20) (2 99.9%, 520918), Sodium
tetrachloroaurate dehydrate (NaAuCls- 2 H,0) (99%, 298174), Creatinine (98%, C4255), Urea
(U5378), Valine (= 98%, V0500), Leucine (= 98%, L8000) were purchased from Sigma- Aldrich.
Hydrochloric acid standard solution (343102) was purchased from Fluka. Nylon Amersham Hybond-

N + Ge was purchased from Lifesciences.
2.2 Sample preparation for measurements in solution

Fluorescein was dissolved in millipore water to a final concentration of 5 uM. Dye concentration
was determined by absorption measurement using a UV-Vis spectrophotometer (Jasco V-760), and
an extinction coefficient €473nm= 92000 M1-cm™. 50 pL Au3* ions were added to 2.5 mL of the
fluorescein solution, previously acidified with HCl at pH 5. The final Au3* ions concentration was 50
1UM. Creatinine (43 mM) in aqueous solution was added to the fluorescein-Au3* complex solution at
final concentration between 43 uM and 860 uM. 50 uL urea, valine and/or leucine were also added
at 860 uM concentration. pH values have always been carefully measured by means of pH indicator
strips as VWR 35311.604 (pH 4.5 - 10) and confirmed by measurements by means of a pH meter
(Crison) with micro-electrode (HACH, 5208).

2.3 Sample preparation for measurements on solid support

500 pL of fluorescein 0.1 mM and 500 pL of gold 1 mM or 10 mM were mixed in millipore water at
two final ratios of 1:10 and 1:100 fluorescein:gold, respectively. 50 uL of the solution were drop
casted on nylon support to form yellow spots and they were dried on a thermal plate at 50 °C for 10
minutes. After drying, 30 pL of Creatinine 20 mM, 60 mM, 80 mM were added on the top of the

spots and left to dry for 10 minutes.
2.4 Absorption spectra

Absorption spectra were acquired at room temperature in the range 330 — 530 nm using a Jasco V-

760 spectrophotometer, in 1 cm path length quartz cuvettes.

2.5 Fluorescence spectra
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Fluorescence measurements were acquired at room temperature using a Jasco-FP-8500
spectrofluorometer equipped with a Jasco ETC-815 Peltier as temperature controller in 1 cm path
length quartz cuvettes. An excitation bandwidth of 2.5 nm, an emission bandwidth of 2.5 nm, a
response time of 1 s, data interval of 0.5 nm, and a scan speed of 100 nm/min were used.
Fluorescence emission spectra were acquired, in the range 473 — 650 nm, using Aexc= 473 nm.
Fluorescence excitation spectra were acquired, in the ranges 330 — 515 nm and 330 — 530 nm using

Aem= 515 nm and Aem= 560 nm, respectively.

2.6 Reflectance spectroscopy

Reflectance spectra on solid nylon-based support were acquired at room temperature using a JASCO
V-770 Spectrophotometer equipped with a 60 mm integrating sphere (ISN-923). A sample prepared
as in section 2.3 was placed in the solid-state sample holder and measurements were performed in

the range 380 — 630 nm by setting a scan speed of 100 nm/min and a bandwidth of 2 nm.

2.7 Fluorescence Lifetime Imaging Microscopy (FLIM)

256x256 pixels FLIM measurements of fluorescein and fluorescein-Au3* complex in solution, before
and after Creatinine addition, were collected in the time domain by means of a Leica TCS SP5
inverted microscope coupled with a PicoHarp 300 TCSPC Module (PicoQuant, Berlin, Germany)
using a 63x/1.4 oil objective (Leica Microsystems). In this context FLIM measurements are not
specifically aimed at imaging but only at measuring the spectroscopic signal of the sample in
solution.

Aliquots of aqueous samples were deposited in Chambered Coverglass (Nunc Lab-Tek Il) and
fluorescein signal wase acquired in the range 505 — 560 nm using excitation at 473 nm from a pulsed
White Light Laser (Leica Microsystem) and using Aexc = 780 nm and Aexc = 860 nm for two-photon

excitation both lasers have 80 MHz repetition rate.

2.8 FLIM phasor plot analysis and interpretation

The phasor analysis, described by Digman et al.?>, was used for FLIM data. Phasor approach is a
technique that allows the translation of the fluorescence decay signal in every pixel of the image to

a single point called “phasor” on a polar plot by Fourier transform. In this representation, all possible

5



149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

single exponential decays lie on the “universal circle” defined as a semicircle, with radius 1/2, going
from point (0, 0), corresponding to T = oo, to point (1, 0), corresponding to T = 0, where t is the
fluorescence lifetime. Complex decays are represented by phasors within the universal circle. In the
phasor plot, it is possible to select the lifetime distributions using coloured cursors. In the original
image, the pixels corresponding to a phasor, selected by a coloured cursor, will result with the same
colour of the cursor. The images in false colour thus obtained are called “phasor maps”. FLIM data
have been processed by the SimFCS3 software (Laboratory for Fluorescence Dynamics, University
of California, Irvine, CA, available at www.Ifd.uci.edu) and FLIM calibration of the system was
performed by measuring the known lifetime of the fluorescein in aqueous solution at pH 8 that is a

single exponential of 4.0 ns?.

3. Results
3.1 Fluorescein-Au3* complex formation and Creatinine detection in solution

In the following we report results assessing a proof of concept focused on determining the
possibility of using a simple chemical reaction between fluorescein molecules and gold ions for Cre

determination using fluorescein signals variations in the optical range.

Figure 1 (a) shows the absorption spectra of fluorescein (5 uM) in water solution at pH 5 before and
after Au* ions addition (50 uM of HAuCls -3 H,0 salt) in the range 330 - 530 nm. Fluorescein and
gold ions concentrations were selected to optimise the dynamic range in response of Cre additions,
and to get absorption values suitable for fluorescence measurements on the very same sample.
Analogous measurements in different conditions changing the gold:fluorescein ratios were tested
(see Supporting Information figure S1).

In figure 1 (b) fluorescence emission spectra of the same samples, obtained in the range 473 - 650
nm under Aexe= 473 nm, are reported. In line with previous results reported in the literature for
aqueous solution at this pH value?’, the absorption spectrum of fluorescein in figure 1 (a) exhibits
three characteristic peaks centred at around 390 nm, 447 nm and 473 nm. These peaks result from
the presence of fluorescein molecules in different tautomeric forms, which exhibit absorption
contributions at different wavelengths ?’. In particular, in these experimental conditions, fluorescein
mainly exists in the monoanionic form, but neutral and dianionic species are also present?’:?8, The

spectrum of the dianionic form is centred at 490 nm, monoanionic form is characterised by the main
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peak at 473 nm together with the small shoulder at 390 nm, while the zwitterionic form is revealed
by the presence of a peak centred at 445 nm?”2°, After Au3* ions addition, the colour of the solution
readily undergoes a clear change from bright to pale yellow and this change is immediately evident
by visual inspection (see Supporting Information figure S2). The colour change is reflected in large
variations in the absorption spectrum. A drastic decrease in the intensity of the whole spectrum is
observed and the spectral profile is significantly modified. Specifically, the first absorption peak
centred at 390 nm almost disappears, the intensity of the peak at 445 nm is reduced and its position
is blue shifted. Furthermore, the intensity of the peak centred at 470 nm decreases and,
importantly, a change in the ratio between the intensities (laa7/1273) of the last two peaks is also
observed. In particular, the measured ratio grows from las7/la73=1.01 + 0.04 t0 la47/1a73 = 1.38 £ 0.06
suggesting that the monoanionic form is predominantly converted in the zwitterionic one?’.
However, it is not possible to exclude that the dianionic form is also converted into monoanionic

and/or zwitterionic ones.

The fluorescence spectrum of fluorescein solution at pH 5 in figure 1 (b) (black line), in line with the
literature?’, reveals a broad peak which is representative of the contributions of both dianionic and
monoanionic forms since fluorescein in the neutral form does not present a fluorescence signal°.
Specifically, the emission band at 515 nm is mostly populated by the dianionic form and partially by
the monoanionic, while the band at 560 nm by the monoanionic one3°. From data reported in figure
1 (b), the addition of gold ions (red line) induces a critical reduction in the fluorescence intensity.
The fluorescein quantum yield is known to decrease in consequence to the formation of conjugates
with other molecules/ions?®. The observed fluorescence quenching, in accordance with the
absorption spectrum changes, suggests that fluorescein forms complex with Au3*. It is possible to
speculate that the binding between this dye and gold may involve electron pairs of the oxygen atom
present in fluorescein structure3!. The remaining fluorescence, which comes from free fluorescein
molecules, allows the detection of a minimum signal even when all the gold ions are bound.
Furthermore, this ensures us that the added Cre reacts with the gold ions complexed with
fluorescein molecules. Control measurements using sodium tetrachloroaurate (NaAuCl) were
performed to rule out that observed modifications in the absorption/fluorescence spectra of
fluorescein are induced by pH (see Supporting Information figure S3). The spectral changes could be
ascribed to a base-acid interaction between the deprotonated hydroxyl group of fluorescein

molecules and gold ions. Similar mechanisms have been observed for sensors based on quinoline-



210

211

212

213
214
215
216
217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

modified metal organic framework3!, on Glutathione-capped copper nanoclusters (CuNCs)3?, on

Fluorescein- AuNP?324, In these studies, the fluorophore is found to act as an electron donor.
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Fig 1. (a) Absorption spectra, acquired in the range 330 nm — 530 nm, of fluorescein 5 UM concentration dissolved in
water solution pH 5 before (black line) and after (red line) the addition of 50 uM of gold ions. (b) Fluorescence emission
spectra of fluorescein (5 uM) dissolved in water solution pH 5 before (black line) and after (red line) the addition of 50
UM of gold ions (Aexc= 473 nm, acquisition range 473 nm — 650 nm). Spectral changes are attributed to fluorescein-Au®*
complex formation. These experiments were repeated more than five times.

Figure 2 (a) shows absorption spectra of fluorescein dye-Au3* ion conjugate before (red line —
spectrum at lower intensity) and after the addition of Cre at increasing concentration ranging from
43 uM to 860 uM. In figure 2 (b) the corresponding fluorescence spectra are reported, while panel
2 (c) shows the fluorescence intensity at 515 nm as a function of Cre concentration. To highlight
spectral shape modifications, we also reported in figure 2 (d) the measured fluorescence spectra
normalized to their maximum value. It is worth noting that spectral changes occur almost
instantaneously and, after that, the signal remains stable.

As shown in panel 2 (a), at increasing Cre concentration, the intensity of the peaks at 390 nm, 447
nm, and 473 nm grows and the las7/1473 ratio is inverted going from laaz/la73 = 1.38 + 0.06 t0 l447/1473
= 0.91 + 0.04. Progressive spectral changes toward free fluorescein typical shape (figure 1 (a)) are
observed. These modifications suggested that the coordination bond between fluorescein and Au3*
is progressively destabilised in presence of Cre and that free fluorescein molecules, released by the
dissociation of the complex, modify the absorption spectrum. It may indicate that the Lewis base
Cre has a stronger affinity toward the Lewis acid Au3*, so that Cre competes with the dye in bonding

Au3*. Cre is characterized by a higher pKa value than fluorescein, making the Cre more available to
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give up its free electrons to form bonds. It is important to note that in the presented conditions, the
pH value, even at the highest Cre concentration (860 uM), does not notably change. Figure S4 (see
Supporting Information) reports the plot of the absorption intensity of the peak at 475 nm as a
function of Cre concentration in the range 43 uM — 350 uM. These data reveal a linear response of
the sensor toward Cre concentration. It is possible to detect this analyte concentration through
absorption measurements, but results, obtained by fluorescence measurements and reported in
figure 2 (b) and figure 2 (c), show higher sensitivity. As it is clear in figure 2 (b), Cre presence triggers
the turn-on of fluorescence: the intensity gradually grows as the concentration of the analyte
increases, reaching intensity values comparable to the one of free fluorescein in solution.

The formation of Lewis acid-base complexes between Cre and Au* would lead to the interruption
of energy transfer and electron transfer from fluorescein to Au3* and the consequential recovery of
fluorescein quenching caused by Au3* 3%, This mechanism of action was also proposed in previous
works to explain Cre detection3!. Figure 2 (c) shows the value of fluorescence intensity maxima as a
function of Cre concentrations. A biphasic behaviour is observed. The growth of fluorescence
intensity measured at 515 nm can be approximated in two different linear regions. The first between
43 uM and 344 uM, with a slope of 3.3 £ 0.1 while at higher Cre concentrations, the fluorescence
enhancement is reduced (slope = 0.94 + 0.05).

In figure 2 (d), the normalized fluorescence spectra to their maximum intensity are reported. These
data highlight that the growth of fluorescence intensity occurring at increasing Cre concentration is
coupled with a reduction of the spectral width. This is mainly due to the fact that, as reported above,
the fluorescein monoanionic and dianionic forms contribute to the fluorescence spectrum?’ and
that the ratio between the monoanionic form (which falls at higher wavelengths) and the dianionic
form decreases increasing Cre concentration. The dependence of the total fluorescence intensity on
Cre concentration is reported in figure S5 and presents a similar biphasic behaviour, where the
dependence of fluorescence intensity on Cre concentration for values above 400 uM is smaller than
the one observed in panel 3 (c) and reaches a plateau above 600 M.

Importantly for applied purposes a better efficiency of sensing is achieved when measuring
fluorescence intensity variations at single wavelength close to the peak maximum (A=515 nm). This
enabled us to identify two different linear regions where Cre can be detected with high sensitivity
roughly selecting in somehow the contribution to the emission of dianionic species. From a practical
point of view, the use of a single wavelength detector may represent a faster, simpler and more

selective technological solution.
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Small spectral changes observed in the red part of the fluorescence spectrum may lead to the
hypothesis that the monoanionic form of fluorescein progressively decreases due to the release of
gold and/or the deprotonation of hydroxylic groups of fluorescein. We also reported, in the
supplementary material figure S6, the fluorescence excitation spectra. These data are useful to
investigate which absorption transitions populate the excited states responsible for the
fluorescence bands at about lower (515 nm) and higher wavelength (560 nm) and further confirm
the formation of fluorescein-Au*complex. Furthermore, they support the hypothesis that the Cre

induces the dissociation of the complex and the release of fluorescein in the dianionic form.
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Fig 2. (a) Absorption spectra (range 330 nm — 530 nm) of fluorescein-Au3* complex before (red line) and after the
addition of Cre in concentrations ranging from 43 uM to 860 puM. (b) Fluorescence emission spectra of fluorescein-Au3*
complex before (red line) and after the addition of increasing Cre concentrations (range = 43 uM - 860 uM), acquired
between 473 nm and 650 nm (Aexc= 473 nm). (c) Fluorescence intensity measured at 515 nm as a function of increasing
Cre concentrations, dashed lines indicate different ranges of linearity that can be used for creatinine detection. (d)
Fluorescence spectra normalized to their maximum value in order to highlight the band reduction of fluorescence
contribution at higher wavelengths with increasing Cre concentrations. All the experiments were repeated more than
five times.

10



284

285

286

287

288

289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

In figure 3 the phasor analysis of FLIM measurements on fluorescein and fluorescein-Au3* complex,
before and after the addition of Cre 860 uM, are reported. Fluorescence lifetime depends
exclusively on the environment surrounding the fluorophore, being insensitive to variations in
excitation source intensity, detector gain setting and importantly on sample fluorophore
concentration. Therefore, it is a powerful tool to avoid experimental artefacts that can arise by
analysing only the fluorescence intensity. The signal was sequentially acquired in the range 505 -
560 nm, under excitation at three different wavelengths (Aexc = 473 nm, Aexc = 780 nm and Aexc = 860
nm). Two-photon excitations at Aexc = 780 nm and Aexc = 860 nm are used to investigate UV spectral
regions with minimal perturbation of the sample. FLIM measurements on solution samples are only
meant at giving a graphical representation of the data. As expected, no structures over the
diffraction limited resolution are found and only uniformly diffused fluorescence is observed so that
images appear as uniformly coloured. Aim of these measurements is to separate the contribution
of different excitation levels and to highlight relevant interactions in the observed sensing capability.
For each excitation wavelength, three representative 256x256 pixels images (phasor maps) and a

phasor plot are reported.

Figure 3 (a) shows the phasor maps and the phasor plot of fluorescein, fluorescein-Au3*, and the
complex after Cre addition, under two-photon excitation at 780 nm, which would correspond to the
absorption peak at 390 nm. At this wavelength, fluorescein monoanionic form is preferentially
excited but the dianionic form is also excited in minor fraction?°. The expansion of the phasor region
is shown in the dotted box. For each measurement, pixels with specific lifetime were selected in the
phasor plot using a coloured circle and corresponding pixels appear coloured with the same colour
code on the phasor maps. In phasor plot two lifetime distributions are distinguishable on the
universal circle, characterised by an average lifetime of about t=3.9 ns and t= 3.3 ns, highlighted by
red and green circles, respectively. Similar lifetime values are reported in literature for fluorescein
in the dianionic (t= 4.1 ns) and the monoanionic forms (t= 3 ns)3C. Data in figure 3 (a) show that free
fluorescein at pH 5 is characterised by a fluorescence lifetime distribution centred at about 3.9 ns;
this reflects in a correspondent phasor map uniformly coloured in red. After the addition of gold
ions, the lifetime distribution of the fluorescein-Au3* complex shifts to shorter lifetime (about 3.3
ns) resulting in a phasor map uniformly coloured in green. The presence of Cre in solution brings
back the measured lifetime distribution to the initial value characteristic of free fluorescein. Again,

data indicate that gold ions interact with the deprotonated hydroxyl groups present in the
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fluorescein dianonic and monoanionic form, and induce the decrease of fluorescein lifetime to a
value of 3.3 ns. This value predominantly corresponds to the lifetime of fluorescein molecule in its
monoanionic form. The presence of Cre restores the initial conditions, bringing the phasor back to
a position corresponding to a value of 3.9 ns. Panels 3 (b) and (c) show the phasor maps and phasor
plots when the sample is excited at Aexc = 860 nm (corresponding to two-photon excitation of the
transition at about Aexc = 447 nm) and at Aexc = 473 nm, respectively. Under these excitation
wavelengths, fluorescence lifetime does not considerably change and consequently the phasor
maps do not change colour. The measured lifetime distribution is centred at 3.5 ns. This lifetime
value falls in intermediate values between the values of the two distinct forms. These data could
suggest that the intensity differences of the peaks at 447 nm and 473 nm, revealed by absorption
measurements (figure 1 (a) and figure 2 (a)), could be attributable only to the different number of
tautomeric forms in solution. On the contrary, the changes of lifetime, observed under excitation at
780 nm, indicate that the electronic level associated with this transition is directly involved in

bonding with gold ions.

Fluor + Au®* Fluor + Au3*+ Cre

Aoy =780 Nm
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Aoy =860 NM
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Fig 3. Phasor analysis of 256 x 256 pixels FLIM measurements on Fluorescein (5 uM) and Fluorescein-Au®* (in
a ratio 1:10) conjugates before and after the addition of Cre (860 uM). Measurements were collected in the
range 505 nm-560 nm under three different excitation wavelengths (Aexe=473 nM, Aexc=780 nm and Aexc=860
nm). The fluorescence lifetime distributions obtained from each measurement and reported in the
respectively phasor plots are highlighted by coloured cursors whose size and the position are arbitrary. Each
pixel of the phasor colour maps is coloured according to the colour of the corresponding cursor in the phasor
plots. The magnification of fluorescein lifetime distributions after the excitation of the samples at 780 nm, is
reported in the dashed lines surrounded inset. These experiments were performed in triplicates.

The overall information obtained from the spectral steady state and time resolved fluorescence data
denote the formation of a complex between fluorescein and gold ions that could be stabilised via
coordination interactions3!. Cre molecules compete with fluorescein in binding the Au3* ions and
specifically Cre in solution destabilises the fluorescein-Au3* complex inducing the release of free
fluorescein in the dianionic and monoanionic forms.

This simple and highly repeatable chemical reaction is reflected in evident colour changes of the
solution and in critical changes of absorption and fluorescence spectra and lifetime. These changes
can be quantified and calibrated, and present a linear trend that can be highlighted in different
concentration ranges. The slope of the corresponding lines indicates a different sensitivity for each
range (see e.g. cyan and purple dashed lines in figure 2 (c)). A linear response in the measured signal
is obtained for Cre concentrations between 43 uM and 344 uM with a higher slope with respect to
the one found in the range 400 uM — 860 uM. These measurable concentration ranges may be
applied to Cre quantification in sweat and numerous studies have already focused on trying to
quantify Cre in this matrix 3839, A quick and reliable analysis of this fluid is highly desirable also in
view of the realisation of wearable sensors3®*3 which may allow to instantaneous and continuous
diagnosis during normal day-to-day activities.

Sweat fluid can contain several biochemical markers of clinical interest, and comprises the natural
route for the excretion of biological waste products. For this reason, it is possible to find in sweat,
in addition to Cre, other human excreted products like urea, valine, leucine, histidine, lysine, and
threonine®®42, In this context, it is important to verify the selectivity of fluorescein- Au3* complex
for specific recognition of Cre. In order to do that, we report in figure 4 (a) the absorption spectra
of fluorescein- Au3* in the presence of 860 uM Cre, 860 uM leucine (Leu), 860 uM valine (Val), 860
UM Urea. These small molecules were selected as suitable models as they are present in the
biological fluid of interest. As can be seen only the addition of Cre significantly modify the spectral

profile.
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In figure 4 (b), the absorption spectrum of fluorescein-Au®*, in the presence of a mix of the same
components (860 uM Leu, 860 uM Val and 860 uM Urea), is compared to the spectrum of the same
sample after the addition of 860 uM Cre which reveals the expected spectral changes. The
comparison of data in figure 4 (a) and (b) confirm that the spectral modifications are the same both
in the presence and in the absence of other biomolecules and that only the addition of Cre induces
spectral modifications. To further support these results, in figure S7 analogous measurements using

other potentially interacting aminoacids are reported.

a) 0.30 : : : : b) 0.30 : : : .
—— Fluor + Au®* Fluor + Au*+ Leu + Val + Urea
——— Fluor + Au®*+ Leu | Fluor + Au®*+ Leu + Val + Urea + Cre i
s Q2 | i s var . | g o
—— Fluor + Au**+ Urea ()
) 0.20+ Fluor + Au*+ Cre . O 0.20F .
(0] (0]
20.15 . 20.15¢ 1
(1) @
8 8
3 0.10 E Q0.10+ .
o] Ke]
< <<
0.05 E 0.05F .
0.00 > : : L = 0.00 . ; L L
330 370 410 450 490 530 330 370 410 450 490 530
Wavelength (nm) Wavelength (nm)

Fig 4. Fluorescein-Au> complex absorption spectra in the range 330 nm —530 nm (a) before and after addition
of 860 uM Leu (red line), 860 uM Val (blue line), 860 uM Urea (green line) and 860 uM Cre (violet line), and
(b) in presence of Leu, Val, Urea mixed together, before (pink line) and after (light blue line) Cre addition. The
concentration of each analyte is 860 uM. These data reveal that the fluorescein-Au» complex is selective for
Cre detection.

3.2 Creatinine detection on nylon support

The spectroscopic analysis of the ligand exchange reaction between the fluorescein-Au3* complex
with Cre demonstrated its effectiveness for Cre detection in solution in a concentration dependent
manner. In particular, Cre addition to fluorescein-Au3* complex solution determines a change in the
absorption spectrum. Changes in the visible range (above 400 nm) can be exploited to design a
colorimetric point-of-care test for Cre detection in a solid format. To this aim, we designed a
colorimetric sensor obtained by the deposition of fluorescein-Au3* complex on a nylon substrate,
and the Cre analyte was directly dropped on the complex spot to detect the change in colour due
to ligand exchange. The sensor was intended to detect harmful levels of Cre in urine (upper
unphysiological range > 20 mM)?, and the optical variations were followed by UV-Vis diffuse
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reflectance spectroscopy. Nylon was selected as suitable substrate for this approach because of its
porosity in the microscale that allows the immobilization of a proper amount of fluorescein-Au3*
complex respect to a flat support by imbibition33, whiteness, ideal for reflectance measurements,
flexibility and inexpensiveness.

In figure 5 (a) the diffuse reflectance spectra of the fluorescein-Au3* complex on nylon, upon
addition of Cre at increasing concentration up to 80 mM, are reported together with the spectrum
of the fluorescein-Au3* prior to the addition. As evident, the typical two peaks shape characterizes
the reflectance spectrum of the complex, before Cre addition. Diffuse reflectance signal increases
and the spectrum slightly shifts to higher wavelengths. The spectral features, highlighted in figure 5
(a), reflect the ones previously shown in figure 2 (a) obtained by measurements performed in
solution. Detailed differences in peak position and width can be related to the different state of the
molecules immobilized on the nylon support, with respect to the related system in aqueous
solution. Interestingly, also in the solid state an analogous behaviour to the one observed in solution
is observed. Dropping Cre at increasing concentrations on the fluorescein-Au3* spot causes an
immediate, evident and stable colour change, which corresponds to an overall decrease in
reflectance intensity, corresponding to higher absorbance in solution spectra.

In addition, similar changes in shape and maxima intensity ratio were observed at increasing Cre
concentration, with a decrease of the band at 464 nm, and an increase and shift of the band at 492
nm up to 507 nm after Cre 80 mM addition. These data confirm the possibility to carry out the ligand
exchange reaction between the fluorescein-Au* complex with Cre on nylon and the similarity of the
chemical process investigated in aqueous solution.

In order to improve the Cre sensor applicability towards the establishment of a colorimetric
screening test, we investigated the possibility to determine a more evident change in colour. To
obtain this result, the fluorescein:Au3* molar ratio was modified from 1:10 to 1:100 to coordinate a
higher amount of fluorescein molecules in the initial spot.

In figure 5 (b), the higher concentration of Au3* ions determine drastic changes in the reflectance
spectrum of the complex spot before the addition of the creatinine, consisting in the presence of a
unique band with a minimum at 450 nm. The addition of an increasing amount of Cre determines
the expected spectral changes with a decrease of the complex signal intensity at 450 nm along with
an increase of the component at 492 nm. Comparing the sensors obtained at fluorescein:Au3* 1:10
and 1:100 molar ratio, the AR between the reflectance absolute minima after creatinine reaction is

improved from 28 nm to 42 nm, which results in more evident change in colour by eyes. The diffuse
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reflectance spectrum of fluorescein (dashed) was also reported as reference, to highlight the release
of free fluorescein molecules as a result of the ligand exchange reaction with Cre.

In addition, the reflectance data were computed to show the evidence of the change in colour of
the sensor after the reaction with Cre on a tristimulus colour space34. This approach is useful to
highlight the colour of samples deposited on solid substrates3>3®, In figure 5 (c) we reported the
chromaticity diagram (CIE 1930), showing the colour components change at different Cre
concentrations. Before the reaction with Cre, the fluorescein-Au3* complex dot on the chromaticity
diagram is on the yellow area. Upon Cre addition, the dot position shifts towards free fluorescein in
the orange area with an extent related to the Cre concentration. Figure 5 (d) shows the photographic

images of nylon supports loaded with fluorescein-Au3* before and after Cre addition.
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Fig 5. (a-b) Fluorescein-Au®* complexes reflectance spectra, acquired in the range 380 nm — 630 nm, before
and after the addition of increasing Cre concentrations; fluorescein:gold ratio is 1:10 and 1:100 in (a) and (b),
respectively. (c) Chromaticity diagram (CIE 1930) showing the colour components change at different Cre
concentrations. (d) Photographic images of nylon loaded with fluorescein-Au®* complex in absence and in
presence of 20 mM and 80 mM concentrations of Cre. A visible colour change from yellow to orange is
observed that is proportional to Cre concentrations. These experiments were repeated in triplicates.

The photographs reveal that the fluorescein-Au3* complexes, dropped on the nylon supports,
change colour in presence of Cre concentrations above physiological values found in urine. We assist
an instantaneous colour change from yellow to orange, visible by naked eyes, that is more evident
at higher Cre concentrations.

As a future perspective, the use of the fluorescein-Au3* complex on solid-nylon supports could allow

the development of a rapid, not invasive, and preliminary homemade diagnosis of renal suffering.
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4. Conclusions

Detecting Cre levels in biological fluids is clinically important because levels of this analyte outside
of typical ranges are the evidence of health issues associated with renal and muscular functioning.
In this study, we have presented a multiplexed assay for the rapid Cre detection based on
competitive association of Cre and fluorescein with Au3* ions. Absorbance and fluorescence data
indicate that fluorescein-Au3* complex, in the presence of Cre, dissociates towards the formation of
Cre-Au®* complex allowing the releasing of free fluorescein in solution. The presence of free
fluorescein results in a drastic increase of fluorescence emission previously partially quenched by
the complexation with Au3* ions. Changes of the ratio between the populations (neutral,
monoanionic and dianionic) of fluorescein, generated by the bonding/unbonding of Au3*ions, can
be monitored by means of UV-Visible absorption, diffuse reflectance spectroscopy and steady state
and time resolved fluorescence spectroscopy.

The formation of a complex between fluorescein and gold ions, possibly stabilised via coordination
interactions?!, is at the basis of the observed Cre sensing. Indeed, data reveal that Cre molecules
compete with fluorescein binding to Au3* ions, destabilising the fluorescein-Au3* complex, inducing
the release of free fluorescein and thus modifying the ratio between dianionic and anionic species
in the sample. This results in large modification in the observed optical properties so that Cre can
be easily quantified both using absorption and fluorescence spectroscopy, giving reliable results also
through measurements at single wavelength.

Measurements in aqueous solution at pH 5 revealed a linear response of fluorescein-Au3* complex
towards micromolar concentrations of Cre that are the typical conditions of pH and concentration
found in sweat. As a future perspective and by exploiting microfluidics technology?®’, these results
may be translated into comfortable and cost-effective commercial wearable sensors which have the
ability to directly monitor Cre from biofluids in a non-invasive manner. The analysed sensing
solution, in semipermeable compartments or channels, may be at the basis of the building block of
flexible transparent patches to monitor Cre levels in sweat. The different read outs may pave the
way to design different specific integrated devices with tunable dynamic range and sensitivity.
Interestingly, the same system revealed suitable sensing capability in the dry state allowing the
development of a colorimetric sensor with sensitivity in the millimolar range values that are found

in urine fluids. This is obtained by drop casting the fluorescein-Au3* complex on solid and flexible
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nylon support. A visible colour change from yellow to orange of the nylon sensor is observed in
presence of pathological Cre concentrations (> 20 mM), i.e. as the Cre level deserves clinical
attention. A proof of concept is given based on these results which may constitute the base for a
selective colorimetric screening test, easily usable at home, for a rapid and preliminary diagnosis of

renal dysfunction by monitoring Cre in urine.
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