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Abstract

Portable sensing platforms based on nanoparticles are becoming increasingly significant
across diverse fields, as they enable real-time measurements in various environments without
complex lab protocols. Carbon dots (CDs), known for low toxicity and intense fluorescence, can
exhibit pH-dependent optical emission, generally related to proton exchange-capable surface
groups. In addition, CDs' hydrophilicity, biocompatibility, and stability make them advantageous
for pH sensing and, despite limited application in portable sensing devices, their full potential can

be realized with precise control of chemistry and optical properties. In this study, we fabricate a
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portable nitrocellulose-based platform for pH sensing, expressly designed to take advantage of the
fluorescence properties of resorcinol-based CDs. First, responsivity of CDs fluorescence features
on pH is carefully spectroscopically characterized and linked to acid-base equilibria of
polyphenols (hydroxylated polyaromatic rings) present within the CDs carbonaceous structure.
Notably, this also offers a titrimetric method to estimate CD concentration. Next, nitrocellulose-
based wax-printed circular pads are functionalized with CDs and integrated with a smartphone-
based fluorescence colorimetric optical detection system. The developed portable device exhibits
a measurement resolution of £0.2 pH units (in the range between 2.5 to 6.7) and of £0.3 pH units
(in the 6.7 — 7.0 range), compatible with most practical pH measurement needs in biological, food
and drink, wastewater sample analysis and others. Moreover, although some portable pH sensing
devices are already widespread and commercially available, this platform is easy to use, it
necessitates only very small sample volumes and is potentially adaptable to various environments
and automated analysis processes that does not need prior-use calibrations.

Keywords. carbon dots, fluorescence, pH, paper sensor, smartphone detection, colorimetry.

1. Introduction

In current real-world applications pH sensing is typically conducted using three-electrode
potentiometry (pH meters) or colorimetric pH test paper strips [1-4]. Specifically, potentiometric
pH meters offer a broad detectable pH range and very high resolution, while pH test strips provide
rapid pH testing, compatible with user-friendly procedures. However, in some practical scenarios,
these methods still suffer from limitations hindering their complete suitability. For instance, using

pH meters implies dealing with some drawbacks such as electrode vulnerability, the need for large
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sample volumes, necessity of frequent calibration and trained operators. On the other hand, in most
usual cases, commercial pH test strips are characterized by measurement resolutions not higher
than ca. £0.5 pH units [5,6]. Furthermore, certain colorimetric tests require visual interpretation of
the results, which can be disadvantageous due to the potential for personal color biases in

determining pH values [7,8].

In response to these colorimetric detection limitations, recent efforts have aimed at
advancing such classical pH testing methods. This has led to the fabrication of sophisticated pH
sensor devices with optical detection, as emphasized by several works reported in the scientific
literature [8-22] and in recently patented inventions [23-25]. Generally, these advanced devices
consist of an active pH sensing material embedded or deposited onto a substrate matrix (often
paper- or polymer-based). The active material responds to pH variations with detectable alterations
of its optical properties. In particular, the revelation of such optical property variations, either via
smartphone- or desktop-scanner-based detection then enables improvements on measurement
objectivity and accuracy [8,12,14-16,18-22]. Nevertheless, such innovative pH sensing platforms
often face technical limitations, including a narrow dynamic range (sometimes limited to few pH
units), long response times, the need for large sample volumes , and accuracy in pH determination
not significantly higher than that of commercial pH strips [9-11,13,16,17,19-22]. Moreover, other
reported methods require multi-step fabrication procedures (e.g. based on high-resolution laser
patterning of the substrate, or ink-jet printing using separate custom-made inks) that must be
devised with extensive care to ensure the proper working of the final sensing device [8,12-15,17—
22]. Thus, there is generally still demand for development of robust and high-performing

colorimetric pH sensors.

CDs, zero-dimensional carbonaceous nanoparticles characterized by visible-light
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fluorescence, have attracted attention as pH sensing materials since early stages of their discovery
[26-28]. These nanoparticles typically have a size between 1 and 10 nm and they are chemically
composed of non-toxic light elements (C, O, H, and eventually N, S, P, B, ...) [29-33]. Many CDs
synthesized via carbonization of water-soluble molecules naturally exhibit fluorescence properties
that respond to pH changes [27,28]. This responsiveness is typically ascribed to the presence of
acid/base active surface chemical groups, such as -COOH, —NH_, —OH, etc. [26]. Therefore, CDs
have been widely reported as pH-sensitive materials in aqueous dispersions [26—28]. More
specifically, depending on their spectroscopic features, single-band emitting CDs have been
employed for pH sensing based on fluorescence quenching, while multiple band emitting CDs

have been often proposed for ratiometric fluorescence sensing [34—-38].

Often, CDs are used directly in solution-based analyses, providing highly accurate pH
measurements [26,39,40]. Nevertheless, these techniques necessitate benchtop instrumentation
and experienced personnel. Meanwhile, the incorporation of these nanoparticles into portable
platforms has been reported in few examples. Wang et al. [41] prepared pH test strips embedding
orange-emitting CDs that exhibited naked-eye observable changes in fluorescence intensity across
the pH range of 1-14 when examined under UV light. Zhang et al. [42] ink-jet printed pieces of
filter paper with tricolor emitting CDs to obtain pH test strips that could successfully measure pH
in a broad range by visual inspection of color changes. Huo et al. [43], reported a polymer based
pH sensor based on CDs as sensing materials that, after soaking for 5 s in a buffer solution, allowed
quantitative pH assessment after recording the fluorescence with a spectrofluorometer and
employing fluorescence or colorimetry to quantify the sensing signal. Thus, in spite of the large
number of papers reporting pH sensing with CDs in solution, the application of these nanoparticles

in portable platforms using advanced optical signal registration remains limited and needs to be
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further explored.

With this motivation, in this work, we develop a portable pH sensing platform based on
colorimetric fluorescence CD detection. Dual emissive CDs are synthesized by polycondensation
of resorcinol and containing acid-base optically responsive hydroxylated polyaromatic rings [44].
The mechanism enabling the pH sensing relies entirely on the fluorescence properties of the CDs.
First, the fluorescence pH responsivity of the CDs is carefully examined and correlated to acid-
base equilibria at the molecular level. Then, the fluorescent nanoparticles are used to functionalize
wax-printed pads on a nitrocellulose substrate. Fluorescence changes with pH are assessed using
colorimetric image analysis, which allows achieving high-resolution pH measurement, reaching
+0.2 pH units in the range from 2.5 — 6.7 pH range and +£0.3 pH units in the 6.7 — 7.0 range.
Overall, the approach presented herein is compatible with a broad variety of samples and working

conditions and hence can have applicative relevance for pH sensing in several areas.

2. Materials and Methods

2.1 Chemicals

Resorcinol (>99%, Sigma Aldrich), ethylene glycol (EG, > 99%, Sigma Aldrich), sodium
hydroxide (NaOH, >97%, Sigma Aldrich), hydrochloric acid (HCIl, 37%, Sigma Aldrich),
disodium hydrogen phosphate (Na2HPO4, 98-100.5%, Sigma Aldrich), monosodium dihydrogen
phosphate (NaH2PQO4, >99.0%, Sigma Aldrich), citric acid (99%, Sigma Aldrich), L-ascorbic acid
(AA, 99%, Sigma Aldrich), sodium carbonate (Na.COs, >99.5%, Sigma Aldrich), sodium
bicarbonate (NaHCOs3, >99.7%, Sigma Aldrich). Mcllvaine (citrate-phosphate) buffer solutions at
pH ranging from 8 to 2.2 were obtained mixing stock solutions of 0.1 M citric acid and 0.2 M

Na:POs in different volume ratios up to reaching a final volume of 5 mL.[45] Carbonate-



121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

Bicarbonate buffer at pH 10 was analogously obtained by mixing adequate volumes of 0.1 M stock

solutions of Na2CO3 and NaHCOs. All aqueous solutions were prepared using MilliQ water.
2.2 Preparation of CDs

CDs were synthesized following a procedure previously reported in [44]. In details, a
solution of resorcinol (1.5 g) in EG (3 mL) was added to 12 mL of EG previously heated in a round
bottom flask that was kept open through all the duration of the reaction. Soon after resorcinol
solution injection, 500 uLL of a 2 M NaOH aqueous solution were quickly added, serving as a
catalyst for resorcinol carbonization. The reaction temperature in the round bottom flask was
monitored and kept constant via a temperature controller connected to a heating mantle by a
thermocouple placed inside the flask. After synthesis, the obtained CDs were purified by a series
of four successive centrifugation steps, using a very diluted (~10“ M) HCI aqueous solution to
recollect and precipitate the nanoparticles. More specifically, after each centrifugation step at
9000 rpm for 30 min, the supernatant was removed and discarded, while the purified precipitate
was redispersed adding ~10* M HCI solution. Finally, after four centrifugation cycles, the dark
precipitate was dried under vacuum. The as-obtained purified CDs were finally dispersed in

aqueous buffer solutions for further uses.
2.3 Spectroscopic analysis of CD optical properties

UV-Vis absorption spectra were acquired with a Cary 5000 spectrophotometer (Agilent
Technologies, Inc., Santa Clara, CA, USA). Photoluminescence (PL) spectra were measured with
a Fluorolog 3 spectrofluorometer (HORIBA Jobin-Yvon GmbH, Bensheim, Germany) equipped
with a 450 W Xe lamp as the excitation source and with double-grating excitation and emission
monochromators. All measurements were performed on dispersions of CDs in aqueous buffer

solutions, in a quartz cuvette (Hellma Analytics, Milan, Italy) with a 1 cm optical path. To avoid
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photon re-absorption in these measurements, all solutions were diluted so that the absorbance

registered at the maximum of the lower energy absorption band was less than 0.1.
2.4 pH-sensitivity of CDs experiments in solution

Purified CD powders were dispersed in a phosphate buffer solution (0.1 M, pH = 7) that
was previously prepared by mixing suitable concentrations of Na;HPOs and NaH2PO..
Subsequently, 1 mL of such CD dispersion (having a concentration of 5 ug/mL) was subjected to
the incremental addition of a 1 M HCI aqueous solution (HCl.g). Specifically, at each step of HCI
addition, 5 pL of HClaq were added and UV-Vis absorption and PL (hexc = 350 nm, Aexc = 485 nm)
spectra were recorded. The experimental procedure was concluded upon reaching a total added
volume of 105 uL, as no further discernible spectroscopic changes were observed. To account for
the dilution introduced upon addition of the HCl,q, the as-recorded spectra were multiplied by a

factor:

_ VintVaad
Vin

D 1)

where V;, is the initial volume of the CD dispersion and V44 is the added volume of HCI.

2.5 Fabrication of CD-based nitrocellulose pads and smartphone-based fluorescence

detection

A nitrocellulose membrane strip (Unisart® CN95, Sartorius) was patterned to create
circular nitrocellulose pads (CNPs) with a diameter of 2.5 mm spaced by a 1.5 mm distance. The
pattern was created by printing a black hydrophobic wax using a Xerox ColorQube 8580 solid ink
printer. After printing, the nitrocellulose strip was kept on a hot plate at 90 °C for 30 s to allow
diffusion of the hydrophobic wax across the entire thickness of the nitrocellulose, thus creating a

complete lateral confinement of the circular pad.
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Then, the CNPs were functionalized by drop-casting 2 uL of a pristine aqueous dispersion
of CDs, followed by drying on a hot plate at 50 °C for 15-20 min, until complete water evaporation.
Thus, functionalized circular nitrocellulose pads (F-CNPs) were obtained. To construct the
calibration curves, the F-CNPs were drop-casted with 2 uLL of Mcllvaine buffer solutions at
different pH values.

The resulting modifications of CD fluorescence were then analyzed with a Microscopy
Cube Assembly (TLV-U-MF2, THORLABS®), equipped with an excitation filter (MF390-18,
390 £ 9 nm), a dichroic filter (MD416 425 — 575 nm) and optional emission filters (MF460-60,
460 * 30 nm, referred to as “blue emission filter” or MF530-43, 530 + 20 nm, referred to as
“green emission filter”). The employed setup allowed irradiating and analyzing four F-CNPSs in
each single acquisition. Each pool of four pads contained one pad drop-casted with a pH 8
Mcllvaine buffer, that was used as internal reference in the case of single-channel intensity
analyses.

The fluorescence was then detected recording digital pictures with a smartphone camera
(Realme GT NEO 3T) in manual mode, autofocus, ISO at 100 and adjusting the shutter speed in

order to optimize the exposure conditions.

3. Results and discussion

3.1 CDs preparation, characterization and PL mechanisms underlying pH
responsivity
The preparation of CDs employed for the portable platform relies on a method reported in

[44] and is schematized in Fig. 1a. The synthetic approach involves thermal polycondensation of



190  resorcinol in ethylene glycol solvent and basic-catalyzed environment. This leads to the formation
191 of CDs containing PPs, i.e. hydroxylated polyaromatic molecules, deriving from resorcinol

192  polycondensations.
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194  Fig. 1. (a) Scheme of synthetic preparation of CDs and of formation of fluorescent PPs in the
195  nanoparticles during the reaction. (b) TEM micrograph and size distribution histogram (inset) and
196  (c) FT-IR spectrum of the CDs.

197

198 The CDs are observable in TEM micrographs as spheroidal dots having a mean size of
199 15+£0.3nm (Fig. 2b). The FT-IR spectrum of CDs displays a broad band ascribed to O-H
200  stretching (at 3320 — 3600 cm™), some weak peaks in the 2800 — 3000 cm* interval due to C—H
201  stretching, some signals due to C=C stretching (at 1650 — 1750 cm™) and peaks in the region
202 1000 — 1300 cm™ due to C-O stretching. Such FT-IR analysis highlights that the CD surface
203  contains hydroxyl groups. Moreover, both aromatic and aliphatic carbon structures are identified

204 in the CDs. Additionally, the broad O-H stretching band indicates the formation of hydrogen
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bonds between the alcohol functionalities. This aligns well with model in [44]. that describes CDs
as consisting of PPs incorporated in a carbogenic nanoparticle matrix, interconnected by EG-
aliphatic structures and stabilized via hydrogen bonds.

The sensing mechanism in the portable platform derives from the response of the CD,
particularly to the response of this fluorescence to pH, and needs to be further assessed. UV-Vis
absorption and (PL) spectra of resorcinol-derived CDs are reported in Fig. S1. The CD absorption
spectrum exhibits a narrow band at around 500 nm and an extended absorption at A < 400 nm. The
emission spectrum consists of a blue and a green PL band. As recently demonstrated in [44] and
resumed in Table S1 these are respectively ascribed to emission by surface or defect states and to
the molecular emission of green emitting PPs (G-PPs).

To specifically test in detail the reversible responsivity of CD fluorescence to pH changes,
we carried out an experiment in which CDs in solution were progressively added with a very small
number of HCI moles, while modifications of spectroscopic absorption and emission features were
monitored after each addition. For this experiment, first, CDs were dispersed in a phosphate buffer
at pH 7 and then mixed with 5 puL of 1 M solutions of HCI in successive steps (see Sec. 2.4 for
further details). Spectroscopic changes observed in UV-Vis absorption and PL spectra

(Aexc = 485 nm) after each HCI addition are reported in Fig. 2a-b.

10
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Fig. 2. (a) UV-Vis absorption and (b) PL (Aexc = 485 nm) spectra of a CD dispersion at increasing
HCI concentration, with top-right insets showing normalized spectra and peak positions; (c)
scheme of the dianion (D), monoanion (M) and neutral (N) forms of the green-emitting
polyphenols (G-PPs), including their absorption and emission peak positions; (d) PL spectra
(Aexc = 350 nm) of CDs at increasing HCI concentration. Insets of (a) and (d): scheme of the CDs
designating with blue and green band assignments, initial and final pH; (e) fluorescence titration
curve reporting the ratio between PL spectrum areas Aexc = 350 nm (ApL) and that of the pristine

solution spectrum (ArL?) as a function of the volume of added titrant.

Upon the incremental HCI addition, the absorption band at 500 nm of the pristine CDs

dispersion exhibits a gradual dampening and a large blue shift (Fig. 2a). Specifically, Fig. 2a inset

clearly shows that the pristine absorption band undergoes a transition to a band at 470 nm and
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finally to a band peaked at 440 nm. In parallel, a substantial quenching of the green PL peak
(Fig. 2b), with a progressive red shift of the pristine band (Fig. 2b inset), is noted.

Such spectroscopic variations can be explained considering the possible proton-
exchanging equilibria of PPs in dependence of pH. In fact, it is known that hydroxylated
polyaromatic molecules can have pKa in physiological pH ranges [46—48] and that the surface of
these CDs is negatively charged due to the hydroxyl groups’ deprotonation [44]. Therefore, to
rationalize the observed spectroscopic changes with HCI addition, we can safely consider that in
the pristine solution (at pH 7) the G-PPs have some —CO" groups that can quantitatively react with
H*. Upon HCI addition, these groups are progressively protonated to —~COH, leading to the
observed spectroscopic modifications. Conversely, after reaching a pH of 1.5, the absence of
additional changes upon further HCI addition suggests that, under these pH conditions, the
polyaromatic fluorophores lack —-CO" groups that can quantitatively react with H*. Thus, the
spectral band shifts and modifications observed both in absorption and PL can be collectively
explained considering three distinct acid/base conjugated forms for the G-PPs (Fig. 2c), namely:
(i) a dianion (D) form responsible for the pristine absorption at 500 nm and emission at 520 nm,
(if) a monoanion (M) form absorbing at around 470 nm and weakly emitting at 555 nm and (iii) a
neutral (N) form, that has the absorption band peaked at 440 nm and no emission within the
investigated spectral range.

To demonstrate the reversibility of the acid-base reactions between the D, M and N forms,
the acidified dispersion of CDs (pH 1.5) was progressively added with 5 uL of a 1 M NaOH
aqueous solution. The resulting spectroscopic data collected after each NaOH addition are reported
in Fig. S2a-b. It can be observed that NaOH addition leads to a fluorescence restoration retracing

the spectroscopic changes of the HCI quenching. However, a slight loss of fluorescence intensity
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is observed, as demonstrated by the difference between the restored PL intensity at pH 7 and the
original one, that is ascribed to irreversible phenomena occurring during such experiments, such
as nanoparticle aggregation or irreversible chemical modifications of the emitting units within the
CDs, hindering the complete reestablishment of the original fluorescence intensity [44].

The overall PL spectrum consists of a blue and a green PL band, as can be revealed exciting
the CDs in the UV range (Fig. S1). Thus, to provide a comprehensive overview of pH sensitivity
of both CD emission bands, we examined the variations in the PL spectra obtained after HCI and
NaOH additions exciting at 350 nm (Fig. 2d, Fig. S2c).

With the progressive increase of added HCI, both blue and green PL bands exhibit a gradual
decrease in the intensity. On the other hand, addition of NaOH to the quenched solution leads to
restoring both bands, with a fluorescence loss (Fig. S2c). Remarkably, upon quenching and
restoration, the relative intensities of the blue and green PL bands undergo variations. This can be
easily shown for instance, by plotting the ratio of the intensities of the two bands recorded at their
maxima (i.e. 445 nm and 520 nm), as a function of volume of added titrants (namely HCI and
NaOH), as shown in Fig. S3. For the quenching experiment, the ratio between blue and green PL
band intensities shows two uniform progressive decrease trends in the range of added titrant (i.e.
HCI) volume from 0 to 45 uL and from 60 to 105 uL, interspaced by a small increasing trend from
45 to 60 pL. On the other hand, in the restoration experiment the ratio undergoes an increase upon
addition of the first 10 pL of titrant (i.e. NaOH), then it remains constant up to a volume of 70 pL,
after which it progressively increases up to reach around the value of the pristine solution at the
added NaOH volume of 105 pL. The results collectively show that the individual blue and green
PL bands not only can be reversibly quenched and restored, but also their ratio undergoes some

reversible variations as an effect of quantitative reactions with HCI and NaOH. Notably, this
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change of blue-to-green relative intensities constitutes the foundation for the application of the
fluorescence colorimetry approach, as described in the following.

From an applicative perspective, it is also noteworthy that, despite the high sensitivity of
the blue and green PL bands to pH, the PL of the nanoparticles remains unaffected by other
possible interferents, such as metal cations or biological vitamins, even at high concentrations
(> 50 mM). The potential interference of these species in pH analysis was suitably evaluated, and
the results are provided in the Sl (see Fig. S4 — S6).

Furthermore, the discovery that also the blue PL band alone exhibits a reversible pH
sensitivity, indicates that, akin the G-PPs, surface and/or defect groups responsible for this PL
band undergo reversible chemical protonation reactions. In particular, considering that the
chemical composition of CDs is characterized by variably protonated hydroxyl functionalities, [44]
it may be recognized that these groups are reversibly protonable —-CO" groups.

Thus, considered collectively, the results of the previous experiments evidence that the titrant (HCI)
quantitatively reacts with both (i) G-PPs and (ii) —CO" groups of different PPs that can undergo
protonation reactions. This may also spontaneously inspire to consider the quenching experiment
(Fig. 2d) as a fluorometric titration of such species featuring reversibly protonable —CO™ groups
(Fig. 2e). In particular, with appropriate considerations on the reaction stoichiometry and on the
density of emitting units present in each nanoparticle, we can correlate the volume of titrant at the
equivalence point (Vi) to the molar concentration of nanoparticles in the dispersion (Ccp,), with

the equation:

— CHCIVE]CI (2)
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where Cy is the concentration of the titrant stock solution, V;, is the initial volume of the pristine
dispersion of CDs, s,, is the average stoichiometry of reactions of H™ and dgy, is the density of
emitting units per CD. Complete details regarding the derivation of Eq. (2) are provided in the SI.

It is interesting to note that Eq. (2) may allow estimating the concentration of CDs in a
dispersion by means of a titration method, i.e. measuring the volume of titrant at the equivalence
point. However, it is evident that a precise Ccp, Obtainment needs that s, and dgy; are known. In
turn, accurate assessment of these quantities demands additional expressly focused experimental
procedures, and/or a very extensive theoretical modelling of the carbonaceous nanoparticles.
Therefore, the correct calculation or experimental determination of s, and dgy, is not the scope of
this work. However, the orders of magnitudes of these quantities can be reasonably individuated.
In the SI, a detailed discussion is provided in which the approximate orders of magnitude for the
upper and lower bounds of s, and dgy, are rationally examined. By setting such rough bounds for
sm and dgy and substituting the measured Vi, in Eq. (2), a reasonable range of order of
magnitude for Ccp, can be evaluated, which is between 10“4-10"2 M. In general, it is worth
remarking that a more precise estimation of s, and dgy; would result in a better estimate of the CD
concentration. This could represent a significant stride towards establishing reliable procedures for
determining the amount of CDs in a solution, a critical advancement for broadening the practical

applications of CDs across various fields.[49]

3.2 Design of nitrocellulose-based platform and its sensing mechanism

The nitrocellulose-based platform exploits the intriguing fluorescence response of CDs due
to reversible protonation of G-PPs and hydroxyl surface groups. The preparation of the

nitrocellulose substrate consisted in a simple fabrication of CNPs, by printing a hydrophobic wax
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(the complete experimental procedure is described in the Experimental Section). After their
preparation, the CNPs were functionalized by drop-casting an aqueous CD dispersion, followed
by water evaporation under soft heating. CDs were thus immobilized on the surface of the CNPs
yielding F-CNPs.

The principle underlying pH sensing in the platform can be summarized as follows: upon
drop-casting a calibration solution (Mcllvaine buffer, composed by a citrate-phosphate acqueous
solution) onto the F-CNPs, a fraction of the CDs in the F-CNPs are solubilized in the aqueous
phase of the deposited drop. Once in the aqueous phase, interaction of CDs with H* in the buffer
solution leads to alterations of the CD fluorescence that are analyzed by a smartphone-based
detection system. In particular, the optical revelation device is equipped with mirrors and filters
suitable for discrimination of the blue and green fluorescence contributes deriving from the CDs

(Fig. 3) (for further technical specifications see Experimental Section).

Nodde @ 0B kE C
a To smartphone Emission filter Blue channel
Q * MF460-60 (460+30) nm
o / * MF530-43 (530£20) nm
Excitation filter + (none) ,
MFI90-18
(390£9) nm Dichroic Mirror
MD416 (425 - 575 nm) 100

00

Light Source

Sample grid

/=
s O-B

Fig. 3. (a) scheme of the fluorescence detection system equipped with dichroic mirror and optical
excitation and emission filters. Optical emission filters with bandwidths of (460 + 30) and

(530 = 20) nm are denoted in the text as “blue” and “green” emission filters respectively; (b)

16
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overview of the portable fluorescence detection device operating with the smartphone; (c)
software-based analysis of the fluorescence from CDs in the functionalized circular nitrocellulose
pads (F-CNPs). More details on fluorescence digital picture analysis are reported in the following

section regarding the calibration of nitrocellulose pad fluorescence for pH sensing.

3.3 Calibration of nitrocellulose pad fluorescence for pH sensing.

Within the pH sensing strategy of the developed platform, the fluorescence signal needs to
be maximized adjusting the concentration and protonation state of the pristine CD dispersion
employed to obtain the F-CNPs. First, the concentration of CDs deposited in the F-CNPs is a
pivotal parameter to calibrate as it will influence the overall fluorescence intensity. CD
concentration in the initial dispersion was calibrated by depositing pristine CD dispersions at
increasing nanoparticle concentration on CNPs. The PL was then revealed using the smartphone-
based apparatus (Fig. 3). Smartphone recorded digital pictures were acquired at different exposure
times, obtained by modulating the shutter speed in the range 0.2 — 0.5 s and employing blue and
green emission optical filters (Fig. 4). Following acquisition, the digital pictures were processed
to separate their three-color channels: Red (R), Green (G) and Blue (B). Details of such image
analysis procedure are described in the Sl (see Fig. S7). Subsequently, as shown in Fig. 4c-d, the
intensity of each channel is analyzed separately. Then, the fluorescence is evaluated quantitatively

from the intensities of B or G channels, as shown in Fig. 4e-f.
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Fig. 4. (a), (b) smartphone recorded digital pictures of the F-CNPs at different shutter speeds and

CD concentrations (Cz’gév); (c), (d) plots of B, G and R channels as a function of the distance along

the horizontal axis of the picture (F-CNPs spots at the third row of (a), (b) were selected as
representative, corresponding to shutter speed of 0.25 and 0.30 s for the B and G channels

respectively), and (e), (f) resulting B and G channel intensities of F-CNPs drop-cast with CD

dispersions at c“é’ggv from 0.02 to 50%.. Pictures and B, G channel intensities have been acquired
using (a), (c), (e) blue emission filter and shutter speed in the range of 0.20 — 0.50 s and (b), (d),

(F) green emission filter and shutter speed in the range of 0.25 — 0.50 s. The upper scale limit of
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the grayscale range (0 — 255) is highlighted in (e) as a guide for the eye. The error bars are standard

deviations calculated from three experiment replicates.

From Fig. 4c it appears evident that the use of the blue emission filter leads to a
fluorescence signal exclusively in the B channel and only very low residual signal intensity is
noted in the G channel, while the R channel registers only noise. Vice versa, upon the application
of the green emission filter (Fig. 4d), only the G channel reveals a discernible signal, while the B
and R channels exhibit noise exclusively. This confirms that the blue and green emission filters
allow independent analysis of the spectroscopic blue and green PL bands of the CDs (Fig. 2b,
Fig. 2d, Fig. S1).

The signal intensities of B and G channels obtained after quantitative digital image analysis
(Fig. 4e-f) allow assessing the alterations of fluorescence intensity of blue and green PL bands due
to changes in nanoparticle concentration and shutter speed. For both B and G channels, the
intensity increases linearly with the CD concentration up to 2 %; then, a saturation range is
observed in the 2 — 20 % interval, as the points of recorded intensities in this range are invariant
within the experimental error. Subsequently, a decrease of fluorescence intensity is obtained upon
further CD concentration increase beyond 20% up to 50 %.

Such fluorescence self-quenching phenomenon at increasing concentration occurs in
numerous fluorophores, [50-52] including CDs [53-57] and it is often ascribed to the re-
absorption of emitted photons due to overlapping of absorption and fluorescence bands, or to
transfer processes. Remarkably, the results in Fig. 4e-f highlight that the dampening due to photon
re-absorption is more pronounced for the G intensity than for B intensity. This tightly agrees with

the spectroscopic properties of CDs (Fig. S1) and can be explained considering that the green
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emission band has a very small Stokes shift. This remarks how changes in CD spectroscopic
features observed in cuvette and using a benchtop spectrofluorometer (see Sec. 2.3) are retained

in the B and G channels after deposition on CNPs and image analysis. It also worth to note that

%ov/v

the trends of B and G channel intensity with Cqp, result independent from the shutter speed, that

%v/v

just alters the intensity of the recorded PL but not the trend of the intensity with Ccp, . This points
out that the exposure time can be flexibly adjusted within the interval from 0.2 to 0.5 s, to optimize
the signal-to-noise ratio in the resulting pictures.

Besides nanoparticle concentration, the state of protonation of —CO™ groups of CDs is
another crucial parameter to optimize. In fact, protonation of hydroxyl groups determines
alterations of the overall PL intensity emitted by the CDs (Fig. 2, Fig. S2), and also of the ratio
between blue and green PL bands (Fig. S3). Within the preparative approach, the protonation state

of CDs can be modified by altering the pH of the pristine dispersion employed for the

functionalization of CNPs. Thus, we tested different combinations of CZ’SQV and pH values of

pristine CD dispersion, aimed at identifying the appropriate combination of parameters able to

maximize the responsivity to pH.

The detailed procedure of simultaneous pH and C?SQV optimization of the pristine CD

dispersion is provided in the SI (Table S2-S3, Fig. S8 — S9). More specifically, we tested COCA’SQV in

the range of 5-20 %, based on the finding that this saturation range allows nanoparticle
concentration adjusting without significant effects on fluorescence intensity (Fig. 4e-f).
Furthermore, we tested pristine solution pH in the range of 7 — 10, based on the observation that
the overall PL of the CDs is maximum at pH > 7, as indicated in Fig. S8a, where the samples at
fixed Cov/¥ show brighter spotlights at higher pH values. For each examined case of F-CNP, a

calibration curve was constructed, thus allowing association of the parameters for CNP
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functionalization with the sensing performance. These calibration curves were obtained by drop-
casting F-CNPs with Mcllvaine buffer solutions in the pH range between 2.2 and 7 (Fig. S8c). The
procedure aimed at finding concentration and pH values of the CD pristine dispersion leading to
the best balance between wide pH dynamic range, high resolution in pH measurements, high
fluorescence intensity (leading to high signal-to-noise ratio in the acquired images) and low
spurious background signals. On the other hand, picture acquisition parameters, such as the shutter
speed, play a minor role in the optimization of experimental parameters, as they led only to slight

alterations in the normalized B channels (Fig. S10). Based on these quantitative assessments, the

dispersion having COCA’SQV of 10 % and pH 8 was selected as the most favorable to functionalize

CNPs for further pH sensing experiments.
3.4 pH sensing with F-CNPs: the fluorescence colorimetry approach

As demonstrated in Fig. 4 and Fig. S7, fluorescence quantification from the digital pictures
can be achieved using optical emission filters to measure the intensity of either the B or the G
channel, resulting in a single-channel fluorescence detection strategy. Notably, when acquiring
digital pictures without emission filters (Fig. S8a-b), both the blue and green fluorescence bands
are revealed simultaneously, enabling an increase in the amount of information recorded in a single
acquisition. However, utilizing the sensing information from both channels simultaneously
requires an image analysis strategy that cannot be only based on examining the intensity of
individual B or G channels. To address this issue, the fluorescence recorded in the digital pictures
is analyzed in terms of colorimetric coordinates. Fig. 5 shows the fluorescence colorimetric
strategy used to sense pH with F-CNPs previously optimized (Fig. 4e-f, Fig. S8c, Table S2-S3).

The digital images in Fig. 5a depict the color of CDs fluorescence light in the absence of

emission filters. Thus, the F-CNPs show a blue-green color, attributable to the combined presence
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of the blue and green PL bands in the recorded light (Fig. 2d, Fig. 4). Moreover, a progressive
shading from greener to bluer may be macroscopically inferred as the pH of the buffer calibration
solution increases from 2.2 to 8. Although this shift can be subtle making its discernment
challenging with the naked eye, it aligns with the spectroscopic trend showing an increase in the
ratio between the intensity of the blue and green PL bands as pH increases (Fig. S3). To provide a
more precise and objective quantification of this trend, a digital analysis of the fluorescence color
was performed. Fig. 5b outlines the process for deriving colorimetric coordinates from the
captured images. Similar to the method used to quantify the intensity of B and G channels reported

in the Sl (see Fig. S7), the digital images were analyzed to generate a data matrix.

Shutter speed [s] b c
) ) Smartp!lone Matrix of 5
05 03 0.2 digital pictures tristimulus values [
Data 12k
= HH
.E i i
E +H -16 |
3 .
+* \
; £ \\
= : 20 F LY
- B W
______ [ 2| 2 i\;
" ‘ of ROI
e _ R IR I S |

2 3 4 5 6 7
Calibration solution pH

Fig. 5. (a) Smartphone recorded pictures obtained without emission filters at shutter speeds of 0.5,
0.3 and 0.2 s for F-CNPs functionalized with CD dispersion ML0810 (with optimized CZ?’B/SV =
10% and pH 8, see Sl) and drop-casted with buffer calibration solutions at pH of 8, 7, 6.2, 5, 4, 3,
2.2; (b) schematic description of the image analysis procedure used to obtain the CIELAB
coordinates (L”, a” and b") from each F-CNP; (c) b” coordinate of F-CNPs (shutter speed 0.5 s) as

a function of calibration solution pH (black squares), fitted using Equation (2) (red line). The red
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shaded area represents the 95% confidence interval, the error bars are standard deviations obtained
from three replicates of the same experiment, the color scale legend on the right shows the
perceptual colors corresponding to b* varying in the range of y-axis coordinates for fixed L™ = 50
and a* = -20 (approximate average values of L™ and a" obtained from the image analyses for shutter

speed of 0.5 s)

This matrix contains the intensity of the R, G and B channels for each pixel in the region
of interest (ROI). The R, G and B intensities were subsequently converted into X, Y and Z
tristimulus values using the SRGB color space which is the native color space of the pictures. The
standard illuminant assumed was D65, in line with CIE recommendations [58]. Finally, a
transformation was performed to obtain CIELAB 1976 color space coordinates [59], which were
averaged for each ROI. The L* variable ranges from 0 to 100 and indicates the lightness or
darkness of a color, with higher values indicating lighter shades. The a* variable measures the
color’s position on the green-to-red axis, where negative values represent green tones and positive
values represent red tones. Lastly, the b* variable indicates the color’s position on the blue-to-
yellow axis, with negative values indicating blue tones and positive values indicating yellow tones
[58,60]. To showcase the full capabilities of our portable platform, we also successfully performed
the PL colorimetric analysis directly on a smartphone using the MATLAB Mobile app, for both
I0s and Android systems (Video S1). As shown in the video, the recorded image is uploaded, the
F-CNPs are automatically identified, and the colorimetric evaluations are performed, yielding the

average ROI coordinates as final result.
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The results of the colorimetric analyses indicate that a* is affected by high experimental
errors, which is consistent with its dependence from the R channel intensity, that in our case only
contains noise (Fig. 4c-d). On the other hand, as shown in Fig. S11, L* is found to have the same
trend with buffer calibration solution pH, as single-channel fluorescence intensity (e.g. that of B
or G channels in Fig. 4e-f, or that of B channel in Fig. S8c). This is consistent with the concept
that L* represents the perceptual overall lightness of the observed signal. Thus, this variable could
also, in principle, be employed for pH determination through a single-channel fluorescence sensing
strategy. However, as delineated in the optimization of pH sensing conditions (see SI, Fig. S8c,
Table S3) the single channel methodology typically yields resolutions that do not exceed +1 pH
units. Therefore, a L*-based sensing strategy, akin to a single-channel detection method, was not
applied in subsequent analyses of this work.

Nonetheless, b* is found to effectively capture the perceptual color transition observed in
the pictures with changing pH. This becomes more evident when looking at the perceptual colors
given by a variation of b*, when L* and a* are fixed at typical values obtained in the analyzed
pictures (color scale legend in Fig. 5¢). Specifically, the trend of b* as a function of calibration
solution pH can be best fitted using a decreasing exponential function, of the type:
y=aj;+a; exp(x/az) 3)
yieldinga; =43 +7,a, =41 £ 6, a; =9 + 3 and R? of 0.99877. From this fitting curve, the 95%
confidence interpolation errors result of £0.2 pH units in the pH range from 2.5 to 6.7 and of £0.3

pH units in the pH range of 6.7 to 7.0.

This reveals an improvement compared to typical resolution allowed by the most common
commercial pH indicator paper strips [5]. Recent literature works documented paper— or polymer-

based colorimetric pH sensing devices that surpass the capabilities of currently available
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commercial pH paper strips (i.e. £0.5) [8-11,14-18,21,22] (Table 1). However, it is noteworthy

that these studies exhibit certain limitations, including: (i) reliance on costly sensitive materials for

pH detection (such as commercially available or custom-synthesized indicator dyes), (ii) complex

procedures for substrate patterning (involving methods like laser patterning or customized ink-jet

printing), or (iii) a restricted dynamic range spanning only 3-5 pH units [8-22,41,43,61]. In

comparison, the sensing method reported herein relies on environmentally sustainable and cost-

effective CDs. Moreover, it involves a user-friendly preparation approach and grants rapid pH

measurement with uniform resolution across six pH units, requiring very small sample volumes.

Table 1: comparison of recently reported portable pH sensing devices based on optical detection.

;egféﬁli;? Support Fabrication technique Signal registration  pH range pH resolution Ref.
Thymol blue . _— .
' Inkjet-printing on filter
oVl rec,  Filter paper  paper with hydrophilic (Lact?l‘:;?g‘;‘gnzze) 5-9 N/A [18]
y - microfluidic channels P
phenolphthalein
Drop-casting onto
Phenol red, Whatman Grade 1 . Smartphone
chlorophenol red filter paper sensing areas of paper (HSV color space) 4-9 *0.17 [21]
microfluidic device
Poly(methyl
Imidazole methacrylate)- Dye covalently bound Fiber optic device
- to polymer by . - 10.0-13.2 <05 [17]
coumarin dye based polymer o (PL intensity)
copolymerization
network
Curcumin . Drop-casting onto Digital camera
Nanoparticles Wh:tr;agoflllter hydrophilic test area of ~ (average grayscale 8-13 +0.15-0.27 [13]
(CURNS) Pap ' paper intensity)
Indicator composed Drop-casting on
of chlorophenol Whatman filter detection areas of Flatbed Scanner
. (magenta channel 5-10 +0.2-0.4 [61]
red, phenol red and paper grade 1 paper-based analytical - ;
i - intensity)
phenolphthalein device
. A - . Filter paper strips
L“m'?&i:g;’ ative ﬁi“err‘“;"r;?'éfﬁds immersed in a LABD Visual 4.0-11.0 N/A [10]
Pap PS" solution and left to dry
Spiropvran Spiropyran derivative
dp Py Cellulosic paper  chemically attached to Visual 1-14 N/A [19]
erivative
the paper
Rhoc_jamlne Activated cellulose RhA |mmo_b|I|zed Visual 1-8 N/A [11]
derivative (RhA) paper using a coupling agent
Two dyes based on
anthraquinone and - Spectophotometer ~ 6-12 (D1)
azo chromophores Cellulose paper Screen printing (Lab™* color space) 1-4 (D2) NIA [20]

(D-1and D-2)
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pH indicators
(m-nitrophenol,

Superomniphobic

pH indicators deposited
in three domains

phenolphthalein, glass microfiber crez_ited by deposmng a Visual 7.5-13 N/A [22]
. paper thin layer of paraffin
thymolphthalein)
wax
pH paper attached to
SISCON pH paper Wha_tman Grade 1 filter paper Smartphone camera 3-10 N/A [15]
filter paper . Lk (HSV color space)
microfluidic channel
. . . i Color scanner
8 co_mmerual pH Mixed cellulose  Inkjet-printing on MCE R, G, B split 1.00-13.60 +0.20 [8]
indicators ester (MCE) paper paper
channel)
Polyaniline Whatman Filter paper dipped in ~ Smartphone camera +0.2 (pH 2-6);
nanoparticles quantitative filter ~ PAni-NP solution and (R, G, B split 2-10 ;O .6 (pH 8-101) [12]
(PAni-NPs) paper (Grade 41)  dried, repeated 7 times channels) +010p
Two BODIPY Whatman filter Paper sheets immersed 0'0?1;1 %’59
compounds aper in BODIPY solutions Visual 0.00-6.28 N/A [9]
(laand 1b) Pap and air-dried 000
(1b)
Purposely Cellulose filter ~ Paper stips immersed in
synthesized paper (pore size 8— hot dye solution Visual 1-5 N/A [16]
quinoxalines 12 um) followed by drying
CDs from 1,2,4- . .
triaminobenzene pH test strips CDs mcorporqted In pH Visual 1-14 N/A [41]
test strips
and NaOH
CDs from Aphen . - .
and citric acid pH test paper Inkjet printing Visual 1-14 N/A [42]
CDs from
terephthalic Poly(m-phenylene  CDs loaded in PMIA sz(ag pgorllge:it;rt\era
acid (PTA) and o-  isophthalamide)  from solution followed 1, B SP 1-14 +0.2 [43]
e . channels and CIE
phenylenediamine (PMIA) by casting
1931 color space)
(oPD)
Drop-casting of pristine  Smartphone camera 0.2
Resorcinol-derived  Nitrocellulose- CDs solution on (PL analysis in Lab* 297 (pH 2.5-6.7)  This
CDs based platform . +0.3 work
nitrocellulose pads color space) (pH 6.7-7.0)

Furthermore, the present work highlights the integration of colorimetric analysis on fluorescence
data acquired by portable devices to enable highly accurate sensing measurements. In fact, this is
evidenced by the significantly lower resolution obtained applying a single-channel fluorescence
detection (see Sl, Table S3). Similar colorimetric analysis of fluorescence data obtained by
portable devices was previously reported only in very few previous reports [62,63]. In this work,
the fluorescence analysis approach leads to significant advance of the sensing accuracy, thanks to
its capability of harnessing simultaneously the sensing information coming from the blue and the

green PL bands of the CDs. Overall, given the resolution and dynamic range attainable with this

26



516

517

518

519

520

521

522
523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

method, it appears as an effective combination of accuracy and practical operational efficacy.
Therefore, the presented portable pH sensing platform is particular suited for practical applications
where existing compact pH meters fail to meet necessary requirements of robustness or
integrability within critical operational conditions. Similar problems could be pervasive of
disparate areas, including biological samples, food chemical analyses, water quality assessment,

and others [4,64-66].

4. Conclusions

In summary, a pH sensing platform based on nitrocellulose was developed based on the
employment of CDs containing acid/base responsive PPs. First, through a comprehensive analysis
of the fluorescence response of the CDs upon incremental addition of small amounts of HCI and
NaOH, we established correlations between observed spectroscopic changes and the acid-base
protonation-deprotonation equilibria of PPs within the CDs. This approach also enabled to devise
a titration-based method, estimating an order of magnitude range for the concentration of CDs in
solution. Subsequently, the CDs were used to functionalize CNPs in the nitrocellulose platform.
After suitable calibrations, namely, of CD concentration, pH of pristine CD dispersion, image
acquisition conditions and application of a fluorescence colorimetry image analysis (evaluating
CIELAB b* coordinate), we demonstrated the achievement of a high resolution for pH reaching
+0.2 pH units in the pH range 2.5 — 6.7 and of £0.3 pH units in the pH range: 6.7 — 7.0.

pH sensing with the resolution and dynamic range here shown could be profitable for a
very broad range of applicative areas, including food, water, and biological sample analysis. In
particular, this portable platform offers a solution to the challenges posed by delicate and expert-
personnel requiring potentiometric pH-meters.

Looking ahead, enhancing the sensing capabilities of these platforms could be achieved

through advancements in platform design and optical detection systems, as well as by optimizing
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the surface chemistry of CDs, tailored for specific sample types. Such developments could pave
the way for broader adoption of safe and cost-effective nanoparticles like CDs in fluorescent

nitrocellulose-based portable pH sensing technologies.
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