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Abstract 22 

Portable sensing platforms based on nanoparticles are becoming increasingly significant 23 

across diverse fields, as they enable real-time measurements in various environments without 24 

complex lab protocols. Carbon dots (CDs), known for low toxicity and intense fluorescence, can 25 

exhibit pH-dependent optical emission, generally related to proton exchange-capable surface 26 

groups. In addition, CDs' hydrophilicity, biocompatibility, and stability make them advantageous 27 

for pH sensing and, despite limited application in portable sensing devices, their full potential can 28 

be realized with precise control of chemistry and optical properties. In this study, we fabricate a 29 
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 2 

portable nitrocellulose-based platform for pH sensing, expressly designed to take advantage of the 30 

fluorescence properties of resorcinol-based CDs. First, responsivity of CDs fluorescence features 31 

on pH is carefully spectroscopically characterized and linked to acid-base equilibria of 32 

polyphenols (hydroxylated polyaromatic rings) present within the CDs carbonaceous structure. 33 

Notably, this also offers a titrimetric method to estimate CD concentration. Next, nitrocellulose-34 

based wax-printed circular pads are functionalized with CDs and integrated with a smartphone-35 

based fluorescence colorimetric optical detection system. The developed portable device exhibits 36 

a measurement resolution of ±0.2 pH units (in the range between 2.5 to 6.7) and of ±0.3 pH units 37 

(in the 6.7 – 7.0 range), compatible with most practical pH measurement needs in biological, food 38 

and drink, wastewater sample analysis and others. Moreover, although some portable pH sensing 39 

devices are already widespread and commercially available, this platform is easy to use, it 40 

necessitates only very small sample volumes and is potentially adaptable to various environments 41 

and automated analysis processes that does not need prior-use calibrations. 42 

Keywords. carbon dots, fluorescence, pH, paper sensor, smartphone detection, colorimetry. 43 

 44 

 45 

1. Introduction 46 

In current real-world applications pH sensing is typically conducted using three-electrode 47 

potentiometry (pH meters) or colorimetric pH test paper strips [1–4]. Specifically, potentiometric 48 

pH meters offer a broad detectable pH range and very high resolution, while pH test strips provide 49 

rapid pH testing, compatible with user-friendly procedures. However, in some practical scenarios, 50 

these methods still suffer from limitations hindering their complete suitability. For instance, using 51 

pH meters implies dealing with some drawbacks such as electrode vulnerability, the need for large 52 
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sample volumes, necessity of frequent calibration and trained operators. On the other hand, in most 53 

usual cases, commercial pH test strips are characterized by measurement resolutions not higher 54 

than ca. ±0.5 pH units [5,6]. Furthermore, certain colorimetric tests require visual interpretation of 55 

the results, which can be disadvantageous due to the potential for personal color biases in 56 

determining pH values [7,8].  57 

In response to these colorimetric detection limitations, recent efforts have aimed at 58 

advancing such classical pH testing methods. This has led to the fabrication of sophisticated pH 59 

sensor devices with optical detection, as emphasized by several works reported in the scientific 60 

literature [8–22] and in recently patented inventions [23–25]. Generally, these advanced devices 61 

consist of an active pH sensing material embedded or deposited onto a substrate matrix (often 62 

paper- or polymer-based). The active material responds to pH variations with detectable alterations 63 

of its optical properties. In particular, the revelation of such optical property variations, either via 64 

smartphone- or desktop-scanner-based detection then enables improvements on measurement 65 

objectivity and accuracy [8,12,14–16,18–22]. Nevertheless, such innovative pH sensing platforms 66 

often face technical limitations, including a narrow dynamic range (sometimes limited to few pH 67 

units), long response times, the need for large sample volumes , and accuracy in pH determination 68 

not significantly higher than that of commercial pH strips [9–11,13,16,17,19–22]. Moreover, other 69 

reported methods require multi-step fabrication procedures (e.g. based on high-resolution laser 70 

patterning of the substrate, or ink-jet printing using separate custom-made inks) that must be 71 

devised with extensive care to ensure the proper working of the final sensing device [8,12–15,17–72 

22]. Thus, there is generally still demand for development of robust and high-performing 73 

colorimetric pH sensors. 74 

CDs, zero-dimensional carbonaceous nanoparticles characterized by visible-light 75 
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fluorescence, have attracted attention as pH sensing materials since early stages of their discovery 76 

[26–28]. These nanoparticles typically have a size between 1 and 10 nm and they are chemically 77 

composed of non-toxic light elements (C, O, H, and eventually N, S, P, B, …) [29–33]. Many CDs 78 

synthesized via carbonization of water-soluble molecules naturally exhibit fluorescence properties 79 

that respond to pH changes [27,28]. This responsiveness is typically ascribed to the presence of 80 

acid/base active surface chemical groups, such as –COOH, –NH2, –OH, etc. [26]. Therefore, CDs 81 

have been widely reported as pH-sensitive materials in aqueous dispersions [26–28]. More 82 

specifically, depending on their spectroscopic features, single-band emitting CDs have been 83 

employed for pH sensing based on fluorescence quenching, while multiple band emitting CDs 84 

have been often proposed for ratiometric fluorescence sensing [34–38]. 85 

Often, CDs are used directly in solution-based analyses, providing highly accurate pH 86 

measurements [26,39,40]. Nevertheless, these techniques necessitate benchtop instrumentation 87 

and experienced personnel. Meanwhile, the incorporation of these nanoparticles into portable 88 

platforms has been reported in few examples. Wang et al. [41] prepared pH test strips embedding 89 

orange-emitting CDs that exhibited naked-eye observable changes in fluorescence intensity across 90 

the pH range of 1–14 when examined under UV light. Zhang et al. [42] ink-jet printed pieces of 91 

filter paper with tricolor emitting CDs to obtain pH test strips that could successfully measure pH 92 

in a broad range by visual inspection of color changes. Huo et al. [43], reported a polymer based 93 

pH sensor based on CDs as sensing materials that, after soaking for 5 s in a buffer solution, allowed 94 

quantitative pH assessment after recording the fluorescence with a spectrofluorometer and 95 

employing fluorescence or colorimetry to quantify the sensing signal. Thus, in spite of the large 96 

number of papers reporting pH sensing with CDs in solution, the application of these nanoparticles 97 

in portable platforms using advanced optical signal registration remains limited and needs to be 98 
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further explored. 99 

With this motivation, in this work, we develop a portable pH sensing platform based on 100 

colorimetric fluorescence CD detection. Dual emissive CDs are synthesized by polycondensation 101 

of resorcinol and containing acid-base optically responsive hydroxylated polyaromatic rings [44]. 102 

The mechanism enabling the pH sensing relies entirely on the fluorescence properties of the CDs. 103 

First, the fluorescence pH responsivity of the CDs is carefully examined and correlated to acid-104 

base equilibria at the molecular level. Then, the fluorescent nanoparticles are used to functionalize 105 

wax-printed pads on a nitrocellulose substrate. Fluorescence changes with pH are assessed using 106 

colorimetric image analysis, which allows achieving high-resolution pH measurement, reaching 107 

±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. 108 

Overall, the approach presented herein is compatible with a broad variety of samples and working 109 

conditions and hence can have applicative relevance for pH sensing in several areas. 110 

2. Materials and Methods 111 

2.1 Chemicals 112 

Resorcinol (≥99%, Sigma Aldrich), ethylene glycol (EG, ≥ 99%, Sigma Aldrich), sodium 113 

hydroxide (NaOH, ≥97%, Sigma Aldrich), hydrochloric acid (HCl, 37%, Sigma Aldrich), 114 

disodium hydrogen phosphate (Na2HPO4, 98-100.5%, Sigma Aldrich), monosodium dihydrogen 115 

phosphate (NaH2PO4, ≥99.0%, Sigma Aldrich), citric acid (99%, Sigma Aldrich), L-ascorbic acid 116 

(AA, 99%, Sigma Aldrich), sodium carbonate (Na2CO3, ≥99.5%, Sigma Aldrich), sodium 117 

bicarbonate (NaHCO3, ≥99.7%, Sigma Aldrich). McIlvaine (citrate-phosphate) buffer solutions at 118 

pH ranging from 8 to 2.2 were obtained mixing stock solutions of 0.1 M citric acid and 0.2 M 119 

Na2PO4 in different volume ratios up to reaching a final volume of 5 mL.[45] Carbonate-120 
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Bicarbonate buffer at pH 10 was analogously obtained by mixing adequate volumes of 0.1 M stock 121 

solutions of Na2CO3 and NaHCO3. All aqueous solutions were prepared using MilliQ water.  122 

2.2 Preparation of CDs 123 

CDs were synthesized following a procedure previously reported in [44]. In details, a 124 

solution of resorcinol (1.5 g) in EG (3 mL) was added to 12 mL of EG previously heated in a round 125 

bottom flask that was kept open through all the duration of the reaction. Soon after resorcinol 126 

solution injection, 500 μL of a 2 M NaOH aqueous solution were quickly added, serving as a 127 

catalyst for resorcinol carbonization. The reaction temperature in the round bottom flask was 128 

monitored and kept constant via a temperature controller connected to a heating mantle by a 129 

thermocouple placed inside the flask. After synthesis, the obtained CDs were purified by a series 130 

of four successive centrifugation steps, using a very diluted (~10-4 M) HCl aqueous solution to 131 

recollect and precipitate the nanoparticles. More specifically, after each centrifugation step at 132 

9000 rpm for 30 min, the supernatant was removed and discarded, while the purified precipitate 133 

was redispersed adding ~10-4 M HCl solution. Finally, after four centrifugation cycles, the dark 134 

precipitate was dried under vacuum. The as-obtained purified CDs were finally dispersed in 135 

aqueous buffer solutions for further uses. 136 

2.3 Spectroscopic analysis of CD optical properties 137 

UV-Vis absorption spectra were acquired with a Cary 5000 spectrophotometer (Agilent 138 

Technologies, Inc., Santa Clara, CA, USA). Photoluminescence (PL) spectra were measured with 139 

a Fluorolog 3 spectrofluorometer (HORIBA Jobin-Yvon GmbH, Bensheim, Germany) equipped 140 

with a 450 W Xe lamp as the excitation source and with double-grating excitation and emission 141 

monochromators. All measurements were performed on dispersions of CDs in aqueous buffer 142 

solutions, in a quartz cuvette (Hellma Analytics, Milan, Italy) with a 1 cm optical path. To avoid 143 
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photon re-absorption in these measurements, all solutions were diluted so that the absorbance 144 

registered at the maximum of the lower energy absorption band was less than 0.1. 145 

2.4 pH-sensitivity of CDs experiments in solution 146 

Purified CD powders were dispersed in a phosphate buffer solution (0.1 M, pH = 7) that 147 

was previously prepared by mixing suitable concentrations of Na2HPO4 and NaH2PO4. 148 

Subsequently, 1 mL of such CD dispersion (having a concentration of 5 μg/mL) was subjected to 149 

the incremental addition of a 1 M HCl aqueous solution (HClaq). Specifically, at each step of HCl 150 

addition, 5 μL of HClaq were added and UV-Vis absorption and PL (λexc = 350 nm, λexc = 485 nm) 151 

spectra were recorded. The experimental procedure was concluded upon reaching a total added 152 

volume of 105 μL, as no further discernible spectroscopic changes were observed. To account for 153 

the dilution introduced upon addition of the HClaq, the as-recorded spectra were multiplied by a 154 

factor: 155 

D=
Vin+Vadd

Vin
            (1) 156 

where Vin is the initial volume of the CD dispersion and Vadd is the added volume of HCl. 157 

 158 

2.5 Fabrication of CD-based nitrocellulose pads and smartphone-based fluorescence 159 

detection 160 

A nitrocellulose membrane strip (Unisart® CN95, Sartorius) was patterned to create 161 

circular nitrocellulose pads (CNPs) with a diameter of 2.5 mm spaced by a 1.5 mm distance. The 162 

pattern was created by printing a black hydrophobic wax using a Xerox ColorQube 8580 solid ink 163 

printer. After printing, the nitrocellulose strip was kept on a hot plate at 90 °C for 30 s to allow 164 

diffusion of the hydrophobic wax across the entire thickness of the nitrocellulose, thus creating a 165 

complete lateral confinement of the circular pad. 166 
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Then, the CNPs were functionalized by drop-casting 2 μL of a pristine aqueous dispersion 167 

of CDs, followed by drying on a hot plate at 50 °C for 15-20 min, until complete water evaporation. 168 

Thus, functionalized circular nitrocellulose pads (F-CNPs) were obtained. To construct the 169 

calibration curves, the F-CNPs were drop-casted with 2 μL of McIlvaine buffer solutions at 170 

different pH values. 171 

The resulting modifications of CD fluorescence were then analyzed with a Microscopy 172 

Cube Assembly (TLV-U-MF2, THORLABS©), equipped with an excitation filter (MF390-18, 173 

390 ± 9 nm), a dichroic filter (MD416 425 – 575 nm) and optional emission filters (MF460-60, 174 

460 ± 30 nm, referred to as “blue emission filter” or MF530-43, 530 ± 20 nm, referred to as 175 

“green emission filter”). The employed setup allowed irradiating and analyzing four F-CNPs in 176 

each single acquisition. Each pool of four pads contained one pad drop-casted with a pH 8 177 

McIlvaine buffer, that was used as internal reference in the case of single-channel intensity 178 

analyses.  179 

The fluorescence was then detected recording digital pictures with a smartphone camera 180 

(Realme GT NEO 3T) in manual mode, autofocus, ISO at 100 and adjusting the shutter speed in 181 

order to optimize the exposure conditions. 182 

 183 

3. Results and discussion 184 

 185 

3.1 CDs preparation, characterization and PL mechanisms underlying pH 186 

responsivity 187 

The preparation of CDs employed for the portable platform relies on a method reported in 188 

[44] and is schematized in Fig. 1a. The synthetic approach involves thermal polycondensation of 189 
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resorcinol in ethylene glycol solvent and basic-catalyzed environment. This leads to the formation 190 

of CDs containing PPs, i.e. hydroxylated polyaromatic molecules, deriving from resorcinol 191 

polycondensations.  192 

 193 

Fig. 1. (a) Scheme of synthetic preparation of CDs and of formation of fluorescent PPs in the 194 

nanoparticles during the reaction. (b) TEM micrograph and size distribution histogram (inset) and 195 

(c) FT-IR spectrum of the CDs. 196 

 197 

The CDs are observable in TEM micrographs as spheroidal dots having a mean size of 198 

1.5 ± 0.3 nm (Fig. 2b). The FT-IR spectrum of CDs displays a broad band ascribed to O–H 199 

stretching (at 3320 – 3600 cm-1), some weak peaks in the 2800 – 3000 cm-1 interval due to C–H 200 

stretching, some signals due to C=C stretching (at 1650 – 1750 cm-1) and peaks in the region 201 

1000 – 1300 cm-1 due to C–O stretching. Such FT-IR analysis highlights that the CD surface 202 

contains hydroxyl groups. Moreover, both aromatic and aliphatic carbon structures are identified 203 

in the CDs. Additionally, the broad O–H stretching band indicates the formation of hydrogen 204 
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bonds between the alcohol functionalities. This aligns well with model in [44]. that describes CDs 205 

as consisting of PPs incorporated in a carbogenic nanoparticle matrix, interconnected by EG-206 

aliphatic structures and stabilized via hydrogen bonds.  207 

The sensing mechanism in the portable platform derives from the response of the CD, 208 

particularly to the response of this fluorescence to pH, and needs to be further assessed. UV-Vis 209 

absorption and (PL) spectra of resorcinol-derived CDs are reported in Fig. S1. The CD absorption 210 

spectrum exhibits a narrow band at around 500 nm and an extended absorption at λ < 400 nm. The 211 

emission spectrum consists of a blue and a green PL band. As recently demonstrated in [44] and 212 

resumed in Table S1 these are respectively ascribed to emission by surface or defect states and to 213 

the molecular emission of green emitting PPs (G-PPs). 214 

To specifically test in detail the reversible responsivity of CD fluorescence to pH changes, 215 

we carried out an experiment in which CDs in solution were progressively added with a very small 216 

number of HCl moles, while modifications of spectroscopic absorption and emission features were 217 

monitored after each addition. For this experiment, first, CDs were dispersed in a phosphate buffer 218 

at pH 7 and then mixed with 5 μL of 1 M solutions of HCl in successive steps (see Sec. 2.4 for 219 

further details). Spectroscopic changes observed in UV-Vis absorption and PL spectra 220 

(λexc = 485 nm) after each HCl addition are reported in Fig. 2a-b. 221 
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 222 

Fig. 2. (a) UV-Vis absorption and (b) PL (λexc = 485 nm) spectra of a CD dispersion at increasing 223 

HCl concentration, with top-right insets showing normalized spectra and peak positions; (c) 224 

scheme of the dianion (D), monoanion (M) and neutral (N) forms of the green-emitting 225 

polyphenols (G-PPs), including their absorption and emission peak positions; (d) PL spectra 226 

(λexc = 350 nm) of CDs at increasing HCl concentration. Insets of (a) and (d): scheme of the CDs 227 

designating with blue and green band assignments, initial and final pH; (e) fluorescence titration 228 

curve reporting the ratio between PL spectrum areas λexc = 350 nm (APL) and that of the pristine 229 

solution spectrum (APL
0) as a function of the volume of added titrant. 230 

 231 

Upon the incremental HCl addition, the absorption band at 500 nm of the pristine CDs 232 

dispersion exhibits a gradual dampening and a large blue shift (Fig. 2a). Specifically, Fig. 2a inset 233 

clearly shows that the pristine absorption band undergoes a transition to a band at 470 nm and 234 
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finally to a band peaked at 440 nm. In parallel, a substantial quenching of the green PL peak 235 

(Fig. 2b), with a progressive red shift of the pristine band (Fig. 2b inset), is noted.  236 

Such spectroscopic variations can be explained considering the possible proton-237 

exchanging equilibria of PPs in dependence of pH. In fact, it is known that hydroxylated 238 

polyaromatic molecules can have pKa in physiological pH ranges [46–48] and that the surface of 239 

these CDs is negatively charged due to the hydroxyl groups’ deprotonation [44]. Therefore, to 240 

rationalize the observed spectroscopic changes with HCl addition, we can safely consider that in 241 

the pristine solution (at pH 7) the G-PPs have some –CO- groups that can quantitatively react with 242 

H+. Upon HCl addition, these groups are progressively protonated to –COH, leading to the 243 

observed spectroscopic modifications. Conversely, after reaching a pH of 1.5, the absence of 244 

additional changes upon further HCl addition suggests that, under these pH conditions, the 245 

polyaromatic fluorophores lack –CO- groups that can quantitatively react with H+. Thus, the 246 

spectral band shifts and modifications observed both in absorption and PL can be collectively 247 

explained considering three distinct acid/base conjugated forms for the G-PPs (Fig. 2c), namely: 248 

(i) a dianion (D) form responsible for the pristine absorption at 500 nm and emission at 520 nm, 249 

(ii) a monoanion (M) form absorbing at around 470 nm and weakly emitting at 555 nm and (iii) a 250 

neutral (N) form, that has the absorption band peaked at 440 nm and no emission within the 251 

investigated spectral range.  252 

To demonstrate the reversibility of the acid-base reactions between the D, M and N forms, 253 

the acidified dispersion of CDs (pH 1.5) was progressively added with 5 μL of a 1 M NaOH 254 

aqueous solution. The resulting spectroscopic data collected after each NaOH addition are reported 255 

in Fig. S2a-b. It can be observed that NaOH addition leads to a fluorescence restoration retracing 256 

the spectroscopic changes of the HCl quenching. However, a slight loss of fluorescence intensity 257 
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is observed, as demonstrated by the difference between the restored PL intensity at pH 7 and the 258 

original one, that is ascribed to irreversible phenomena occurring during such experiments, such 259 

as nanoparticle aggregation or irreversible chemical modifications of the emitting units within the 260 

CDs, hindering the complete reestablishment of the original fluorescence intensity [44]. 261 

The overall PL spectrum consists of a blue and a green PL band, as can be revealed exciting 262 

the CDs in the UV range (Fig. S1). Thus, to provide a comprehensive overview of pH sensitivity 263 

of both CD emission bands, we examined the variations in the PL spectra obtained after HCl and 264 

NaOH additions exciting at 350 nm (Fig. 2d, Fig. S2c). 265 

With the progressive increase of added HCl, both blue and green PL bands exhibit a gradual 266 

decrease in the intensity. On the other hand, addition of NaOH to the quenched solution leads to 267 

restoring both bands, with a fluorescence loss (Fig. S2c). Remarkably, upon quenching and 268 

restoration, the relative intensities of the blue and green PL bands undergo variations. This can be 269 

easily shown for instance, by plotting the ratio of the intensities of the two bands recorded at their 270 

maxima (i.e. 445 nm and 520 nm), as a function of volume of added titrants (namely HCl and 271 

NaOH), as shown in Fig. S3. For the quenching experiment, the ratio between blue and green PL 272 

band intensities shows two uniform progressive decrease trends in the range of added titrant (i.e. 273 

HCl) volume from 0 to 45 μL and from 60 to 105 μL, interspaced by a small increasing trend from 274 

45 to 60 μL. On the other hand, in the restoration experiment the ratio undergoes an increase upon 275 

addition of the first 10 μL of titrant (i.e. NaOH), then it remains constant up to a volume of 70 μL, 276 

after which it progressively increases up to reach around the value of the pristine solution at the 277 

added NaOH volume of 105 μL. The results collectively show that the individual blue and green 278 

PL bands not only can be reversibly quenched and restored, but also their ratio undergoes some 279 

reversible variations as an effect of quantitative reactions with HCl and NaOH. Notably, this 280 
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change of blue-to-green relative intensities constitutes the foundation for the application of the 281 

fluorescence colorimetry approach, as described in the following. 282 

From an applicative perspective, it is also noteworthy that, despite the high sensitivity of 283 

the blue and green PL bands to pH, the PL of the nanoparticles remains unaffected by other 284 

possible interferents, such as metal cations or biological vitamins, even at high concentrations 285 

(≥ 50 mM). The potential interference of these species in pH analysis was suitably evaluated, and 286 

the results are provided in the SI (see Fig. S4 – S6). 287 

Furthermore, the discovery that also the blue PL band alone exhibits a reversible pH 288 

sensitivity, indicates that, akin the G-PPs, surface and/or defect groups responsible for this PL 289 

band undergo reversible chemical protonation reactions. In particular, considering that the 290 

chemical composition of CDs is characterized by variably protonated hydroxyl functionalities, [44] 291 

it may be recognized that these groups are reversibly protonable –CO- groups.  292 

Thus, considered collectively, the results of the previous experiments evidence that the titrant (HCl) 293 

quantitatively reacts with both (i) G-PPs and (ii) –CO- groups of different PPs that can undergo 294 

protonation reactions. This may also spontaneously inspire to consider the quenching experiment 295 

(Fig. 2d) as a fluorometric titration of such species featuring reversibly protonable –CO- groups 296 

(Fig. 2e). In particular, with appropriate considerations on the reaction stoichiometry and on the 297 

density of emitting units present in each nanoparticle, we can correlate the volume of titrant at the 298 

equivalence point (VHCl
eq

) to the molar concentration of nanoparticles in the dispersion (CCDs), with 299 

the equation: 300 

CCDs=
CHClVHCl

eq

smdEMVin
            (2) 301 
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where CHCl is the concentration of the titrant stock solution, Vin is the initial volume of the pristine 302 

dispersion of CDs, sm is the average stoichiometry of reactions of H+ and dEM is the density of 303 

emitting units per CD. Complete details regarding the derivation of Eq. (2) are provided in the SI.  304 

It is interesting to note that Eq. (2) may allow estimating the concentration of CDs in a 305 

dispersion by means of a titration method, i.e. measuring the volume of titrant at the equivalence 306 

point. However, it is evident that a precise CCDs obtainment needs that sm and dEM are known. In 307 

turn, accurate assessment of these quantities demands additional expressly focused experimental 308 

procedures, and/or a very extensive theoretical modelling of the carbonaceous nanoparticles. 309 

Therefore, the correct calculation or experimental determination of sm and dEM is not the scope of 310 

this work. However, the orders of magnitudes of these quantities can be reasonably individuated. 311 

In the SI, a detailed discussion is provided in which the approximate orders of magnitude for the 312 

upper and lower bounds of sm and dEM are rationally examined. By setting such rough bounds for 313 

sm  and dEM  and substituting the measured VHCl
eq

 in Eq. (2), a reasonable range of order of 314 

magnitude for CCDs  can be evaluated, which is between 10-4–10- 2 M. In general, it is worth 315 

remarking that a more precise estimation of sm and dEM would result in a better estimate of the CD 316 

concentration. This could represent a significant stride towards establishing reliable procedures for 317 

determining the amount of CDs in a solution, a critical advancement for broadening the practical 318 

applications of CDs across various fields.[49] 319 

 320 

3.2 Design of nitrocellulose-based platform and its sensing mechanism 321 

The nitrocellulose-based platform exploits the intriguing fluorescence response of CDs due 322 

to reversible protonation of G-PPs and hydroxyl surface groups. The preparation of the 323 

nitrocellulose substrate consisted in a simple fabrication of CNPs, by printing a hydrophobic wax 324 
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(the complete experimental procedure is described in the Experimental Section). After their 325 

preparation, the CNPs were functionalized by drop-casting an aqueous CD dispersion, followed 326 

by water evaporation under soft heating. CDs were thus immobilized on the surface of the CNPs 327 

yielding F-CNPs. 328 

The principle underlying pH sensing in the platform can be summarized as follows: upon 329 

drop-casting a calibration solution (McIlvaine buffer, composed by a citrate-phosphate acqueous 330 

solution) onto the F-CNPs, a fraction of the CDs in the F-CNPs are solubilized in the aqueous 331 

phase of the deposited drop. Once in the aqueous phase, interaction of CDs with H+ in the buffer 332 

solution leads to alterations of the CD fluorescence that are analyzed by a smartphone-based 333 

detection system. In particular, the optical revelation device is equipped with mirrors and filters 334 

suitable for discrimination of the blue and green fluorescence contributes deriving from the CDs 335 

(Fig. 3) (for further technical specifications see Experimental Section). 336 

 337 

Fig. 3. (a) scheme of the fluorescence detection system equipped with dichroic mirror and optical 338 

excitation and emission filters. Optical emission filters with bandwidths of (460 ± 30) and 339 

(530 ± 20) nm are denoted in the text as “blue” and “green” emission filters respectively; (b) 340 
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overview of the portable fluorescence detection device operating with the smartphone; (c) 341 

software-based analysis of the fluorescence from CDs in the functionalized circular nitrocellulose 342 

pads (F-CNPs). More details on fluorescence digital picture analysis are reported in the following 343 

section regarding the calibration of nitrocellulose pad fluorescence for pH sensing. 344 

 345 

3.3 Calibration of nitrocellulose pad fluorescence for pH sensing. 346 

Within the pH sensing strategy of the developed platform, the fluorescence signal needs to 347 

be maximized adjusting the concentration and protonation state of the pristine CD dispersion 348 

employed to obtain the F-CNPs. First, the concentration of CDs deposited in the F-CNPs is a 349 

pivotal parameter to calibrate as it will influence the overall fluorescence intensity. CD 350 

concentration in the initial dispersion was calibrated by depositing pristine CD dispersions at 351 

increasing nanoparticle concentration on CNPs. The PL was then revealed using the smartphone-352 

based apparatus (Fig. 3). Smartphone recorded digital pictures were acquired at different exposure 353 

times, obtained by modulating the shutter speed in the range 0.2 – 0.5 s and employing blue and 354 

green emission optical filters (Fig. 4). Following acquisition, the digital pictures were processed 355 

to separate their three-color channels: Red (R), Green (G) and Blue (B). Details of such image 356 

analysis procedure are described in the SI (see Fig. S7). Subsequently, as shown in Fig. 4c-d, the 357 

intensity of each channel is analyzed separately. Then, the fluorescence is evaluated quantitatively 358 

from the intensities of B or G channels, as shown in Fig. 4e-f. 359 
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 360 

Fig. 4. (a), (b) smartphone recorded digital pictures of the F-CNPs at different shutter speeds and 361 

CD concentrations (CCDs
%v v⁄

); (c), (d) plots of B, G and R channels as a function of the distance along 362 

the horizontal axis of the picture (F-CNPs spots at the third row of (a), (b) were selected as 363 

representative, corresponding to shutter speed of 0.25 and 0.30 s for the B and G channels 364 

respectively), and (e), (f) resulting B and G channel intensities of F-CNPs drop-cast with CD 365 

dispersions at CCDs
%v v⁄

  from 0.02 to 50%v/v. Pictures and B, G channel intensities have been acquired 366 

using (a), (c), (e) blue emission filter and shutter speed in the range of 0.20 – 0.50 s and (b), (d), 367 

(f) green emission filter and shutter speed in the range of 0.25 – 0.50 s. The upper scale limit of 368 
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the grayscale range (0 – 255) is highlighted in (e) as a guide for the eye. The error bars are standard 369 

deviations calculated from three experiment replicates. 370 

 371 

From Fig. 4c it appears evident that the use of the blue emission filter leads to a 372 

fluorescence signal exclusively in the B channel and only very low residual signal intensity is 373 

noted in the G channel, while the R channel registers only noise. Vice versa, upon the application 374 

of the green emission filter (Fig. 4d), only the G channel reveals a discernible signal, while the B 375 

and R channels exhibit noise exclusively. This confirms that the blue and green emission filters 376 

allow independent analysis of the spectroscopic blue and green PL bands of the CDs (Fig. 2b, 377 

Fig. 2d, Fig. S1).  378 

The signal intensities of B and G channels obtained after quantitative digital image analysis 379 

(Fig. 4e-f) allow assessing the alterations of fluorescence intensity of blue and green PL bands due 380 

to changes in nanoparticle concentration and shutter speed. For both B and G channels, the 381 

intensity increases linearly with the CD concentration up to 2 %; then, a saturation range is 382 

observed in the 2 – 20 % interval, as the points of recorded intensities in this range are invariant 383 

within the experimental error. Subsequently, a decrease of fluorescence intensity is obtained upon 384 

further CD concentration increase beyond 20% up to 50 %.  385 

Such fluorescence self-quenching phenomenon at increasing concentration occurs in 386 

numerous fluorophores, [50–52] including CDs [53–57] and it is often ascribed to the re-387 

absorption of emitted photons due to overlapping of absorption and fluorescence bands, or to 388 

transfer processes. Remarkably, the results in Fig. 4e-f highlight that the dampening due to photon 389 

re-absorption is more pronounced for the G intensity than for B intensity. This tightly agrees with 390 

the spectroscopic properties of CDs (Fig. S1) and can be explained considering that the green 391 
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emission band has a very small Stokes shift. This remarks how changes in CD spectroscopic 392 

features observed in cuvette and using a benchtop spectrofluorometer (see Sec. 2.3) are retained 393 

in the B and G channels after deposition on CNPs and image analysis. It also worth to note that 394 

the trends of B and G channel intensity with CCDs
%v/v

 result independent from the shutter speed, that 395 

just alters the intensity of the recorded PL but not the trend of the intensity with CCDs
%v/v

. This points 396 

out that the exposure time can be flexibly adjusted within the interval from 0.2 to 0.5 s, to optimize 397 

the signal-to-noise ratio in the resulting pictures. 398 

Besides nanoparticle concentration, the state of protonation of –CO- groups of CDs is 399 

another crucial parameter to optimize. In fact, protonation of hydroxyl groups determines 400 

alterations of the overall PL intensity emitted by the CDs (Fig. 2, Fig. S2), and also of the ratio 401 

between blue and green PL bands (Fig. S3). Within the preparative approach, the protonation state 402 

of CDs can be modified by altering the pH of the pristine dispersion employed for the 403 

functionalization of CNPs. Thus, we tested different combinations of CCDs
%v v⁄

 and pH values of 404 

pristine CD dispersion, aimed at identifying the appropriate combination of parameters able to 405 

maximize the responsivity to pH. 406 

The detailed procedure of simultaneous pH and CCDs
%v v⁄

 optimization of the pristine CD 407 

dispersion is provided in the SI (Table S2-S3, Fig. S8 – S9). More specifically, we tested CCDs
%v v⁄

 in 408 

the range of 5 – 20 %, based on the finding that this saturation range allows nanoparticle 409 

concentration adjusting without significant effects on fluorescence intensity (Fig. 4e-f). 410 

Furthermore, we tested pristine solution pH in the range of 7 – 10, based on the observation that 411 

the overall PL of the CDs is maximum at pH > 7, as indicated in Fig. S8a, where the samples at 412 

fixed CCDs
%v v⁄

 show brighter spotlights at higher pH values. For each examined case of F-CNP, a 413 

calibration curve was constructed, thus allowing association of the parameters for CNP 414 
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functionalization with the sensing performance. These calibration curves were obtained by drop-415 

casting F-CNPs with McIlvaine buffer solutions in the pH range between 2.2 and 7 (Fig. S8c). The 416 

procedure aimed at finding concentration and pH values of the CD pristine dispersion leading to 417 

the best balance between wide pH dynamic range, high resolution in pH measurements, high 418 

fluorescence intensity (leading to high signal-to-noise ratio in the acquired images) and low 419 

spurious background signals. On the other hand, picture acquisition parameters, such as the shutter 420 

speed, play a minor role in the optimization of experimental parameters, as they led only to slight 421 

alterations in the normalized B channels (Fig. S10). Based on these quantitative assessments, the 422 

dispersion having CCDs
%v v⁄

 of 10 % and pH 8 was selected as the most favorable to functionalize 423 

CNPs for further pH sensing experiments.  424 

3.4 pH sensing with F-CNPs: the fluorescence colorimetry approach 425 

As demonstrated in Fig. 4 and Fig. S7, fluorescence quantification from the digital pictures 426 

can be achieved using optical emission filters to measure the intensity of either the B or the G 427 

channel, resulting in a single-channel fluorescence detection strategy. Notably, when acquiring 428 

digital pictures without emission filters (Fig. S8a-b), both the blue and green fluorescence bands 429 

are revealed simultaneously, enabling an increase in the amount of information recorded in a single 430 

acquisition. However, utilizing the sensing information from both channels simultaneously 431 

requires an image analysis strategy that cannot be only based on examining the intensity of 432 

individual B or G channels. To address this issue, the fluorescence recorded in the digital pictures 433 

is analyzed in terms of colorimetric coordinates. Fig. 5 shows the fluorescence colorimetric 434 

strategy used to sense pH with F-CNPs previously optimized (Fig. 4e-f, Fig. S8c, Table S2-S3). 435 

The digital images in Fig. 5a depict the color of CDs fluorescence light in the absence of 436 

emission filters. Thus, the F-CNPs show a blue-green color, attributable to the combined presence 437 
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of the blue and green PL bands in the recorded light (Fig. 2d, Fig. 4). Moreover, a progressive 438 

shading from greener to bluer may be macroscopically inferred as the pH of the buffer calibration 439 

solution increases from 2.2 to 8. Although this shift can be subtle making its discernment 440 

challenging with the naked eye, it aligns with the spectroscopic trend showing an increase in the 441 

ratio between the intensity of the blue and green PL bands as pH increases (Fig. S3). To provide a 442 

more precise and objective quantification of this trend, a digital analysis of the fluorescence color 443 

was performed. Fig. 5b outlines the process for deriving colorimetric coordinates from the 444 

captured images. Similar to the method used to quantify the intensity of B and G channels reported 445 

in the SI (see Fig. S7), the digital images were analyzed to generate a data matrix. 446 

 447 

Fig. 5. (a) Smartphone recorded pictures obtained without emission filters at shutter speeds of 0.5, 448 

0.3 and 0.2 s for F-CNPs functionalized with CD dispersion ML0810 (with optimized CCDs
%v/v =449 

10% and pH 8, see SI) and drop-casted with buffer calibration solutions at pH of 8, 7, 6.2, 5, 4, 3, 450 

2.2; (b) schematic description of the image analysis procedure used to obtain the CIELAB 451 

coordinates (L*, a* and b*) from each F-CNP; (c) b* coordinate of F-CNPs (shutter speed 0.5 s) as 452 

a function of calibration solution pH (black squares), fitted using Equation (2) (red line). The red 453 
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shaded area represents the 95% confidence interval, the error bars are standard deviations obtained 454 

from three replicates of the same experiment, the color scale legend on the right shows the 455 

perceptual colors corresponding to b* varying in the range of y-axis coordinates for fixed L* = 50 456 

and a* = -20 (approximate average values of L* and a* obtained from the image analyses for shutter 457 

speed of 0.5 s) 458 

 459 

This matrix contains the intensity of the R, G and B channels for each pixel in the region 460 

of interest (ROI). The R, G and B intensities were subsequently converted into X, Y and Z 461 

tristimulus values using the sRGB color space which is the native color space of the pictures. The 462 

standard illuminant assumed was D65, in line with CIE recommendations [58]. Finally, a 463 

transformation was performed to obtain CIELAB 1976 color space coordinates [59], which were 464 

averaged for each ROI. The L* variable ranges from 0 to 100 and indicates the lightness or 465 

darkness of a color, with higher values indicating lighter shades. The a* variable measures the 466 

color’s position on the green-to-red axis, where negative values represent green tones and positive 467 

values represent red tones. Lastly, the b* variable indicates the color’s position on the blue-to-468 

yellow axis, with negative values indicating blue tones and positive values indicating yellow tones 469 

[58,60]. To showcase the full capabilities of our portable platform, we also successfully performed 470 

the PL colorimetric analysis directly on a smartphone using the MATLAB Mobile app, for both 471 

IOs and Android systems (Video S1). As shown in the video, the recorded image is uploaded, the 472 

F-CNPs are automatically identified, and the colorimetric evaluations are performed, yielding the 473 

average ROI coordinates as final result. 474 

 475 
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The results of the colorimetric analyses indicate that a* is affected by high experimental 476 

errors, which is consistent with its dependence from the R channel intensity, that in our case only 477 

contains noise (Fig. 4c-d). On the other hand, as shown in Fig. S11, L* is found to have the same 478 

trend with buffer calibration solution pH, as single-channel fluorescence intensity (e.g. that of B 479 

or G channels in Fig. 4e-f, or that of B channel in Fig. S8c). This is consistent with the concept 480 

that L* represents the perceptual overall lightness of the observed signal. Thus, this variable could 481 

also, in principle, be employed for pH determination through a single-channel fluorescence sensing 482 

strategy. However, as delineated in the optimization of pH sensing conditions (see SI, Fig. S8c, 483 

Table S3) the single channel methodology typically yields resolutions that do not exceed ±1 pH 484 

units. Therefore, a L*-based sensing strategy, akin to a single-channel detection method, was not 485 

applied in subsequent analyses of this work. 486 

Nonetheless, b* is found to effectively capture the perceptual color transition observed in 487 

the pictures with changing pH. This becomes more evident when looking at the perceptual colors 488 

given by a variation of b*, when L* and a* are fixed at typical values obtained in the analyzed 489 

pictures (color scale legend in Fig. 5c). Specifically, the trend of b* as a function of calibration 490 

solution pH can be best fitted using a decreasing exponential function, of the type: 491 

y=a1+a2 exp(x a3⁄ )           (3) 492 

yielding a1 = 43 ± 7, a2 = 41 ± 6, a3 = 9 ± 3 and R2 of 0.99877. From this fitting curve, the 95% 493 

confidence interpolation errors result of ±0.2 pH units in the pH range from 2.5 to 6.7 and of ±0.3 494 

pH units in the pH range of 6.7 to 7.0.  495 

This reveals an improvement compared to typical resolution allowed by the most common 496 

commercial pH indicator paper strips [5]. Recent literature works documented paper– or polymer-497 

based colorimetric pH sensing devices that surpass the capabilities of currently available 498 
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commercial pH paper strips (i.e. ±0.5) [8–11,14–18,21,22] (Table 1). However, it is noteworthy 499 

that these studies exhibit certain limitations, including: (i) reliance on costly sensitive materials for 500 

pH detection (such as commercially available or custom-synthesized indicator dyes), (ii) complex 501 

procedures for substrate patterning (involving methods like laser patterning or customized ink-jet 502 

printing), or (iii) a restricted dynamic range spanning only 3–5 pH units [8–22,41,43,61]. In 503 

comparison, the sensing method reported herein relies on environmentally sustainable and cost-504 

effective CDs. Moreover, it involves a user-friendly preparation approach and grants rapid pH 505 

measurement with uniform resolution across six pH units, requiring very small sample volumes.  506 

Table 1: comparison of recently reported portable pH sensing devices based on optical detection. 507 

Sensitive 

material 
Support Fabrication technique Signal registration pH range pH resolution Ref. 

Thymol blue, 

methyl red, 

bromothymol blue, 

phenolphthalein 

Filter paper 

Inkjet-printing on filter 

paper with hydrophilic 

microfluidic channels 

Color scanner  

(Lab* color space) 
5–9 N/A [18] 

Phenol red, 

chlorophenol red 

Whatman Grade 1 

filter paper 

Drop-casting onto 

sensing areas of paper 

microfluidic device 

Smartphone  

(HSV color space) 
4–9 ±0.17 [21] 

Imidazole 

coumarin dye 

Poly(methyl 

methacrylate)-

based polymer 

network 

Dye covalently bound 

to polymer by 

copolymerization 

Fiber optic device 

(PL intensity) 
10.0–13.2 < 0.5 [17] 

Curcumin 

Nanoparticles 

(CURNs) 

Whatman filter 

paper no. 1 

Drop-casting onto 

hydrophilic test area of 

paper 

Digital camera 

(average grayscale 

intensity) 

8–13 ±0.15-0.27 [13] 

Indicator composed 

of chlorophenol 

red, phenol red and 

phenolphthalein 

Whatman filter 

paper grade 1 

Drop-casting on 

detection areas of 

paper-based analytical 

device 

Flatbed Scanner 

(magenta channel 

intensity) 

5–10 ±0.2-0.4 [61] 

Luminol derivative 

(LABD) 

Functionalized 

filter paper strips 

Filter paper strips 

immersed in a LABD 

solution and left to dry 

Visual 4.0–11.0 N/A [10] 

Spiropyran 

derivative 
Cellulosic paper 

Spiropyran derivative 

chemically attached to 

the paper 

Visual 1–14 N/A [19] 

Rhodamine 

derivative (RhA) 

Activated cellulose 

paper 

RhA immobilized 

using a coupling agent 
Visual 1–8 N/A [11] 

Two dyes based on 

anthraquinone and 

azo chromophores 

(D-1 and D-2) 

Cellulose paper Screen printing 
Spectophotometer 

(Lab* color space) 

6–12 (D1) 

1–4 (D2) 
N/A [20] 
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pH indicators  

(m-nitrophenol, 

phenolphthalein, 

thymolphthalein) 

Superomniphobic 

glass microfiber 

paper 

pH indicators deposited 

in three domains 

created by depositing a 

thin layer of paraffin 

wax 

Visual 7.5–13 N/A [22] 

SISCON pH paper 
Whatman Grade 1 

filter paper 

pH paper attached to 

filter paper 

microfluidic channel 

Smartphone camera 

(HSV color space) 
3–10 N/A [15] 

8 commercial pH 

indicators 

Mixed cellulose 

ester (MCE) paper 

Inkjet-printing on MCE 

paper 

Color scanner  

(R, G, B split 

channel) 

1.00–13.60 ±0.20 [8] 

Polyaniline 

nanoparticles 

(PAni-NPs) 

Whatman 

quantitative filter 

paper (Grade 41) 

Filter paper dipped in 

PAni-NP solution and 

dried, repeated 7 times 

Smartphone camera 

(R, G, B split 

channels) 

2–10 
±0.2 (pH 2-6);  

±0.6 (pH 8-10) 
[12] 

Two BODIPY 

compounds  

(1a and 1b) 

Whatman filter 

paper 

Paper sheets immersed 

in BODIPY solutions 

and air-dried 

Visual 

0.00–6.59 

(1a) 

0.00–6.28 

(1b) 

N/A [9] 

Purposely 

synthesized 

quinoxalines 

Cellulose filter 

paper (pore size 8–

12 μm) 

Paper stips immersed in 

hot dye solution 

followed by drying 

Visual 1–5 N/A [16] 

CDs from 1,2,4-

triaminobenzene 

and NaOH 

pH test strips 
CDs incorporated in pH 

test strips 
Visual 1–14 N/A [41] 

CDs from Aphen 

and citric acid 
pH test paper Inkjet printing Visual 1–14 N/A [42] 

CDs from 

terephthalic 

acid (PTA) and o-

phenylenediamine 

(oPD) 

Poly(m-phenylene 

isophthalamide) 

(PMIA) 

CDs loaded in PMIA 

from solution followed 

by casting 

Smartphone camera 

(R, G, B split 

channels and CIE 

1931 color space) 

1–14 ±0.2 [43] 

Resorcinol-derived 

CDs 

Nitrocellulose-

based platform 

Drop-casting of pristine 

CDs solution on 

nitrocellulose pads 

Smartphone camera 

(PL analysis in Lab* 

color space) 

2.2–7 

±0.2 

(pH 2.5-6.7) 

±0.3 

(pH 6.7-7.0) 

This 

work 

Furthermore, the present work highlights the integration of colorimetric analysis on fluorescence 508 

data acquired by portable devices to enable highly accurate sensing measurements. In fact, this is 509 

evidenced by the significantly lower resolution obtained applying a single-channel fluorescence 510 

detection (see SI, Table S3). Similar colorimetric analysis of fluorescence data obtained by 511 

portable devices was previously reported only in very few previous reports [62,63]. In this work, 512 

the fluorescence analysis approach leads to significant advance of the sensing accuracy, thanks to 513 

its capability of harnessing simultaneously the sensing information coming from the blue and the 514 

green PL bands of the CDs. Overall, given the resolution and dynamic range attainable with this 515 
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method, it appears as an effective combination of accuracy and practical operational efficacy. 516 

Therefore, the presented portable pH sensing platform is particular suited for practical applications 517 

where existing compact pH meters fail to meet necessary requirements of robustness or 518 

integrability within critical operational conditions. Similar problems could be pervasive of 519 

disparate areas, including biological samples, food chemical analyses, water quality assessment, 520 

and others [4,64–66]. 521 

4. Conclusions 522 

In summary, a pH sensing platform based on nitrocellulose was developed based on the 523 

employment of CDs containing acid/base responsive PPs. First, through a comprehensive analysis 524 

of the fluorescence response of the CDs upon incremental addition of small amounts of HCl and 525 

NaOH, we established correlations between observed spectroscopic changes and the acid-base 526 

protonation-deprotonation equilibria of PPs within the CDs. This approach also enabled to devise 527 

a titration-based method, estimating an order of magnitude range for the concentration of CDs in 528 

solution. Subsequently, the CDs were used to functionalize CNPs in the nitrocellulose platform. 529 

After suitable calibrations, namely, of CD concentration, pH of pristine CD dispersion, image 530 

acquisition conditions and application of a fluorescence colorimetry image analysis (evaluating 531 

CIELAB b* coordinate), we demonstrated the achievement of a high resolution for pH reaching 532 

±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.  533 

pH sensing with the resolution and dynamic range here shown could be profitable for a 534 

very broad range of applicative areas, including food, water, and biological sample analysis. In 535 

particular, this portable platform offers a solution to the challenges posed by delicate and expert-536 

personnel requiring potentiometric pH-meters. 537 

Looking ahead, enhancing the sensing capabilities of these platforms could be achieved 538 

through advancements in platform design and optical detection systems, as well as by optimizing 539 
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the surface chemistry of CDs, tailored for specific sample types. Such developments could pave 540 

the way for broader adoption of safe and cost-effective nanoparticles like CDs in fluorescent 541 

nitrocellulose-based portable pH sensing technologies. 542 

 543 
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