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Table S1: The amounts and the concentrations of initial solutions of individual HMIs added to obtain final multicompoment 
solutions of compositions listed in Table S2. 

Initial Solution 
(µL) 

Intitial Concentration 

(mol L-1) 
Final concentration 

(mol L-1) 

10 10-6 1.0 × 10-8 

5 10-4 5.0 × 10-7 

10 10-4 1.0 × 10-6 

25 10-4 2.5 × 10-6 

5 10-2 5.0 × 10-5 

10 10-2 1.0 × 10-4 

 
 

 

Table S2: The exact compositions of the multicomponent solutions. mol L-1. 

N Solution Cd2+ Zn2+ Pb2+ Cu2+ NO2
- 

1 1.0 × 10-8 2.5 × 10-6 1.0 × 10-8 5.0 × 10-5 2.5 × 10-6 

2 1.0 × 10-8 5.0 × 10-5 1.0 × 10-8 1.0 × 10-4 5.0 × 10-5 

3 1.0 × 10-8 1.0 × 10-4 1.0 × 10-8 1.0 × 10-4 1.0 × 10-4 

4 5.0 × 10-7 1.0 × 10-4 1.0 × 10-6 1.0 × 10-4 1.0 × 10-4 

5 5.0 × 10-7 2.5 × 10-6 1.0 × 10-6 5.0 × 10-5 2.5 × 10-6 

6 5.0 × 10-7 5.0 × 10-5 1.0 × 10-6 1.0 × 10-4 5.0 × 10-5 

7 2.5 × 10-6 5.0 × 10-5 5.0 × 10-5 1.0 × 10-4 5.0 × 10-5 

8 2.5 × 10-6 1.0 × 10-4 5.0 × 10-5 1.0 × 10-4 1.0 × 10-4 

9 2.5 × 10-6 2.5 × 10-6 5.0 × 10-5 5.0 × 10-5 2.5 × 10-6 

10 5.0 × 10-5 2.5 × 10-6 1.0 × 10-8 5.0 × 10-5 2.5 × 10-6 

11 5.0 × 10-5 5.0 × 10-5 1.0 × 10-8 1.0 × 10-4 5.0 × 10-5 

12 5.0 × 10-5 1.0 × 10-4 1.0 × 10-8 1.0 × 10-4 1.0 × 10-4 

13 1.0 × 10-4 1.0 × 10-4 1.0 × 10-6 1.0 × 10-4 1.0 × 10-4 

14 1.0 × 10-4 2.5 × 10-6 1.0 × 10-6 5.0 × 10-5 2.5 × 10-6 

15 1.0 × 10-4 5.0 × 10-5 1.0 × 10-6 1.0 × 10-4 5.0 × 10-5 

16 1.0 × 10-8 5.0 × 10-5 5.0 × 10-5 1.0 × 10-4 5.0 × 10-5 

17 5.0 × 10-7 1.0 × 10-4 5.0 × 10-5 1.0 × 10-4 1.0 × 10-4 

18 2.5 × 10-6 2.5 × 10-6 5.0 × 10-5 5.0 × 10-5 2.5 × 10-6 

19 5.0 × 10-5 5.0 × 10-5 5.0 × 10-5 1.0 × 10-4 5.0 × 10-5 

20 1.0 × 10-4 1.0 × 10-4 5.0 × 10-5 1.0 × 10-4 1.0 × 10-4 



Table S3: The exact compositions of the test multicomponent solutions as unknown solutions. mol L-1. 

N Solution Cd2+ Zn2+ Pb2+ Cu2+ NO2
- 

U1 1.0 × 10-8 2.5 × 10-6 1.0 × 10-8 5.0 × 10-5 2.5 × 10-6 

U2 1.0 × 10-8 5.0 × 10-5 5.0 × 10-5 1.0 × 10-4 5.0 × 10-5 

U3 1.0 × 10-4 1.0 × 10-4 5.0 × 10-5 1.0 × 10-4 1.0 × 10-4 

U4 5.0 × 10-5 1.0 × 10-4 1.0 × 10-8 1.0 × 10-4 1.0 × 10-4 

U5 2.5 × 10-6 5.0 × 10-5 5.0 × 10-5 1.0 × 10-4 5.0 × 10-5 

 
 
 
Table S4: The parameters of constructed regression models for Cd 2+ and Pb2+ concentration prediction in multicomponent test 
solutions.   

HMI Model PCs 
Total variance  

(%) 
N 

elements 
R2

cal 
RMSEC, 
log[CHMI] 

R2
val 

RMSEV,  
log[CHMI] 

mean RSD 
(%) 

RSD range 
 (%) 

Cd2+ 

MLR 8 100.0 14 0.982 0.192 0.895 0.47 61.6 3.7  61.6 

PLS1 5 85.2 14 0.953 0.295 0.852 0.526 9.9 0.61  21.4  

PCR 6 71.2 16 0.920 0.43 0.730 0.872 - - 

Pb2+ 

MLR 8 100 13 0.988 0.156 0.924 0.711 21.2 2.9  53.3  

PLS1 3 88.9 13 0.967 0.291 0.910 0.478 18.4% 2.7  26.8 

PCR 6 73.1 15 0.913 0.446 0.714 0.867 - - 

 
 
 

 
Section S1: Zinc-porphyrin derivative (ZnPC) synthesis  

ZnTPP-Isoindoline (20 mg, 0.025 mmol) was dissolved in 5 mL of anhydrous toluene, degassed with 

N2 for 10 min. Then, 4’-amino-dibenzo-18-crown-6 (47 mg, 0.125 mmol, 5 eq.) and triethylamine 

(35 L, 0.25 mmol, 10 eq.) were added, and mixture stirred to reflux under N2. After 6 h, 5 more 

eq. of 4’-amino-dibenzo-18-crown-6 and 10 eq. of triethylamine was added, and reflux continued 

for 24 h. When TLC analysis (silica gel, CHCl3) showed the consumption of whole starting material, 

the solvent was removed and the residue purified by column chromatography (silica gel, eluted 

with CH2Cl2, CH2Cl2/THF 3%v/v). A second red fraction corresponding to the desired product (ZnPC) 

was collected and crystallized by CH2Cl2/CH3OH. The calculated yield was reported 15 mg (40%). 

 



Section S2: Determination of BCP Chemical composition  

The chemical composition of the used Eucalyptus cellulose pulp was determined gravimetrically 

using the standardized Technical Association of the Pulp & Paper Industry (TAPPI) method, 

following the procedure described below: 

The analysis included extractives and ash quantification according to the TAPPI T204- cm-07 and 

TAPPI T211 om-16 methods (0.29% and 0.92%, respectively). Lignin content was determined 

following  the standard TAPPI T222-om-11 procedure (2.28%). Cellulose and hemicellulose 

contents were measured using the method proposed by Wise et al. (73.37% and 22.64%, 

respectively). All the analyses were repeated in triplicate. 

Section S3: Sample preparation procedure  

To obtain 1 mL final volume of each solution, the following steps have been performed. The 

preparation of the multicomponent solutions started by making a buffer solution using HEPES (10-

2 mol L-1, pH=7.5), as the background, to provide a stable medium for the HMIs. Then, specific 

volumes of individual HMI solutions, each with concentrations of 10-6, 10-4, and 10-2 mol L-1, were 

added according to their required composition in the final solution. Afterwards, the final volume 

of each solution was adjusted by adding additional buffer to reach a total volume of 1 mL. Detailed 

step-by-step instruction is given in the following:  

Firstly, 500 µL of HEPES buffer is placed in a 1.5 mL Eppendorf tube, followed by adding the specific 

volumes of HMIs for each solution. For instance, in order to prepare Solution 1, 10 µL of each Cd2+ 

and Pb2+ ion solution (10-6 mol L-1), 25 µL of each Zn2+ and NO-
2 ion solution (10-4 mol L-1), and 5 µL 

Cu2+ ion solution (10-2 mol L-1) were added. This step was repeated for all 20 solutions based on 

their respective compositions. Afterwards, the final volume was adjusted through the addition of 

enough buffer to each solution to achieve a total volume of 500 µL. The required buffer volume 

was calculated by minus 500 µL from the sum of all injections for the solution. 

 

 

 

 

 



 

 
Figure S1: AFM topographic image of TPP(SO3)4-CNF@AgNPs suspension 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

 Figure S2: The RGB luminescence intensity of  TPP@CNF0.3% optodes upon the addition of growing concentrations of a) Cd2+ and 
b) Co2 + in a range of 10-7- 10-1 mol L-1 on red (IR), green (IG), and blue (IB)  channels (extracted from image shown in Figure 5a), 
respectively. Inset: The corresponding luminescence intensity (IRGB) of optodes upon the addition of HMIs, calculated according to 
Equation (1).  
 
 

 



 
 

Figure S3: The RGB luminescence intensity of  TPP@CNF0.3% optodes upon the addition of growing concentrations of a) Hg2+ and 
b) Ni2+ in a range of 10-7- 10-1 mol L-1 on red (IR), green (IG), and blue (IB) channels (extracted from image shown in Figure 5a), 
respectively. Inset: The corresponding luminescence intensity (IRGB) of optodes upon the addition of HMIs, calculated according to 
Equation (1). 
 

 
Figure S4: The RGB luminescence intensity of  TPP@CNF0.3% optodes upon the addition of growing concentrations of a) Cu2+, b) 
Pb2+, and c) Zn2+ in a range of 10-7- 10-1 mol L-1 on red (IR), green (IG), and blue (IB)  channels (extracted from image shown in Figure 
5a), respectively. Inset: The corresponding luminescence intensity (IRGB) of optodes upon the addition of HMIs, calculated according 
to Equation (1).  
 



 
 

  
 

Figure S5: Optical response of as-synthesized TPP(SO3)4-CNF@AgNPs after one year, in the presence of 10-3 mol L-1  solutions of 
several HMIs. 

 
 

 

 
Figure S6:  Optical response of TPP- and ZnPC@CNF0.3% to interfering cations (Pb2+, Cd2+, Ca2+, Mg²⁺, Na+, K+, Li+, and NH4+) at the 
concentration of 10-3 mol L-1 in distilled water (DW), as well as  to tap water (TW) and to Pb+2 (10-3 mol L-1) in tap water. 
 

 
 

Section S4: selectivity coefficients evaluations 

For selectivity tests the 5 μL of 1.0 × 10-3 mol L-1 solutions of target HMIs, Cd²⁺ and Pb²⁺, other 

cations, such as Na+, K+, Ca²⁺, and Mg²⁺ oŌen present in real environmental water, and other 

competing ions as Li+, NH4
+ were spiked in triplicate on  both TPP@CNF0.3% and ZnPC@CNF0.3% 

sensing spots, see Figure S6 for experimental details. The acquired image was analyzed by ImajeJ 

freeware for absolute luminescence intensity variation.  

The optode selectivity coefficients, KPb/ION, were evaluated according to the equation (1) by a 

modified separate solution method (SSM) (Romano G.M, et al, 2025). For this method, the 

differences in the sensor luminescence intensities for primary Pb2+ ion, IPb
lum  and for interfering 

species, IION
lum, in concentrations 1.0  ×  10-3   mol L-1 were subtracted and normalized to the slope 

of the semi logarithmic calibration curve toward Pb2+  for both TPP@CNF0.3% and ZnPC@CNF0.3% 

optodes. The difference in interfering ion charge, zION, was also considered:  



 

𝑙𝑜𝑔𝐾௉௕/ூைே =  
(ூ೗ೠ೘ 

ು್ ି ூ೗ೠ೘ 
಺ೀಿ  )

ௌ೗ೠ೘ 
ು್  + ቀ1 −

௭ು್

௭಺ೀಿ
ቁ × 𝑙𝑜𝑔[𝐼𝑂𝑁] (1) 

 

The It should be noted that the presented estimated selectivity coefficient values may be 
dependent on experimental conditions. Thus, the theoretical optode slopes of semilogarithmic 
calibration curve toward Pb2+ ion was used to calculate log KPb/ION, SPb

 lum =  29 l.i.u/pPb, where l.i.u.- 
luminescence intensity units. The calculated selectivity coefficients are listed in Table S5. 

 

 

Table S5. Selectivity coefficients of all-solid-state TPP@CNF0.3% and ZnPC@CNF0.3% optodes evaluated by a modified SSM 
method in solutions of various interfering ions. [Ion] = 1.0 ×10-3 mol L-1.  

 

Interfering iona log KPb/ION 

 TPP@CNF0.3% ZnPC@CNF0.3%    

Cd2+ -0.68 0.40 

Ca2+ -1.92 -2.80 

Mg2+ -2.16 -2.60 

Na+ -4.26 -6.22 

K+ -4.30 -6.38 

Li+ -4.34 -6.34 

NH4
+ -4.22 -6.38 

   aPb2+  was considered as a primary ion.  
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