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Scheme S1 Reactions involved in the sol-gel process with tetraethoxysilane as the silica precursor. 

Fig. S1 AFM surface topography of silicon-based heterostructures. (a) Image of the surface of a sol-gel silica layer 

(Si(100)@SiO2 heterostructure). (b) Same as (a) but for an Si(100)@SiO2@APTES heterostructure. (c) Same as (b) 

but for a Si(100)@SiO2@APTES@FITC heterostructure. White bars: 10 m. (d) Histogram depicting the evolution of 

the RMS surface roughness after each deposition step. Standard errors are indicated. 
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FITC-BASED CuII SENSING MECHANISM  

Mechanism description. An intramolecular charge-transfer process, triggered by CuII 

coordination to the quinonic oxygen atom at the 3 position of the xanthene moiety, is 

envisaged as a possible cause of the observed fluorescence quenching of the 

Si@SiO2@APTES@FITC device (Scheme S2). The process leads to the formation of a spiranic 

lactone, resulting in fluorescein conjugation interruption, with consequent vanishing of the 

fundamental optical transition moment and fluorescence quenching.1 This process, which is 

alternative to CuII-S interaction at the thioureidic groups of the device, clearly distinguishes the 

Si@SiO2@APTES@FITC platform from thiourea-based fluorescent chemosensors reported in 

literature. 

 

Scheme S2 Cu
II
-triggered charge-transfer to the quinonic oxygen and lactonic fluorescein formation at the surface 

of the Si@SiO2@APTES@FITC platform (Si@SiO2 substrate not shown). 
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Control measurements in solution. In order to provide experimental support to the suggested 

FITC-CuII interaction mechanism, FITC, FITC/ZnII and FITC/CuII dilute solutions in 1:1 v/v 

EtOH/H2O and pure EtOH were studied by Fluorescence, UV-Vis-Spectroscopy, and ESI mass 

(MS) and Collision-Induced Dissociation (CID) tandem mass (MS/MS) Spectrometry.  

Addition of CuII to a FITC solution led to reduction in both Vis absorbance and fluorescence 

intensity of FITC (Fig. S2). In EtOH/H2O, reduction in fluorescence intensity was of the same 

order of magnitude as that reported on the Si@SiO2@APTES@FITC sensor (Fig. S2a), whereas, 

in pure EtOH, it resulted in a 10-fold increase in response towards CuII as compared to the on-

chip device (Fig. S2b). The same experiment performed on FITC/ZnII solutions produced no 

response in EtOH/H2O, hence demonstrating FITC selectivity towards CuII in aqueous 

environment; in EtOH, a large signal reduction in both absorbance and fluorescence intensity 

was instead observed, showing a significant response also to ZnII. Correlated reductions in Vis 

absorbance and fluorescence intensity, that is, the progressive conversion of FITC into a 

colorless and nonfluorescent species, is consistent with the formation of spiranic lactones in the 

FITC/metal-ion mixed solutions. 
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Fig. S2 Absorbance spectra (dashed lines) and fluorescence spectra, photoexcited at 370 nm (solid lines) of FITC 

(green), FITC/Zn
II
 (magenta) and FITC/Cu

II
 (blue) in (a) 1:1 v/v EtOH/H2O, and (a) EtOH. FITC concentration is 

1.2×10
-5

 mol L
-1

; Zn
II
 and Cu

II
 concentrations are 1.2×10

-4
 mol L

-1
 in panel (a) and 1.2×10

-5
 mol L

-1
 in panel (b). Data 

are normalized to the 483 nm absorbance peak value and maximum fluorescence intensity of pure FITC solutions. 
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ESI-MS spectra of FITC and equimolar FITC/CuII ethanol solutions, acquired in positive ion 

mode, are reported in Fig. S3a, showing no direct evidence for FITC-CuII adducts. 

Fig. S3 ESI-MS spectra in positive ion mode of FITC (a), ESI-CID MS/MS spectra in positive mode (b), and ESI-CID 

MS/MS spectra in negative mode (c) of FITC (blue lines) and equimolar FITC/Cu
II
 solution (red lines). All spectra are 

normalized to the [M±H]
±
 parent peak intensity. Relevant peak assignments are displayed. 

In positive ion mode, the lactonic anion is supposed to be stabilized in a double protonation 

process, shown in Scheme S3.  
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Scheme S3 Double protonation process of lactonic fluorescein anion by ESI in positive ion mode. 

Structural isomers obtained in positive ion mode could be distinguished in ESI-CID MS/MS 

spectra. [M+H]+ fragmentation spectrum of the pure FITC sample revealed a much larger loss of 

water, carbon monoxide and carbon dioxide than that of FITC/CuII solution, which is consistent 

with the formation of a lactonic species in the FITC/CuII solution; more in detail, [M+H-

H2O]+/[M+H]+ ≅0.55 for the FITC solution and ≅0.15 for the FITC/CuII solution (Fig. S3b). 

Further confirmation of the formation of lactonic fluorescein comes from the observation of 

the [M+H-HNCS]+ mass peak (m/z = 331), only in the FITC/CuII solution. The fragmentation 

mechanism is shown in Scheme S4. 

Scheme S4 Fragmentation of protonated lactonic fluorescein leading to the formation of phenyl carbocation with 

moderate stability. 

- HNCS
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Remarkably, in protonated open FITC, the same fragmentation mechanism would result in 

excess of positive charge on the phenyl ring, compared to the lactonic form, owing to the 

negative mesomeric effect by the quinonic oxygen via the phenyl/xanthene conjugated system 

(not shown), and can thus be ruled out.  

In negative ion mode, FITC lactonic form is transformed into the open structure (Scheme S5), 

and, consequently, FITC fragmentation spectrum should be the same in both FITC and FITC/CuII 

solutions.  

Scheme S5 Lactonic-into-open fluorescein anion conversion by ESI in negative ion mode. 

This was actually verified experimentally: both FITC and FITC/CuII negative ion ESI-CID (20 eV) 

MS/MS spectra (Fig. S3c) exhibited a very intense base peak at m/z = 343, which was identified 

as [M-H-CO2-H]-, that is, a stable radical anion obtained from deprotonated FITC, through 

sequential loss of CO2 and a hydrogen atom (Scheme S6).  

  

- CuII
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Scheme S6 Deprotonated FITC undergoing sequential loss of carbon dioxide and a hydrogen atom towards the 

formation of a cyclic radical anion with m/z = 343. 

Results of ESI-mass and CID MS/MS experiments on ethanol solutions were confirmed in 

EtOH/H2O solutions. 

Overall, optical and ESI-CID MS/MS data are consistent with the formation of a lactonic 

fluorescein species in the FITC/CuII solution, suggesting the possibility of a direct FITC-CuII 

interaction mechanism at the surface of the Si@SiO2@APTES@FITC heterostructure. 

MODEL-BASED ANALYSIS OF CuII SENSING 

The proposed FITC-CuII reaction mechanism was used to model the response of the 

Si@SiO2@APTES@FITC platform vs. CuII concentration. To this aim, chemical equilibrium was 

considered in an aqueous buffer solution (at pH = 7.2) as follows: 

[LACT+]eq ∙ [H3O
+]eq

([FITC] − [LACT+]eq) ∙ ([CuII] − [LACT+]eq)
= 𝐾eq ,                                                                    (S1) 

where [LACT+]eq is the equilibrium concentration of lactonic fluorescein−CuII adducts,  

[H3O
+]eq = 10

−pH, [FITC] and [CuII] are the FITC and CuII initial concentrations, respectively, 

and 𝐾eq is the equilibrium constant. After solving Eq. S1 for [LACT+]eq, knowing that the 

m/z = 388 m/z = 344 m/z = 343
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lactonic species is nonfluorescent, fluorescence intensity dependence on CuII concentration was 

calculated as 

𝐹

𝐹0
= 1 − 

[LACT+]eq
[FITC]

 ,                                                                                                                              (S2) 

where 𝐹 is the fluorescence intensity and 𝐹0 is the reference fluorescence intensity for 

[CuII] = 0. The expression for 𝐹 𝐹0⁄  in Eq. S2 was fitted to the experimental fluorescence 

titration data with [FITC] and 𝐾eq as free parameters. The result is shown in Fig. S4 and Fig. 5c. 

Best fit yielded [FITC] = 8.4 × 10−5 mol L-1 and 𝐾eq = 9.8 × 10
−3.  

Fig. S4 Black points: Normalized fluorescence of Si@SiO2@APTES@FITC sensor vs. Cu
II
 concentration. Green line: 

Best fit of model function, based on FITC-Cu
II
 interaction mechanism at equilibrium, to experimental data (see text 

for details). 
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[FITC]  actually refers to a three-dimensional situation with the fluorophores in solution. 

The equivalent two-dimensional value applying to the on-chip sensor, [FITC]  , was estimated 

as 

[FITC]   (  
− ) =  [FITC](    L− ) ⋅

𝑁A
1000

(L    −   −3) ⋅ ℎ(  ) ,                                      (S3) 

where 𝑁A is Avogadro’s number and ℎ is the depth of the FITC layer. For ℎ = 1 nm, one obtains 

[FITC]  =  .0 × 10
    − , a reasonable value for fluorophores grafted on a silanized silicon 

substrate. 
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