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Abstract

:

This paper presents the synthesis of silver nanoparticles (AgNPs) functionalized with fluorescent molecules, in particular with xanthene-based dyes, i.e., fluorescein isothiocyanate (FITC, λmax = 485 nm) and rhodamine B isothiocyanate (RITC, λmax = 555 nm). An in-depth characterization of the particle–dye systems, i.e., AgNPs–RITC and AgNPs–FITC, is presented to evaluate their chemical structure and optical properties due to the interaction between their plasmonic and absorption properties. UV–Vis spectroscopy and the dynamic light scattering (DLS) measurements confirmed the nanosize of the AgNPs–RITC and AgNPs–FITC. Synchrotron radiation X-ray photoelectron spectroscopy (SR-XPS) was used to study the chemical surface functionalization by structural characterization, confirming/examining the isothiocyanate–metal interaction. For AgNPs–RITC, in which the plasmonic and fluorescence peak are not superimposed, the transient dynamics of the dye fluorescence were also studied. Transient absorption measurements showed that by exciting the AgNPs–RITC sample at a wavelength corresponding to the AgNP plasmon resonance, it was possible to preferentially excite the RITC dye molecules attached to the surface of the NPs with respect to the free dye molecules in the solution. These results demonstrate how, by combining plasmonics and fluorescence, these AgNPs can be used as promising systems in biosensing and imaging applications.
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1. Introduction


The interaction of organic molecules with metal nanoparticles (NPs) is of central importance for a large number of applications in several fields, such as chemical and biological sensing [1,2,3,4], optics [5,6,7], energy [8,9,10,11], catalysis [12,13,14,15], and nanomedicine [16,17,18,19]. Many of these applications are based on the effect of the localized surface plasmon resonance (LSPR) on the absorption, emission, and scattering of molecules attached to or in close vicinity to the NP surface [20,21,22,23]. NPs have the remarkable property of strongly enhancing the local electromagnetic near-field [24,25,26]. This, together with the effect of the LSPR, can lead to the light absorption and scattering of NPs to be extremely strong, e.g., their absorption cross-sections are up to five to six orders of magnitude higher than the most strongly absorbing organic dye molecules. This has led to the use of NPs as beacons to enhance processes in nearby molecules [27,28].



The interaction of fluorophores with Au and Ag NPs is slightly more complicated, and both enhancement and quenching of fluorophores have been reported [29,30,31,32,33]. Part of the reason for this apparent contradiction is that the interaction between fluorophores and the NP depends on the size and shape of the NPs, the distance of the fluorophore from the surface of the NPs, the orientation of the fluorophore dipole moment, and the overlap between the emission spectrum of the fluorophore and the plasmon resonance spectral feature of the NP [34,35,36].



The effect of dye quenching has been widely exploited for chemical and biological sensing applications, with one of the main techniques being fluorescence resonance energy transfer (FRET), in which the initially excited chromophore transfers its energy to an acceptor, thus quenching the fluorescence in the process [23,37,38]. In FRET, the donor and acceptor are molecules, and the energy transfer occurs via through space dipole–dipole interactions [39,40,41]. When a NP is used as an acceptor, the quenching is amplified up to 100 times, making the technique more sensitive. An elegant example of this technique is the use of single-stranded DNA (ssDNA) linked to a NP at one end and to a fluorophore at the other end. In the absence of a target DNA, the ssDNA is relaxed and the fluorophore is close to the surface of the NP, thus quenched through FRET. Only when the ssDNA is conjugated with the target DNA, the fluorophore moves away from the surface of the NP and the fluorescence is allowed to light up [42]. Based on this mechanism, a simultaneous recognition of ssDNA and double-stranded DNA (dsDNA) was also studied [43]. Biosensing often relies on fluorescence because this method is simple but sensitive. In some cases, nanomaterials can be an alternatives to traditional organic dyes or sometimes act as a solid support by simplifying the sensor design, increasing the labeling ratio for greater sensitivity and facilitating eventual recovery [44,45,46,47,48,49].



Among others, silver engineered nanomaterials are used in biosensing and imaging when conjugated with dyes [50,51,52]. Specially fluorescein isothiocyanate (FITC) and rhodamine B isothiocyanate (RITC) are widely used in sensing and as labeling systems [53,54,55,56]. To fully exploit the potential of AgNPs conjugated with fluorescent molecules, it is necessary to have a complete understanding of the details of the structures and the interaction between the fluorophore blocked in a position very close to the NP.



This paper focuses on the synthesis of AgNPs capped by FITC or RITC (i.e., AgNPs–FITC and AgNPs–RITC). The deep characterizations of these nanosystems allowed us to clarify the chemical structure and evaluate the optical properties due to the direct interaction between plasmonic nanoparticles and fluorescent dyes.




2. Materials and Methods


2.1. Materials


Silver nitrate (AgNO3, Aldrich, purity 99.9%), sodium borohydride (NaBH4, Aldrich, purity 99.99%), fluorescein isothiocyanate (FITC, Aldrich, purity ≥9%), and rhodamine B isothiocyanate (RITC, Aldrich, purity ≥90%) were used as received. Deionized water was degassed for 10 min with argon before use.




2.2. Synthesis of AgNPs–FITC and AgNPs–RITC


The synthesis procedure was similar to that reported in our previous works for RITC-functionalized AuNPs [57] and was performed using different metal precursor/dye molar ratios, (Ag/FITC = 1/2, 1/1, and 1/0.1, and Ag/RITC = 1/2, 1/1, and 1/0.1, see Supplementary Materials, Table S1a,b). For example, in a typical procedure, Ag/FITC = 1/1 (mol/mol) (AgNPs-FITC_1), a water solution of FITC (5.1 × 10−4 mol, in 10 mL of deionized water) was mixed with a water solution of the silver precursor (AgNO3, 5.1 × 10−4 mol, in 10 mL of deionized water), and the solution was bubbled under nitrogen at room temperature for 10 min. Subsequently, 0.096 g of NaBH4 (2.5 × 10−3 mol) dissolved in 10 mL of deionized water was added. After 2 h at room temperature, under magnetic stirring, the product was purified (by centrifugation by mini-spin centrifuge at 13,000 rpm, 20 min, 3 times). The main parameters of the characterizations for the samples are as follows:



AgNPs-FITC _1: UV–Vis (0.2 mg/mL in H2O), λmax (nm): 398, 474 nm; dynamic light scattering (DLS) in H2O, <2RH> (nm): 78 ± 12 nm; ζ-potential in H2O (mV): −17 ± 3 mV.



AgNPs-RITC_1: UV–Vis (0.2 mg/mL in H2O), λmax (nm): 414, 560 nm; DLS in H2O, <2RH> (nm): 68 ± 20 nm; ζ-potential in H2O (mV): −22 ± 3 mV.




2.3. Characterization of AgNPs–FITC NP and AgNPs–RITC


UV–Vis spectra were recorded in aqueous solution using quartz cells with a Varian Cary 100 Scan spectrophotometer. The sizes, size distributions, and Z-potential of AgNPs–RITC and AgNPs–FITC in aqueous solution were investigated using the dynamic light scattering (DLS) technique using a Zetasizer instrument (Malvern) at a temperature (T) of 25.0 ± 0.2 °C and NPs concentration of 0.02 mg/mL. Z-potential was measured by means of the laser microelectrophoresis technique in a thermostated cell (T = 25.0 ± 0.2 °C). DLS data were acquired and fitted in concordance to our previous works [58].



Synchrotron radiation (SR)-XPS measurements were carried out at the CNR beamline BACH (Beamline for Advanced DiCHroism) at the ELETTRA facility in Trieste (Italy). The BACH beam line exploits intense radiation emitted from an undulator front-end. XPS data were collected in angular mode (A21, pass energy = 50 eV), with the entrance and exit slits of the monochromator fixed at 30 and 20 μm, respectively. A photon energy of 360 eV was used for C1s and S2p spectral regions, while for the N1s, Ag3d, and O1s spectral regions, a photon energy value of 596 eV was selected to maximize signal intensity. The total binding energy resolution for C1s and S2p was 0.17 eV, while that for N1s, Ag3d, and O1s was 0.22 eV. The energy scale was calibrated using as reference the C1s aromatic signal at 284.7 eV and the Ag3d5/2 signal of AgNPs arising by the metallic silver core, always found at 367.80 eV.



Curve-fitting analysis of the C1s, S2p, N1s, O1s, and Ag3d spectra was performed using Gaussian curves as fitting functions identified using a peak-fitting procedure (fityk 1.3.1., http://fityk.nieto.pl accessed on 10 December 2020). S2p3/2,1/2 and Ag3d5/2,3/2 doublets were fitted using the same full width at half-maximum (FWHM) for each pair of components of the same core level, a spin-orbit splitting of 1.2 eV and 6.0 eV, and branching ratios of S2p3/2/S2p1/2 = 2/1 and Ag3d5/2/Ag3d3/2 = 3/2. When several different species were identified in a spectrum, the same FWHM value was used for all individual photoemission bands.



The pump-probe experiments were performed using a laser system consisting of a 1 kHz chirped pulse amplifier (800 nm, 4 mJ, 35 fs) seeded by a Ti:Sa oscillator. The pump pulse was either the second harmonic of the amplifier (400 nm) or the output of a tunable optical parametric amplifier seeded by the amplifier (560 nm). The probe was a white light supercontinuum (360–780 nm) generated in a commercial transient absorbance spectrometer (FemtoFrame II, IB Photonics) by focusing about 3 μJ of the amplifier beam into a rotating 3 mm thick CaF2 crystal. The pump pulse was loosely focused (circular spot of diameter = 700 μm) onto the sample contained in a 1 mm quartz cell, with a power density of 180 μJ/cm2. The spot diameter of the probe pulse was approximately 150 μm, and its delay time with respect to the pump pulse was scanned in time by varying the length of its optical path. The transmitted probe spectrum was collected in a monochromator and recorded on a CCD camera. The transient absorbance (TA) spectra were measured in two polarization states: the first in which the pump and probe pulses were parallel, and the second with polarizations at the magic angle. The instrument response function was measured to be approximately 50 fs. More experimental details of the setup can be found in previous publications [59].





3. Results and Discussion


3.1. AgNPs–Dye Synthesis


In the synthesis procedure schematized in Figure 1, the choice of FITC or RITC as a capping agent makes it possible to optimize the proximity between the fluorescent xanthene-based dye and AgNPs. Three different silver/dye M ratios were initially used: 1/2, 1/1, and 1/0.1. The best result in terms of size, monodispersity, yield, and reproducibility of the samples was obtained with the 1/1 M ratio, which is the one on which the most in-depth characterizations were conducted (see Table S1a,b).



The choice of FITC and RITC is related to their widespread use in biotechnological applications, such as protein markers and sensors [60,61], and to their maximum absorption that is partially overlapped (FITC λmax = 485 nm) or not (RITC λmax = 555 nm) with respect to the localized surface plasmon resonance (LSPR). The AgNPs LSPR band occurs typically in the range of 380–480 nm, and its intensity and spectral width are controlled by the size, concentration, and monodispersity of AgNPs. In Figure 2a–d, the UV–Vis spectra of FITC, RITC, AgNPs–FITC, and AgNPs–RITC are shown. In particular, the absorption band of FITC is mostly overlapped with the LSPR at about 398 nm, producing a shoulder in the AgNPs–FITC sample with a slight shift compared with the free dye. The absorption peak of the AgNPs–RITC sample showed the presence of an LSPR due to the AgNPs at about 414 nm and a well-separated peak arising from the dye at about 560 nm.



The DLS measurements from water suspensions confirmed the nanosize of both prepared AgNPs, as can be observed in Figure 3a,c. AgNPs–FITC have <2RH> = 78 ± 12 nm and AgNPs–RITC have <2RH> = 68 ± 20 nm, with low or no aggregation as evidenced by repeating the measurements up to 3 months after synthesis. An evidence of the colloidal stability can also be obtained by looking at the zeta potential measurements, where both systems have a typical negative zeta potential, as shown in Figure 3b,d, with values indicating quite stable suspensions [57,62,63]. In this way, stable and monodispersed AgNPs were prepared [7,64,65].



It is important to underline that both AgNPs–FITC and AgNPs–RITC are hydrophilic systems; on the particles, other molecules can be conjugated on the surface. As such, these investigations open vast opportunities by creating a new generation of fluorescent markers with immense promise and potential in biological analysis and detection.




3.2. HR-XPS of AgNPs Dye


To investigate the chemical structure of AgNPs–FITC and AgNPs–RITC, SR-XPS studies were carried out. SR-XPS measurements were performed on samples with a 1/1 metal/dye molar ratio to obtain better insight into the dyes’ molecular structure stability and to probe the macromolecule–NP interaction at the dye/metal interface. Measurements were carried out at C1s, S2p, N1s, O1s, and Ag3d core levels; all data analysis results (binding energy (BE), full width half-maximum (FWHM), atomic ratio values, and proposed assignments) are collected in Table S2 in the Supplementary Materials. The measured C 1s core level spectra confirmed the stability of the dyes’ molecular structure, showing all the expected spectral components (see Figure 4a) in atomic ratios compatible with the theoretical values calculated by the molecular structure, as reported in the following Table 1.



N1s data also confirmed the chemical stability of both dyes; as expected, the N1s spectrum of AgNPs-FITC (Figure 4b, top) has a single component at 398.40 eV BE, as expected for N atoms in –N=C=S moieties; the N1s signal measured on AgNPs–FITC samples is asymmetric, with a main component ascribed to –NCS, tertiary amines at 398.48 eV, and a small feature of lower intensity at higher BE values (400.48 eV), as expected for positively charged N atoms.



Focusing on the dye/AgNPs interaction, Ag3d and S2p signals allowed a probing of the electronic structure at the organic molecule/metallic cluster interface. The S2p and Ag3d spectra of AgNPs-FITC are, respectively, shown in Figure 5a,b, and are representative also for the RITC-containing sample.



Both spectra appear structured, and by following a peak-fitting procedure, two pairs of spin-orbit components can be individuated for the two signals. The first feature in the Ag3d spectrum (Ag3d5/2 BE = 367.84 eV) is associated with metallic silver and arises by the Ag atoms at the nanoparticles’ core. The spin-orbit pair of very low intensity at higher BE values (Ag3d5/2 BE = 368.79 eV) is indicative for positively charged metal atoms, as expected for surface atoms interacting with the organic macromolecule [67]. The S2p spectra provide complementary information about the envisaged chemical interaction between the NCS functional groups of both dyes and the surface atoms of the silver clusters, as extensively discussed previously [57] for gold nanoparticles functionalized with RITC. As shown in Figure 5b, S2p spectrum shows two pair of spin-orbit components: the first pair (S2p3/2 = 161.50 eV BE) is indicative for sulfur atoms covalently bonded to carbon in isothiocyanate moieties [68,69]; the second signal, at higher BE values (S2p3/2 BE = 162.42 eV), is attributed to S atoms chemically interacting with metals at nanoclusters’ surface [58].




3.3. Pump-Probe Experiments


The TA spectrum of the RITC solution in water (10−4 mol/L) excited at 560 nm exhibited a strong negative feature centered at 560 nm related to the fluorescence/stimulated emission of the photoexcited state, which leads to decreased apparent absorbance of the probe (negative differential optical density, ΔOD) [57]. The lifetime of this transient fluorescence band can be characterized by a double exponential decay. This double exponential decay is assigned to the presence of both dimers and monomers of the dye. It is well-known that the lifetime of the fluorescence of the monomer is on the scale of a few nanoseconds (e.g., 1.6 ns for the case of rhodamine B [70]), whereas the interaction between molecules in the dimer (and larger aggregates) leads to strong quenching and a resulting reduction in the lifetime of the fluorescence (100 ps for the dimer [70]). Increasing concentrations of dimers, trimers, and larger aggregates result in a shortening of the fluorescence lifetime.



The same experiment was performed on the AgNPs–RITC sample in which the synthesis used a silver/dye = 1/1 M ratio. The dynamics of the fluorescence band are almost identical for the two systems: RITC alone and AgNPs–RITC (Figure 6a). The data in Figure 6 are normalized to the areas under the curves for easy comparison, which is why the signals are positive. Furthermore, in this case, we took a temporal cut at 590 nm and not at 560 nm at the maximum of the fluorescence because the strongly scattered light of the pump pulse distorts the signal at this wavelength. The identical dynamics of the two samples suggest that they have similar equilibria between dimer/trimers and the monomers. No features due to the LSPR of the NPs were observed in these spectra because the excitation wavelength does not excite this resonance of the NPs.



A comparison of the dynamics of the two samples when pumped at 400 nm revealed a significant difference in the dynamics of the transmitted probe light observed at 560 nm (Figure 6b). In particular, in the AgNPs–RITC case, we observed a strong reduction in the contribution of the short timescale constant (<100 ps) assigned to the typical dynamics of the dimers and higher aggregates to the signal. Exciting at 400 nm, which corresponds with the LSPR of the AgNPs, induces a strong concentration of the light on the surface of the NPs (this is the well-known effect responsible for surface-enhanced Raman spectroscopy [71]). In this way, molecules close to the surface of the AgNPs are preferentially excited (i.e., those chemically attached). It can be suggested that these dye molecules lack the short decay time as they are not quenched by the chromophore–chromophore interactions, which take place in the aggregates. Confirmation that we preferentially probed molecules on the surface of the AgNPs in this case can be found in the results of the polarization dependence of the latter signal for AgNPs–RITC. When probing freely rotating dye molecules in solution, relatively large differences of the dynamics at short times (t < 50 ps) with polarization of the probe light parallel to the pump were observed in comparison with the case in which the polarization of the probe light was at the magic angle [72]. This is due to the randomly rotating molecules changing their orientation with respect to the probe, which is only visible when the polarization is not at the magic angle. This is the basis of the common technique called time-resolved fluorescence anisotropy spectroscopy [72]. In the case of the AgNPs–RITC, these differences are minimal (Figure S1 in the Supplementary Materials), suggesting that the observed molecules are rotationally hindered with respect to the probe polarization which, of course, is exactly the case of dye molecules attached to the surface of the relatively massive AgNPs. These results are interesting because they show that by exciting at a wavelength corresponding to the LSPR, it is possible to preferentially probe the dye molecules on the surface of the NPs. This method works here as there is no spectral overlap between the LSPR of the NPs and the fluorescence of the dye [73]. In such cases, it is known that a strong quenching of the dye fluorescence occurs via resonant energy transfer to the quickly decaying plasmon resonance [73].





4. Conclusions


The synthesis of silver nanoparticles in the presence of dyes, such as RITC and FITC, made it possible to obtain systems with plasmonic and fluorescence properties. In particular, AgNPs–RITC and AgNPs–FITC systems were synthesized and characterized by UV–Vis spectroscopy and DLS and ζ-potential measurements, confirming the nanoscale and stability of these systems. Furthermore, we used SR-XPS spectroscopy to study the isothiocyanate–metal interaction, which leads to the surface functionalization of the nanoparticles, from a structural point of view. The transient dynamics of the fluorescence of the dye for AgNPs–RITC were also investigated, showing that by exciting the sample at a wavelength corresponding to the plasmon resonance of nanoparticles, one can preferentially excite the RITC dye molecules attached to the surface of the NPs. AgNPs–RITCs and AgNPs–FITCs therefore exhibit remarkable optical properties that make them suitable for biosensing and imaging applications. In particular, AgNPs–RITC is a promising material because it shows the possibility of preferentially probing the dye molecules on the surface of the NPs by exciting at a wavelength corresponding to the LSPR. This makes the material promising for biotechnological applications where silver nanoparticles can be easily followed by exploiting fluorescence.
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Figure 1. Scheme of silver nanoparticle–fluorescein isothiocyanate (AgNPs–FITC) and silver nanoparticle–rhodamine B isothiocyanate (AgNPs–RITC) synthesis. 






Figure 1. Scheme of silver nanoparticle–fluorescein isothiocyanate (AgNPs–FITC) and silver nanoparticle–rhodamine B isothiocyanate (AgNPs–RITC) synthesis.



[image: Applsci 11 02472 g001]







[image: Applsci 11 02472 g002 550] 





Figure 2. UV–Vis spectra of (a) FITC; (b) RITC; (c) AgNPs–FITC; (d) AgNPs–RITC samples in water solution. 
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Figure 3. Dynamic light scattering (DLS) and zeta potential measurements for AgNPs in water at 25 °C: (a) AgNPs–FITC DLS <2RH> = 78 ± 12 nm; (b) AgNPs–FITC ζ potential = −16 ± 3 mV; (c) AgNPs–RITC DLS <2RH> = 68 ± 20 nm; (d) AgNPs–RITC ζ potential = −22 ± 3 mV. 
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Figure 4. (a) C1s SR-XPS spectra and (b) N1s SR-XPS spectra collected on AgNPs–FITC (top) and AgNPs–RITC (bottom). 
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Figure 5. (a) Ag3d SR-XPS spectrum and (b) S2p spectrum collected on AgNPs–FITC. Data for AgNPs–RITC are analogous (Table S2 in Supplementary Materials). 
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Figure 6. (a) Normalized dynamics of fluorescence of AgNPs–RITC (black) and RITC (red) probed by transient absorption following photoexcitation on the dye absorption band at 560 nm (the probe was at 590 nm to avoid the scattering of the pump). (b) The normalized dynamics of the same band (probed at 560 nm in this case) revealed by transient absorption following photoexcitation on the localized surface plasmon resonance (LSPR) band of the Ag nanoparticles at 400 nm. 
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Table 1. Synchrotron radiation (SR)-XPS C1s core level data fit results: BE, binding energy; FWHM, full width half-maximum; atomic ratios; and proposed assignments (the statistical incertitude in semiquantitative evaluation by XPS was estimated as 5% of the calculated value [66]).
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Sample

	
BE (eV)

	
FWHM (eV)

	
Exp. Atomic Ratio

	
* Theor. Atomic Ratio

	
Assignment






	
AgNPs–FITC

	
284.7

	
1.11

	
7.5

	
7.5

	
C–C




	
285.84

	
1.11

	
1

	
1

	
C–N, SCN




	
286.43

	
1.11

	
1.2

	
1

	
C–O




	
287.66

	
1.11

	
0.5

	
1.5

	
C=O




	
288.84

	
1.11

	
-

	
-

	
COOH (impurities)




	
AgNPs–RITC

	
284.7

	
1.31

	
20.9

	
18

	
C–C




	
285.8

	
1.31

	
8.1

	
7

	
C–N, SCN




	
286.78

	
1.31

	
3.4

	
2

	
C–O




	
287.85

	
1.31

	
2

	
2

	
C=O




	
288.92

	
1.31

	
1

	
1

	
COOH








* Intensity ratios: for AgNPs–FITC, calculated as signal intensity/C–N, SCN signal intensity; for AgNPs–FITC, calculated as signal intensity/COOH signal intensity.
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