Interfacing Aptamers, Nanoparticles and Graphene in a hierarchical structure for highly selective detection of biomolecules in OECT devices.
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Graphene gate electrodes Characterization
Before starting the functional characterizations of OECT, a morphological and structural characterization of the gate electrode has been performed. SEM characterization (Fig. S 1) was obtained with 15 keV acceleration voltage of the electron beam and 5.5 mm working distance. 
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[bookmark: _Ref15033390]Fig. S 1: SEM image of the graphene surface of the MLG-LDPE gate electrode 
The Raman analysis were collected with a 532 nm excitation laser, 50X objective, 0.5 mW of laser power, 10 s of acquisition time and two acquisitions per spectra. The Raman maps were acquired with similar parameters on an area of 20 µm x 18 µm with a spatial resolution of 500 nm.


[bookmark: _Ref15033435]Fig. S 2: Raman spectra from different PMLG surface areas. Three typical main spectra were found and they are indicated with three different colors: green, red and black.

Raman analysis  reported in Fig. S 2 shows the concurrent presence of visible peaks related to both MLG and LDPE. The latter were identified in the spectrum as PE Modes and they can be found at Raman shift values of: 1064 cm-1, 1140 cm-1, 1293 cm-1, 1412 cm-1, 2847 cm-1, 2886 cm-1 e 2933 cm-1. The peaks at 1064 cm-1 and 1140 cm-1 are related to the asymmetric stretching of C-C bonds of the polymer backbone. The peaks at 1293 cm-1 and 1412 cm-1 are associated to the asymmetric bending out-of-plane (twisting) and to the asymmetric bending in-plane (wagging) of the –CH2 group, respectively. Usually, Raman peaks in the region of the spectrum between 2700 cm-1 and 3100 cm-1 are identified as the signals due to the C-H bond stretching, thus peaks at 2833 cm-1 and 2933 cm-1 have been attributed to the bond asymmetric stretching, while the peak at 2847 cm-1 is connected to the asymmetric stretching of the C-H bond. 
Graphene Raman peaks are located in the typical Raman shift values: 1347 cm-1, 1582 cm-1, 1610 cm-1 and 2700 cm-1 for a laser excitation at 532 nm. The peak at 1347 cm-1 is the so-called D-band, which can be found only in disordered graphene with a high density of defects, comes from the breathing mode A1g of the carbons in the benzene rings. The peak at 1582 cm-1 is the G-band, which is the only due to a normal first order Raman scattering process in graphene and is related to a primary in-plane vibrational mode (E2g) at the Brillouin zone center. D-band at 1610 cm-1 is another disorder-induced peak caused by double resonance intra-valley scattering of a photo-excited electron by a phonon along with elastic scattering by a defect. The peak at 2700 cm-1 is related to a second-order overtone of the D-band, but it does not need defects to be activated.
The Raman analysis is a powerful tool for distinguishing graphene from graphite structure.  In our case, the 2D band is not a single peak but shows the presence of two different peaks, furthermore, it is less intense than the G-peak, indicating the presence of several graphene layers. The ratio between the intensity of the 2D and G peaks, I2D/IG, is about 0.55, which corresponds to a number of layers between 5 and 10.
From Raman analysis of different PMLG surface areas, we identified zones in which the ratio between the MLG G peak (1580 cm-1) and the LDPE C-H stretching mode intensities (2800 cm-1-2900 cm-1) significantly differs. The spectra obtained in these different areas are reported in Fig. S 2 with different colors. According to the ratio values, it is possible to define three main different areas:
1- G Band >> LDPE modes (red line)
2- G-Band ≈ LDPE modes (black line)
3- G Band << LDPE modes (green line)
These results indicate a different depth thickness of the MLG in the LDPE matrix, in total agreement with the non-planar structure highlighted in the SEM analysis.
Holes transport Characterization
In order to obtain a highly stable and fast responding OECT, it is necessary to characterize the temporal response of the drain current to any chemical or physical change into the device. The temporal response of an OECT depends on either both the ions transport from the electrolyte to the channel and the transit time of holes in the PEDOT:PSS channel. The latter can be estimated by calculating the time response of the OECT when driven by a constant gate current, Igs [1]:

where τe is the holes transit time, which in the OECT engineered for this work has been found to be equal to 52.20 µs. Fig. S 3 shows dIds/dt calculated for different Igs values (black hollow circles) and the corresponding linear fit (red dashed line), the slope of which corresponds to τe. The value obtained is low enough to indicate that the holes transport in the channel is not the limiting factor in the OECT temporal response.
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[bookmark: _Ref15033688]Fig. S 3: Evaluation of the holes transit time τe which corresponds to the slope of the linear fit (red dashed line) calculated for different Igs values (black circles).
This means that the OECT temporal response is dominated by the ions transport from the electrolyte into the organic channel, according to the dependence of the drain current by the type of ion in the electrolyte solution.


CHARACTERIZATION OF GOLD NANOPARTICLES
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[bookmark: _Ref15033935]Fig. S 4: a) Uv-vis spectrum of AuNPs dispersion synthesized trough seed-induced growth method;  the inset shows the final aspect of the colloidal solution that appears as a clear red solution. b) typical TEM micrograph of a portion of AuNPs where the principal geometry is spherical c) size distribution of AuNPs having a mean diameter of about 13 nm.
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[bookmark: _Ref15034015]Fig. S 5: Bimodal particle size distribution obtained for the analysis of the dynamic light scattering of the synthesized AuNPs in solution
The production of AuNPs is confirmed by UV-vis absorbance measurement that shows the characteristic sharp absorbance peak around 520 nm, as reported in Fig. S 4 a). The narrow peak and the absence of other peaks above 550 nm, both indicate the monodispersivety of the nanoparticles. This result is further confirmed by the TEM analysis; in fact, as it can be seen in Fig. S 4 b) the geometry of the AuNPs is mainly spherical and the size distribution calculated for a batch of 500 AuNPs shows a narrow dispersivity between 10 and 20 nm, with a mean diameter of about 13 nm (Fig. S 4 c) ).
Dynamic light scattering (DLS) has been performed to determinate the size of the AuNPs in solution and the results are reported in Fig. S 5. The hydrodynamic diameter as obtained by DLS shows a bimodal particles size distribution, which appears as two distinct peaks: a mode at small sizes (17-20 nm) related to a large number of particles and a second, less populated mode, at larger sizes (100-130 nm). The DLS first mode, with smaller size,  gives a diameter that is larger than the size measured by TEM because DLS is based on the measure of the diffusion rate that depends not only on the core size of the nanoparticles but also on any surface structures including the capping agent. The second mode with higher hydrodynamic diameter is due to the presence of AuNPs aggregates. 
A Zeta-potential ζ analysis has been performed in order to evaluate the nanoparticles charge and stability. The zeta potential cannot be measured directly, but is estimated using the Hückel equation:

where µ is the electrophoretic mobility, ε is the dielectric constant, η the viscosity of the surrounding liquid and f(κa) is the Henry’s function in which κ is the Debye length and a is the particle radius. The resulting effective surface potential of the citrate-capped AuNPs is -13.44 mV.
DECORATION OF A PMLG ELECTRODE WITH AuNPs 
Since the citrate-capped AuNPs in solution possess a net negative charge, we exploited the electrophoretic deposition method (EPD) to deposit the AuNPs on the surface of the PMLG electrode. In the EPD technique, charged nanoparticles are driven towards and deposited onto the surface of an electrode, dip-coated in a solution, with the application of an external electric field perpendicular to the substrate. To deposit the AuNPs, a positive potential of 40 V was applied constantly at the PMLG acting as anode electrode while a grounded chrome electrode was used as cathode. 
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[bookmark: _Ref15034055]Fig. S 6: a) The electric field between the anode and the cathode drives AuNPs towards the PMLG surface, where they are deposited producing a specific I vs time profile. b) SEM image of the PMLG gate electrode surface after an homogenous deposition of AuNPs; in the inset the EDX analysis of the as decorated gate electrode surface

The current measured in an EPD experiment (Fig. S 6 a)) is indicative of the motion and deposition of the charge-carrying nanoparticles. In fact, when the positive potential is switched on an intense current is recorded, the value of which depends on the AuNPs initial concentration. Subsequently, the current gradually drops down with the decreasing of the density of AuNPs in solution due to their deposition on the PMLG electrode until it reaches zero indicating the end of the reaction.  
To investigate the morphology of the PMLG electrode surface after the AuNPs deposition, a SEM micrograph was taken (Fig. S 6 b). A well-dispersed and homogenous distribution of AuNPs on the PMLG surface is observed, where the nanoparticles retain the shape and the size of the solution, proving that the EPD method does not affect their physical properties. The estimated coverage percentage of the PMLG surface is 42%. 
A study of the elemental composition of the AuNPs-decorated PMLG electrode surface was carried out with the Energy Dispersive X-ray analysis (EDX) to further confirm the presence AuNPs. In the inset of Fig. S 6 b) the spectrum shown clearly presents the main gold signals at 1.87 KeV, 2.12 KeV (M Line) and 9.89 KeV (L Line), in addition to the carbon signal 0.28 KeV (K line) related to the graphene substrate, thus confirming the presence of AuNPs on the gate electrode surface. The peaks at 0.930 and 8.040 KeV are due to the copper emission, which is the constituent material of the sample holder.
Aptamers

[image: ]
Fig. S 7: Modifications inserted at the 5’ (Fc, on the top) and 3’ (C6-SH, on the bottom) end of the TBA15 oligonucleotide 5’ Fc-GGTTGGTGTGGTTGG-C6-SH 3’, synthesized by BIOMERS (Germany) [footnoteRef:1]. Image created with  ChemSketch (https://www.acdlabs.com/products/draw_nom/draw/chemsketch/) [1:  https://www.biomers.net/de/Katalog/Modifikationen] 



[bookmark: _GoBack]
 FUNCTIONALIZATION OF AuNPs-PMLG GATE ELECTRODE BY IMMOBILIZATION OF THROMBIN BINDING APTAMER-15 (TBA-15)
X-ray photoelectron spectroscopy (XPS) analysis has been also performed to study in more details the formation of the gold-thiol binding between aptamers and AuNPs on the PMLG gate electrode surface. 
The XPS studies have been performed on three samples: the bare PMLG electrode, the AuNPs-PMLG electrode and the AuNPs-PMLG that has been functionalized with an aptamer solution having the chosen oligonucleotides concentration of 1 µM prepared with the same approach used for the gate electrode preparation. 
[bookmark: _Ref529206562]Table 1: atomic percentages for all elements in the three samples, as evaluated by XPS analysis.
	
	C graphene
	Au
	C Aptamer
	O
	N
	P
	S

	PMLG
	95.5
	-
	-
	4.5
	-
	-
	-

	PMLG-AuNPs
	95.3
	0.04
	-
	4.4
	-
	-
	-

	PMLG-AuNPs-TBA-15
	19.8
	0.08
	64.6
	11.4
	2.7
	1.1
	0.4



The atomic percentages of all elements present on the three gate electrodes were evaluated and the relative data are shown in Table 1. In the first two samples, the main element is carbon (C1s core level), as expected due to the presence of graphene as substrate, while, in the aptamers functionalized electrode, it is possible to distinguish carbon core C1s core level signals coming from the graphene and organics compounds. In this case, the attenuation of the graphene signal suggests that the mean thickness of the organic over-layer could be around 6nm in case of a complete and homogeneous coverage of the graphene substrate by the aptamers layer[2]. No further consideration concerning organic film thickness based on Au4f signal attenuation can be done, due to the very low metal S/N ratio. Presence of aptamers fingerprints confirms the achieved functionalization process, while it is difficult to discuss the absolute C, O, N, P and S atomic percentages due to the low signal to noise ratio of the last 3 elements. Indeed, this is a common issue as suggested by the large variability reported in literature for aptamers[3-5]. 
By studying in details the different core level lineshapes, information regarding the chemical/physical properties of the three surfaces are achieved. Table 2 summarizes the results for all core levels analysis, where single components binding energy and description are shown.

[bookmark: _Ref30430746]Table 2: Core level components for C1s, O1s, Au4f, N1s, P2p, S2p in all samples. Each component is identified by its chemical origin and binding energy, BE, in eV.
	
	
	Peak binding energy, BE (eV)

	Core level
	Chemical species
	PMLG
	PMLG-AuNPs
	PMLG-AuNPS-TBA-15

	C1s
	
	
	
	

	
	Graph. C-C
	288.44
	287.75
	284.62

	
	Graph. C-O
	289.31
	288.65
	285.52

	
	Apt. C-C, C-H
	
	
	285.21

	
	Apt. C-N, C-O
	
	
	286.16

	
	Apt. N-C=O
	
	
	287.00

	
	Apt. C-NH2
	
	
	287.79

	
	Apt. satellite
	
	
	288.71

	O1s
	
	
	
	

	
	Graph. C-O
	534.93
	534.51
	

	
	Apt. C=O, N-C=O, P-O, C-O
	
	
	532.04

	
	Apt. C-O-C, C-OH
	
	
	533.54

	Au 4f
	
	
	
	

	
	Au 4f 7/2
	
	86.70
	84.00

	
	Au 4f 5/2
	
	90.40
	87.66

	N1s
	
	
	
	

	
	Apt. N-C
	
	
	399.6

	
	Apt. N-H, N-H2
	
	
	400.82

	
	Apt. N-(C)3
	
	
	401.82

	P2p 3/2
	
	
	
	

	
	Apt. P-O
	
	
	134.29

	S2p 3/2
	
	
	
	

	
	Apt. S-Au
	
	
	161.80




In the PMLG sample, C1s main peak is broad (1.3eV) and located at 288.44 eV ( Fig. S 8 a)), about +4 eV from the expected ~284.7eV value for sp2-hydbridized graphitic carbon. As previously stated, this is due to the insulating character of the PMLG substrate that leads to formation of surface charges during XPS analysis. A second peak at 289.31eV is also present and it is related to C-O species on graphene[6, 7]. The corresponding oxygen species for O1s emission is located at 534.93eV (Fig. S 8 b)). The absence of any C1s peak asymmetry, typical of a single or of a few layer graphene[6-8], confirms the multilayered nature of the electrode, also taking into account the broadening due to charging.
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[bookmark: _Ref15032745]Fig. S 8: C1s and O1s core levels (left, right) for Graphene on PMLG sample. Single components are described in the legends.

Similar results have been found for PMLG-AuNPs electrode, with a slightly lower BE shift of about +3.5eV. C1s and O1s show same features of pure graphene (Fig. S 9 a) and b)), while Au4f is characterized by a doublet (Fig. S 9 c)), i.e. two peaks separated by 3.6eV as expected for gold. The very low signal to noise ratio is related to the low atomic percentage for gold, about 0.04% that is close to the XPS detection limit.
[image: ]
[bookmark: _Ref15032653]Fig. S 9: a) C1s, b) O1s and c) Au4f core levels for PMLG-AuNPs electrode. Single components are described in the legends.

Results for PMLG-AuNPs-TBA-15 gate electrode are very different. As stated before, fingerprints of all expected elements in the aptamer composed of a chain of phosphates (P) and sugar with a sequence of  9 guanine and 6 thymine basis (C, O, N), linked with a thiol group (S), are present. As it can be seen upon comparison with previous results, lineshape of C1s and O1s peaks is quite different, suggesting presence of new chemical species (Fig. S 10).
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[bookmark: _Ref15032906]Fig. S 10: a) C1s, b) O1s and c) Au4f core levels for PMLG-AuNPs-TBA-15. Single components are described in the legends.

C1s peak has a broad (4eV) and structured line shape (Fig. S 10 a)). A signal coming from the graphene layer is still detectable at 284.62eV, at the expected BE value in absence of charging effects, as well as a small component from C-O species on graphene at 285.52eV. The peak full width at half maximum (FWHM) is about 0.9eV for both features, which is significantly lower than that found for virgin graphene on LDPE sample. A large (1.3eV) and intense structure is located at 285.21eV, it can be attributed to C-C and C-H species present in the alkyl chain, sugar groups, thymine and guanine basis. Their different chemical properties lead in C1s to the most intense component, as expected from the large number of these carbon atoms, but broad, due to the impossibility to discriminate the small BE differences of C-C and C-H in all groups[9]. A second feature is present at 286.16eV (FWHM 1.23eV), located at about +1eV from the main C-C/C-H peak and thus related to both C-N species in the two basis[10] and to C-O in sugar[11]. Other two peaks, with decreasing intensity, are located at 287.00 (FWHM 1.13eV) and 287.79eV (FWHM 1.2eV); they can be attributed to carbon in N-C=O bond in guanine and thymine[12] and in C-NH2 bond in guanine[5]. A last peak is located at 288.71eV (FWHM 1.2eV) and it could be due to a shakeup electron promotion process typical of large molecules. Though characterized by a complex lineshape, the deconvolution of C1s peak shows different components with FWHM well above the system resolution (0.86eV) that corresponds to chemical species present in the studied system, i.e. aptamer on PMLG-AuNPs electrode, and are in good agreement with features found for O1s and N1s.

O1s peak analysis (Fig. S 10 b)) shows to broad (FWHM ~1.6eV) components located at 532.04 and 533.54 eV. Unlike the C1s peak, the deconvolution of O1s peak is always more difficult and it is not comprehensively discussed in literature[13, 14]. However, the two peaks are due to the superposition of the different oxygen chemical species, showing similar BE. In particular, the component at 532.04 eV can be due to oxygen in C=O and N-C=O in guanine and thymine, while a very small contribution from C-O on graphene cannot be excluded. The peak at higher BE can be identified as oxygen in C-O-C bond and in phosphates group[15]. 
Concerning the main gold XPS signal, the higher concentration with respect to the previous sample leads to a better signal to noise ratio, with the two doublet peaks well defined at the expected BE of 84 eV for Au4f 7/2 ( Fig. S 10 c)). In fact, the functionalized surface does not show any charging effect during XPS analysis, probably due to the slightly higher gold content improving electrical conductivity with respect to previous sample.
Aptamers functionalization process should occur by interaction of gold with the thiol group. The S2p 3/2 peak (S2p is a doublet with a spin orbit splitting of 1.16 eV) is located at 161.80 eV and very broad (1.8 eV), as shown in Fig. S 11 a). Although the presence of a second doublet around 162.5 eV cannot be excluded due to the low signal to noise ratio, the measured BE is typical of a surface bound Au-thiolate species[16], while unbound thiols should be around 163 eV. This means that all or, at least, most of aptamers are covalently bound to Au NPs, which is a further evidence of an achieved functionalization process.
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[bookmark: _Ref15033124]Fig. S 11: a)  S2p, b) P2p and c) N1s core levels for PMLG-AuNPs-TBA-15. Single components are described in the legends.

P2p core level (Fig. S 11 b)) is characterized by a single peak, i.e. a doublet with spin orbit splitting of 0.84eV, located at 134.29eV and related to phosphates groups[15, 17]. 
N1s core level shows the presence of three main features (Fig. S 11 c)), all being representative of chemical species in guanine and thymine. A first one is located at 399.6 eV and is typical for nitrogen in aromatic rings, the most intense peak at 400.82 is representative of N-H and N-H2 groups, the most frequent type of nitrogen atom. The third one at 401.82eV can be attributed to nitrogen atom in graphitic environment, i.e. atoms linking each basis with the sugar group[18, 19]. 
Final Image of the aptasensor
[image: ]
Fig. S 12: panel a) PMLG electrode and panel b) PMLG gated OECT.

The reproducibility of OECTs
[image: ]
Fig. S13: Normalized transfer curves (left) for two devices sharing the same channel aspect ratio; percentage current difference (right) between the same devices 

Reproducibility tests have been performed by recording the OECT response for homologue devices in terms of channel aspect ratio. Normalized transfer curves (Fig. S13, left panel) are almost indistinguishable over the whole gate voltage range. The difference between the channel currents of the analyzed devices, expressed in percentage, is also shown (Fig. S13, right panel); the maximum deviation (at Vgs=-0.2V) is in the order of a few percent and tends to decrease as the de-doping of the PEDOT:PSS channel becomes even more effective.
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