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S1. OpƟcal and morphological characterizaƟon 

 

 

Figure S 1.1. AFM images of monolayer T-rex samples before (a) and aŌer incubaƟon with dopamine hydrochloride for 1 h (b), 2 h (c) 
and 4 h (d). 



 

Figure S1.2. a) Roughness analysis of monolayer T-rex samples before and aŌer incubaƟon with dopamine hydrochloride for 1, 2 and 
4 h. Data collected from 1.0 x 1.0 um AFM scans of a single T-rex sphere aŌer flaƩen correcƟon. b) Example of flaƩen correcƟon used 
for roughness analysis of nude T-rex sample. c) EvoluƟon of roughness average (cyan) and root mean square (orange) values. 

 

 

 

 

Figure S1.3. SEM images of T-rex monolayers. a) and b) Top view images of monolayer T-rex at different magnificaƟons; c), d), e), f) 
SecƟon view images of T-rex monolayer before (c) and aŌer polydopamine coaƟng for 1 h (d), 2 h (e), and 4 h (f). 

 



 

 

 

 

Figure S1.4. a) UV–vis absorpƟon spectra of PDA films grown on glass substrates at various polymerizaƟon Ɵmes (10min-4h). b) 
Polynomial fiƫng of opƟcal density values at 400 nm versus AFM-measured thickness for films polymerized between 60 and 360 
minutes (fiƫng equaƟon shown in the inset). Thickness values for shorter polymerizaƟon Ɵmes (10–40 minutes), which could not be 
reliably measured by AFM due to instrument limitaƟons and surface roughness, were extrapolated using the fiƫng equaƟon and are 
shown as green triangles. 

 

 

 

Figure S1.5. Reflectance spectra, in the visible range, of T-rex monolayer substrates incubated with dopamine hydrochloride soluƟon 
for different Ɵme. 

 

 



 

Figure S1.6. SEM images of T-rex mulƟlayers. a) Top view of mulƟlayer T-rex;  b) SecƟon view of mulƟlayer T-rex aŌer 4 h of incubaƟon 
with dopamine hydrochloride. c) Magnified view of the same sample; PDA aggregates aƩached to the first 3-4 layers of microspheres 
are visible. 

 

 

S2. Enhancement factor calculaƟons 

A first evaluaƟon of the efficiency of a SERS substrate during the detecƟon of an analyte can be pursued by 
comparing the intensity of the Raman spectra obtained in the presence and in the absence of the SERS 
substrate. As an example, in Figure S2 we compared the spectrum of a MB 10-3 M deposited directly on a Si 
substrate and analyzed with an acquisiƟon Ɵme equal to 20s using a 633nm laser, and the spectra of MB 10-

4 M soluƟon deposited on a T-rex monolayer and a PDA 2h-Trex monolayer, considering the same acquisiƟon 
condiƟons. 

 

Figure S2. Comparison between the Raman spectrum of a MB 10-3 M deposited directly on a Si substrate and analyzed with an 
acquisiƟon Ɵme equal to 20s using a 633nm laser, and the spectra of MB 10-4 M soluƟon deposited on a T-rex monolayer and a PDA 
2h-Trex monolayer, considering the same acquisiƟon condiƟons. 

From a mathemaƟcal point of view, the efficiency of a SERS substrate during the detecƟon of an analyte can 
be pursued thanks to the calculaƟon of the analyƟcal enhancement factor according to the formula 
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𝐴𝐸𝐹 =
𝐼ௌாோௌ 𝑐ௌாோௌ⁄

𝐼ோ௔௠௔௡ 𝑐ோ௔௠௔௡⁄
 

where ISERS and IRaman are the intensity of a specific peak for SERS and normal Raman measurements, while 
CSERS and CRaman are the concentraƟon of the soluƟon used for SERS and Raman analysis (in the same 
experimental condiƟons), respecƟvely. Considering the peak at 1620 cm-1 and CRaman equal to 10-3M and CSERS 
equal to 10-5M, an average analyƟcal enhancement factor equal to 22 was obtained for prisƟne T-rex 
monolayer, and equal to 747 for the PDA 2h-Trex monolayer. 

Of course, the intensity resulƟng from normal Raman experiments is contributed by a larger number of 
molecules in comparison to those probed under SERS condiƟons, since the last one is a mere surface-effect. 
It drasƟcally decreases moving away from the substrate surface and it is relevant only within 10-20 nm from 
the SERS substrate surface. As discussed by Le Ru et al. [1], a more accurate evaluaƟon of the enhancement 
factor should account for the raƟo between the number of molecules probed in a SERS experiment and those 
of the corresponding reference sample. For these reasons, calculaƟng the SERS substrate enhancement factor 
(SSEF) is more appropriate. SSEF can be calculated according to the formula 

𝑆𝑆𝐸𝐹 =
𝐼ௌாோௌ 𝑁ௌ௨௥௙௔௖௘⁄

𝐼ோ௔௠௔௡ 𝑁ோ௔௠௔௡⁄
 

where NRaman corresponds to the average number of molecules in the scaƩering volume, during a normal 
Raman experiment and can be calculated as the product between the bulk molecule concentraƟon (10-3 M) 
and the scaƩering volume for the normal Raman measurement, mulƟply for the Avogadro number. This 
scaƩering volume is defined as 

𝑉 = 𝜋𝑟ଶℎ 

where the radius r is calculated as 

𝑟 =
0.61 𝜆

𝑁. 𝐴.
 

with λ corresponding to the wavelength used for the analysis and N.A. corresponds to the microscope 
objecƟve numerical aperture. For these measurements N. A. = 0.9. 
Instead, h corresponds to the depth of focus, calculated as follows 

ℎ =
2𝜆

(𝑁. 𝐴. )ଶ
 

Nsurface instead is the number of molecules which can directly parƟcipate in a SERS experiment, that 
correspond to the MB molecules directly adsorbed on the T-rex or PDA 2h-Trex substrates. In fact, SERS effect 
has been demonstrated to undergo an exponenƟal decay as a funcƟon of distance from the SERS-acƟve 
surface and vanishes within 10-15 nm 

So, for the calculaƟon of Nsurface we considered only the molecules that can be contained inside the volume 
described by an overcoaƟng shell surrounding the T-rex surface, with a thickness of 15 nm. In the case of SERS 
experiments we calculated a total scaƩering volume of 8.05 x 108 nm3, which can contain up to 4.85 106 

molecules of a MB soluƟon 10-5 M.  

Using this value as Nsurface and a value of 5.44 108 molecules for NRaman, we obtained an enhancement factor 
equal to 25 for prisƟne T-rex monolayer and 840 for PDA 2h-Trex monolayer. 

 

 



Comparison with plasmonic SERS substrates 

SERS substrate Enhancement 
factor 

DetecƟon limit reference 

Mo2CTx/Fe2O3/Ag 1.46 × 106 1 × 10−9 M [2] 
Spin-Coated Ag NPs ~ 109 10−10 M [3] 

Electrochemically Synthesized 
AuNPs 

4.4 × 107 9 × 10−11 [4] 

Electrochemically Synthesized 
AgNPs 

1.98 × 109 5 × 10−12 [4] 

AgNPs on anodic aluminum oxide 1.71 × 104 5.10−8 M [5] 
3D microporous graphene foam decorated with 

AgNPs 
5 × 104 10−9 M [6] 

silver nanocaps 4.2 × 107 - [7] 
gold nanorod@SiO2 3.0 × 1010 - [8] 

NaCl acƟvated Ag colloids - 23 × 10−11 [9] 
Ag NPs on ZnO nanoplates 6.2 × 106 10−9 M [10] 

MWCNTs-Ag nanocomposite 4.68 × 106 1 ppm [11] 
Au Nanoworms conjugated with MoS2 thanks to PDA ~ 107 - [12] 

AgNPs + PDA - 2.5 10-8 M [13] 
Hydrophobic Cellulose filter paper+ PDA + AgNPs - 10-7 M [14] 

T-rex monolayer 25 10-5 M This work 
PDA 2h-Trex monolayer 840 10-6 M This work 

 

Table S1. Enhancement factor and detecƟon limit typical values obtained using plasmonic SERS substrates for the detecƟon of 
Methylene Blue and comparison with the non-plasmonic substrates described in this work. 

 

 

S3. PDA-induced variaƟon of weƩability  

 

Figure S3. Contact angle of Si-wafer coated with TiO2 and T-rex monolayer substrates before and aŌer the coverage with PDA layer at 
different Ɵmes of growth. 

 

 

 

 



S4. Comparison between monolayer and mulƟlayer substrates 

 

Figure S4. Comparison between the intensity of MB (at different concentraƟons) peak at 1620 cm-1 between monolayer and mulƟlayer 
substrates. a) prisƟne T-rex substrates; b) PDA 1h-Trex substrates; c) PDA 2h-Trex substrates; d) PDA 4h-Trex substrates. 

 

S5. Assessment of PDA 2h – Trex monolayer’s uniformity, long-term stability, and reusability 

 

Figure S5. a) Comparison between the Raman spectra of a MB 10-4 M soluƟon recorded in 11 different points inside the same PDA 2h 
– Trex monolayer substrate; b) variaƟon over the Ɵme (up to 10 month in standard storage condiƟons, i.e., ambient temperature and 
atmosphere, no laser exposure) of the intensity of the main MB peak (for a MB 10-4 M soluƟon, acquisiƟon Ɵme 1s, f50%) recorded 
on a same PDA 2h – Trex monolayer substrate in different moments; c) variaƟon over the Ɵme (under intermiƩent laser exposure) of 
the intensity of the main MB peak (for a MB 10-4 M soluƟon, acquisiƟon Ɵme 1s, f50%) recorded on a PDA 2h – Trex monolayer 
substrate; d) reuse of a PDA 2h – Trex monolayer substrate for three consecuƟve cycles of MB 10-4 M detecƟon. 

 



S6. Peak assignment of histamine in normal Raman spectrum 

 

 

Raman ShiŌ (cm-1) Assignment 
1107 imidazole C-H in-plane bending 
1170 imidazole N-H in-plane bending 

NH2 rocking 
1231 imidazole C-H in-plane bending 
1275 imidazole ring stretching 
1323 methylene twisƟng 
1359 imidazole ring stretching 
1386 methylene wagging 
1443 Imidazole ring stretching(CN), 

imidazole ring bending(NH) 
1498 imidazole ring stretching 
1570 imidazole ring stretching (C=C) 
1593 imidazole ring stretching 

 

Table S2. Peak assignment of histamine in normal Raman spectrum based on references [15–17]. 

 

S7. Density FuncƟonal Theory (DFT) simulaƟons of the interacƟons between histamine and TiO2 and PDA 

PolymerizaƟon of dopamine into polydopamine (PDA) can result in various configuraƟons, characterized by 
different monomers and different arrangements. [18] Consequently, selecƟng a representaƟve model 
becomes challenging, necessitaƟng an extensive study across mulƟple geometries. In this study, however, an 
exhausƟve invesƟgaƟon into PDA-histamine interacƟons is deemed unnecessary, as evidence of favorable 
adsorpƟon provides a theoreƟcal basis for experimental characterizaƟon. The monomer selected for this 
study is the quinone one, which was chosen for its computaƟonal efficiency due to its lower number of atoms 
compared to alternaƟve structures. 

All the Density FuncƟonal Theory (DFT) simulaƟons presented in this work were conducted with Quantum 
Espresso as the periodic nature of plane-waves (PW) helps in represenƟng infinite replicas of a single or a 
group of monomers [19–22]. The Perdew-Burke-Ernzerhof (PBE) funcƟonal within the Generalized Gradient 
ApproximaƟon (GGA) was employed for a balanced trade-off between accuracy and complexity [23]. 
Convergence tests included opƟmizing atomic posiƟons along the x-direcƟon (the bonding direcƟon of 
monomers), with other direcƟons set at arbitrarily large values to prevent mirror interacƟons (y = 1.5 nm, z = 
1.0 nm). 

Convergence was achieved when the total energy stabilized within 10-4 Ry/atom upon increasing the 
wavefuncƟon cutoff energy to 5 Ry, using Ecutwfc = 75 Ry and a regular (3, 1, 2) Monkhorst-Pack k-point grid. 
The PDA surface was constructed by enlarging the supercell to accommodate four monomers, with 
dimensions adjusted to (1.78, 1.70, 1.70) nm and uƟlizing the Γ-point to speed up convergence. 

Three configuraƟons were invesƟgated: (a) four monomers with idenƟcal orientaƟon, (b) three monomers 
aligned and one rotated (and opƟonally horizontally flipped, referred to as b*), and (c) a sequence of four 



monomers each rotated by 180° with respect to the previous one (see Figure S6). The formaƟon energy per 
monomer was calculated as  

(TE4 - TE1) / 4, 

where TE4 and TE1 represent the total energy of the surface (four monomers) and the single monomer, 
respecƟvely. The obtained results are: –54 kJ/mol for the (a) configuraƟon, -69 kJ/mol for the (b) 
configuraƟon, –75 kJ/mol for the (b*) configuraƟon and –95 kJ/mol for the (c) configuraƟon.  

All the considered PDA configuraƟons are characterized by a negaƟve formaƟon energy, suggesƟng their 
stability. However, they differ for the number of H-bonds that can arise between the different monomers 
inside each structure, which determine the different absolute value of formaƟon energy. In parƟcular, 
configuraƟons (a), (b) and (b*) are characterized by a lower number of intra structure H-bonds in comparison 
to configuraƟon (c), which is characterized by a greater proximity between hydrogen and oxygen atoms. This 
fact leads to a higher availability of H atoms for the formaƟon of new H-bonds with an adsorbate (i.e. 
histamine) in the case of the (a), (b) and (b*) configuraƟons and it clearly reflects on the strength of the 
interacƟon with histamine.  

The adsorpƟon energy for histamine was calculated as  

TEPDA+his - TEPDA - TEhis, 

where TEPDA corresponds to TE4, TEhis is the total energy for a histamine molecule in the supercell containing 
four monomers and TEPDA+his is the total energy for adsorpƟon configuraƟon. 

The obtained values are: -45 kJ/mol for the (a) configuraƟon, -45 kJ/mol for the (b) configuraƟon, – 48 kJ/mol 
for the (b*) configuraƟon and – 29 kJ/mol for the (c) configuraƟon. 

In Figure S7 the adsorpƟon configuraƟons of histamine on different PDA surfaces are represented. 

 

Figure S7. OpƟmized structures for the free histamine molecule and histamine adsorbed on a TiO2 surface or on different PDA 
surfaces. A descripƟon of the considered PDA structures can be found in the text. DoƩed-red lines indicate proposed H-bonds 
between molecule and surface. Atom distances in histamine molecules and H-bond lengths are reported in Ångström 

For a comparison, a (101) anatase surface was modelled with dimensions similar to those used for PDA, 
including four verƟcal layers of Ɵtanium atoms, with the boƩom two fixed and a vacuum layer of 



approximately 1.6 nm added above the slab. This surface is characterized by a formaƟon energy equal to + 
50 kJ/mol.  

The absorpƟon energy of histamine over this surface is -37 kJ/mol, with three proposed possible interacƟons 
between hydrogen atoms of the histamine and oxygen atoms of the surface. Each one of these bonds is 
characterized by a significantly lower energy respect to H-bonds obtained for the four PDA configuraƟons, 
leading to a less favourable adsorpƟon. 
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Figure S8. Extended spectra of histamine (10-8-10-2M) using PDA 2h -Trex monolayer as SERS substrate and comparison with the 
convenƟonal Raman spectrum of a concentrated (10-2 M) histamine soluƟon on a Si substrate. AcquisiƟon Ɵme 30s. 
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