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ABSTRACT 

 

This doctoral thesis investigates the role of nano-scale contact (NSC) on surface adhesion. For 

this, Förster Resonance Energy Transfer (FRET) is introduced as a unique experimental 

technique to measure the NSC between soft surfaces, which allows establishing a linear 

correlation between FRET intensity and separation energy (adhesion). 

In Publication I a working FRET system was developed to measure the degree of NSC between 

bonded polymeric thin films using FRET spectroscopy and FRET microscopy in a distance 

detection range of 2.6-10.2 nm. From the fluorescence images FRET intensity maps were 

obtained which also allowed the local analysis of NSC over thin films bonded areas. And 

accordantly, the association between NSC, measured by FRET and separation energy/adhesion 

using bonded thin films with different degrees of NSC (films pressed under various loads). was 

demonstrated.  

To improve the method's efficiency and sensitivity, Manuscript II introduces an entirely new 

FRET pair. The resultant FRET system, specifically designed and optimized to measure NSC, 

presents high quantum yields and a distance detection range of 0.6-2.2 nm, closer to the 

interaction range of the intermolecular forces (hydrogen bonds and Van der Waals forces) 

responsible for adhesion. 

And in Manuscript III, the functionalization of the adhering surfaces with FRET-dye nanolayers 

formed by physical vapor deposition (PVD) is presented. Here, the dye molecules on which 

FRET depends are located only in the interface between the films, where NSC and 

intermolecular forces responsible for adhesion take place, reducing the noise coming from other 

dye molecules distributed throughout the entire polymeric matrix of the films. Therefore, with 

this approach, the method can be applied to estimate the degree of NSC on arbitrary transparent 

surfaces. 

This work opens an entirely novel approach for the quantification (FRET spectroscopy) and 

imaging (FRET microscopy) of NSC between transparent adhering surfaces, representing a 

substantial advance in the study of solid materials contact mechanics and all fields where 

adhesion or NSC plays a role. 
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KURZFASSUNG 

 

Diese Doktorarbeit untersucht die Rolle des Materialkontakts im Nano-Maßstab (nano-scale 

contact - NSC) bei Adhäsion. Dazu wird der Förster Resonance Energy Transfer (FRET) als 

einzigartige experimentelle Technik zur Messung des NSC zwischen weichen Oberflächen 

eingeführt, die es ermöglicht, eine lineare Korrelation zwischen FRET-Intensität und 

Trennenergie (Adhäsion) herzustellen. 

In Publikation I wurde ein funktionierendes FRET-System entwickelt, um den Grad des NSC 

zwischen gebundenen Polymer-Dünnfilmen mittels FRET-Spektroskopie und FRET-

Mikroskopie in einem Detektionsbereich von 2,6-10,2 nm zu messen. Aus den dabei erhaltenen 

Fluoreszenzbildern wurden FRET-Intensitätsdiagramme abgeleitet, die auch eine lokale 

Analyse des NSC in den Bindungsbereichen zwischen Dünnschichten ermöglichten. 

Dementsprechend konnte der Zusammenhang zwischen NSC (gemessen durch FRET) und 

Trennenergie/Adhäsion bei gebundenen Dünnschichten unterschiedlicher NSC-Grade (unter 

verschiedenen Lasten gepresst) gezeigt werden. 

Um die Effizienz und Sensitivität der Methode zu verbessern, führt Manuskript II ein völlig 

neues FRET-Paar ein. Das resultierende FRET-System, das speziell für die Messung von NSC 

entwickelt und optimiert wurde, bietet hohe Quantum Yields und einen Detektionsbereich von 

0,6-2,2 nm, näher am Wechselwirkungsbereich der intermolekularen Kräfte 

(Wasserstoffbrücken und Van-der-Waals-Kräfte), die für die Adhäsion verantwortlich sind. 

In Manuskript III wird die Funktionalisierung der haftenden Oberflächen mit FRET-Farbstoff-

Nanoschichten vorgestellt, die mittels physikalischer Gasphasenabscheidung (PVD) gebildet 

wurden. Hier befinden sich die Farbstoffmoleküle, von denen FRET abhängt, nur an der 

Grenzfläche zwischen den Filmen, also nur dort, wo NSC und intermolekulare Kräfte (für die 

Adhäsion verantwortlich) auftreten. Dadurch konnte das Messrauschen signifikant reduziert 

werden, welches in den vorangegangenen Experimenten aufgrund der über die gesamte 

Polymermatrix verteilten Farbstoffmoleküle entstand. Daher kann das Verfahren mit diesem 

Ansatz nun angewendet werden, um den Grad des NSC auf beliebigen transparenten 

Oberflächen abzuschätzen. 

Diese Arbeit eröffnet einen völlig neuen Ansatz für die Quantifizierung (FRET-Spektroskopie) 

und Bildgebung (FRET-Mikroskopie) von NSC zwischen transparenten, adhäsiven 

Oberflächen, was einen wesentlichen Fortschritt in der Untersuchung der Kontaktmechanik von 

Festkörpermaterialien und allen Bereichen darstellt, in denen Adhäsion oder NSC eine Rolle 

spielen.  
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1. Introduction 

1.1. Motivation 

Adhesion can be found everywhere. It is present in nature, between organic and inorganic 

materials, any type of surface, fiber, cell or protein [1–3]. Adhesion is also highly relevant in 

man-made components, from tribology to sealants and adhesives, including basically all sorts of 

engineering applications [4–6]. Therefore, the role of interfacial adhesion between solid materials 

is essential in several fields of biology, science, and technology, such as cellular adhesion and 

contact mechanics [7,8]. Adhesion results from a network of intermolecular forces formed by 

hydrogen bonds and Van der Waals forces; that can only be developed if the adhering surfaces 

are in nano-scale contact (NSC), i.e. 0.1-0.4nm [9–13]. 

However, it is rare to have two surfaces in complete NSC. Instead, what we have is a mixture of 

bonded areas and open gaps (Figure 1); this can be problematic to measure NSC, since surfaces 

that appear to be in full contact at the micro-scale, end up revealing gaps when inspected at the 

nanometric length scale (Figure 1) [14–16]. Thus, to properly quantify the NSC and its influence 

on adhesion, it is essential to utilize a measurement method that works on the relevant length 

scale of the intermolecular forces (i.e. distance range of 0.1-0.4nm). 

 

Figure 1 – Two surfaces in physical contact observed at micrometer and nanometer scale. Contact area decreases 

with increasing magnification. 

Nevertheless, optical microscopy [17–23], force modulation with depth-sensing nanoindentation 

[23–25] and contact mechanics theories and simulations [5,12,26–28] have been used over the 
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last decades to estimate NSC and adhesion between solid materials. However, none of those 

studies offered an experimental technique to properly evaluate NSC and thus, cannot provide a 

complete investigation of the mechanisms responsible for adhesion at the nanometric scale. 

This work is an attempt to improve the fundamental understanding of the role of NSC on adhesion 

using Förster Resonance Energy Transfer (FRET) methods. FRET is a technique capable to 

quantify the degree of close contact between two surfaces in a distance range of 0-20 nm. For 

that FRET needs two fluorescence molecules named Donor and Acceptor [29].  

If the molecules are close enough to each other, i.e. within a distance range of 0-20 nm, and the 

Donor molecule is excited, a non-radiative energy is transferred to the Acceptor molecule and, a 

FRET signal can be detected; which is observed as an increase of the fluorescence Acceptor dye 

[30]. This signal can be used to determine the FRET efficiency (FRETeff) and the average 

distance between the Donor and Acceptor molecules due to the Förster Theory [31]. Hence, 

FRET can be employed to measure NSC between transparent surfaces. For this, each surface 

needs to be labelled with a dye molecule, one with Donor and one with Acceptor, which 

depending on the degree of NSC, will interact and provide FRET. The resulting FRET signal can 

be related to the adhesion forces between the surfaces. This approach opens an entirely novel 

method to quantify NSC and to study its influence on surface adhesion. 

1.2. Aim of the work 

This work was focused on providing a proof of concept for the measurement of NSC, and its 

interrelation with adhesion between soft surfaces using FRET methods. It can be divided into 

four main goals: 

1) Develop a working FRET system to measure the degree of NSC between bonded 

polymeric thin films using FRET spectroscopy and FRET microscopy; 

2) Validate the correlation between NSC, measured by FRET and adhesion (separation 

energy) using bonded thin films with different degrees of NSC (prepared by pressing the 

films under different loads); 

3) Develop a new FRET pair/system with a low distance range detection (close to the 

interaction range of the intermolecular adhesion forces: hydrogen bonds and Van der 

Waals forces), specifically designed and optimized for the measurement of NSC and its 

influence on adhesion. 
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4) Measure NSC on arbitrary surfaces by functionalizing them with FRET-dye nanolayers 

formed via physical vapor deposition (PVD), to improve the overall sensitivity of the 

method; once the NSC and intermolecular forces responsible for adhesion only take place 

on the interfaces of the adhering surfaces. 

1.3. Outline 

This doctoral thesis is based on Publication I, and Manuscripts II and III. The following sections 

contain an introduction to adhesion, NSC, and FRET principles (Förster theory and FRET dyes). 

In addition, more details about the experimental methods used in the publication/manuscripts are 

given. These details are covering the selected fluorescence molecules, how to calculate FRET, 

and the computational evaluation of FRET signals using fluorescence microscopy. 

Publication I presents FRET spectroscopy and FRET microscopy as experimental techniques to 

measure the degree of NSC between soft surfaces and its connection with adhesion force. For 

this, a well-known FRET pair was used with a distance detection range of 2.6-10.2nm. The 

primary focus was to develop a working FRET system using polymeric bonded thin films with 

different degrees of NSC; that later was correlated with its separation energy/adhesion. 

Publication I covers the aims of the work 1) and 2) as described in section 1.2. 

Manuscript II introduces a new FRET pair/system for the measurement of NSC with FRET 

spectroscopy. The new FRET pair of compatible fluorescence molecules specifically developed 

for the proper quantification of NSC presents a high quantum yield and low FRET distance range 

of 0.6-2.2nm; which improved the sensitivity of the method and its accuracy to detect NSC, 

closer to the scale where the intermolecular forces responsible for adhesion forces occur. 

Manuscript II covers the aim of the work 3) as described in section 1.2. 

Manuscript III provides a new approach to measure NSC with FRET methods using dye 

nanolayer films prepared by PVD. Once the NSC and FRET only take place on the interface, it 

is only necessary to have FRET dyes on the surface, which improves even further the method 

sensitivity. Moreover, this novel feature of the method allows the measurement of NSC between 

arbitrary surfaces. Manuscript III covers the aim of the work 4) as described in section 1.2. 
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2. Förster Resonance Energy Transfer  

2.1. FRET principles and their relation to NSC 

FRET is based on the Förster theory, presented in Theodor Förster’s original papers, published 

between 1946 to 1965 [32]. By taking advantage of the fluorescence properties of certain 

molecules, FRET explores the non-radiative energy transferred between them to study their exact 

nanometric distance [31,33,34].  

The fluorescence molecules, named Donor and Acceptor, interact as freely oscillating dipoles. 

As demonstrated in Figure 2A (blue lines), the Donor molecule absorbs an incoming photon and 

is excited to a high energy level. After reaching its higher excitation state, it relaxes and releases 

part of its energy to reach a lower excitation state (Figure 2A, blue lines). Afterwards, if no 

Acceptor molecule is close to it, the Donor molecule continues relaxing to reach its initial state 

(Figure 2A, blue lines), emitting standard fluorescence radiation in the process (Figure 2B, blue 

spectra) [35,36]. Alternatively, if there is an available Acceptor-compatible molecule close by 

(Figure 2A, green line), the energy released in the Donor relaxation processes can be non-

radiatively incepted by the Acceptor, in a dipole-dipole interaction (Figure 2A, violet lines); 

followed by the Acceptor’s emission of a photon, corresponding to the Acceptor fluorescence 

emission spectra (Figure 2b, green spectra), which only depends on the Donor and Acceptor 

properties, medium conditions and physical distance [37]. This non-radiative energy transfer 

from Donor to Acceptor is called FRET (Förster Resonance Energy Transfer) [31]. 

Accordantly, for Donor and Acceptor molecules to be compatible they need to have lined up 

energy bands, as shown in Figure 2A. In practice, they must present different, yet overlapping, 

Donor emission and Acceptor excitation spectra, see pink area in Figure 2B [31].  

And therefore, a FRET signal (Figure 2C) is identified when in the presence of each other and in 

relation to their pure emission spectra (excited at the same wavelength), Donor intensity drops 

(from ID to IDA), and Acceptor intensity rises (from IA to IAD, observe arrows) due to the Donor 

→ Acceptor energy transfer. 

 

 

 

 



 

15 

 

 

Figure 2 – (A) Jablonski diagram of fluorescence and non-radiative FRET between compatible Donor and Acceptor 

molecules; (B) Schematic representation of Donor and Acceptor excitation and emission spectra with spectral 

overlap (marked in pink), on which FRET depends; and (C) FRET signal: emission spectra of pure Donor (blue 

line), pure Acceptor (green line) and Donor-Acceptor interaction (pink line); when in the presence of each other and 

in relation to their pure spectra (see arrows), Donor intensity drops (from ID to IDA), and Acceptor intensity rises 

(from IA to IAD). 

2.2. Förster Theory 

The Förster theory allows us to explain the relationship between energy transfer, spectral overlap, 

and physical distance between compatible fluorescence molecules [31]. Therefore, if Donor and 

Acceptor molecules are close enough to each other, FRET (Donor → Acceptor energy transfer, 

Figure 3A) will occur and the FRET eff (%) can be calculated: 

𝐹𝑅𝐸𝑇 𝑒𝑓𝑓 =
1

1+(𝑟/𝑅0)6  [%]                                                                                                             (1) 

where r [nm] is the distance between Donor and Acceptor and R0 [nm] the Förster Radius. R0 

only relies on the properties and medium conditions of the selected Donor-Acceptor molecules 

and determines the FRET detection distance range of the system under study. 

A FRET signal (Figure 3A) can only be properly detected within 0.5R0-2R0 nm. Above 2R0, 

Donor and Acceptor molecules are simply too far apart from each other for FRET to be detected 

[31]. And below 0.5R0 it is possible to have orbital overlapping, which can result in electron 

exchange between the Donor and Acceptor molecules, and energy transfer in both directions: 

Donor → Acceptor  and Acceptor → Donor [29,35,37,38]. This phenomenon is named as Dexter 

transfer, and can be recognized when in the presence of each other and in relation to their pure 

emission spectra (excited at the same wavelength), both Donor and Acceptor intensities increase 

(Figure 3B, observe arrows) due to the Donor ↔ Acceptor energy transfer. 
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Figure 3 – (A) Standard FRET signal: when in the presence of each other and in relation to their pure spectra (see 

arrows), Donor intensity drops and Acceptor intensity rises due to the Donor → Acceptor energy transfer; and (B) 

Dexter transfer: when in the presence of each other and in relation to their pure spectra (see arrows), Donor and 

Acceptor intensities increase due to Donor ↔ Acceptor energy transfer, caused by dipole overlapping bellow 0.5R0. 

Accordantly, Dexter transfer leads to false FRET intensities and is avoid by respecting the 0.5R0-

2R0 nm FRET distance range. For FRET systems that present Dexter transfer must be used a 

lower dye(s) molar concentration, which will reduce the number of molecules in the medium and 

therefore, increase the nanometric distance between them (preventing Donor-Acceptor orbital 

overlapping). To determine the FRET distance range, Following the instructions presented in the 

book from Medintz and Hildebrandt (chapter 5, pages 106-122)[30], R0 can be written as: 

R0 = (
9 ln(10) k2QYDonor J

128 π5NAn4 ) 
1

6⁄  [nm]                                                                                          (2) 

where NA is Avogadro’s constant [6.02 214 ×1023 mol−1], n [-] the medium refractive index, 

QYDonor the Donor quantum yield and k2 [-] the orientation factor of the Donor-Acceptor dipoles. 

k2 can vary from 0-4 but due to the complexity of its determination, most of the authors use the 

average of 2/3, since when the Donor-Acceptor dipoles orientation randomize during the excite 

state, the constant takes this value [39]. 

J [nm4.M-1.cm-1] is the spectral overlap integral, on which FRET also depends [31] (Figure 1B). 

J can be calculated from: 

𝐽 =  ∫ 𝑓𝐷(𝜆) 𝜖𝐴(𝜆) 𝜆4 𝑑𝜆 [nm4.M-1.cm-1]                                                                                    (3) 

where fD is the Donor emission spectrum normalized to unity, εA the Acceptor molar attenuation 

coefficient [M-1.cm-1] and λ the wavelength [nm]. The Donor and Acceptor molar attenuation 

coefficients (ε) spectra are determined from the absorbance by Beer-Lambert’s Law [35,40]: 
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𝐴𝑏 = 𝜀 𝑐 𝑙                                                                                                                                           (4) 

where Ab is the absorbance defined as the negative decadic logarithm of the measured 

transmittance (by UV-Vis spectrometry), c is the molar concentration of the dye [M] and l is the 

length of the light path [cm]. 

Equations 1 to 3 are the basis of the Förster Theory, demonstrating the dependency of FRET eff 

on r and R0, and how it is possible to properly calculate r having knowledge about the FRET pair 

(R0) and the amount of energy being transferred (FRETeff). 

Hence, FRET spectroscopy can be applied to study the degree of NSC between bonded films. 

For this, each surface is labelled with one of the dyes, Donor or Acceptor, and analyzed in the 

presence and absence of each other (Figure 4). In this case, the surfaces will present areas in full 

NSC and open gaps with higher nanometric distances separating them, due to roughness and/or 

flexibility of the films. Accordantly, in areas with no NSC above 2R0, FRET does not occur and 

no FRET signal can be sensed (Figure 4). On the contrary, in areas at NSC within 0.5R0-2R0, 

FRET takes place and a FRET signal can be detected (Figure 4). 

In this thesis, FRET spectroscopy was used to measure the average degree of NSC between 

bonded films from which adhesion depends, once the intermolecular forces responsible for it 

occur; allowing therefore, the direct correlation between FRET intensity and adhesion (bonded 

films separation energy).  

 

Figure 4 – Donor and Acceptor bonded films analyzed by FRET spectroscopy. At the nano-scale the films present 

areas in NSC (0.5R0-2R0), from witch a FRET signal can be detected, and open gaps (above 2R0) where no FRET 

occurs. The pure Donor, pure Acceptor and Donor-Acceptor in contact emission spectra on the right, represent both 

cases. 
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2.3. Design of a FRET pair 

As demonstrated above, the choice of the FRET pair (Donor and Acceptor molecules) determines 

the capacity of the FRET system. For a couple of fluorescence molecules to be considered as a 

potential FRET pair, they need to [31]: 

- Have an appropriate interaction range (Förster radius, R0). The distance range of the 

FRET pair must fit the distance range of what is intended to be measured. Thus, only after 

knowing what is the nanometric distance range to be detected, a FRET pair with such 

sensitivity can be selected. 

- Be spectroscopically compatible. To form a FRET pair, the molecules must present 

different, yet overlapping, Donor emission and Acceptor excitation spectra (Figure 2B), 

indicating lined-up energy bands (Figure 2A) on which FRET relies. Thanks to the 

spectral overlap, FRET utilizes the non-radiative energy transferred between Donor and 

Acceptor molecules to study their exact nanometric distance (Eq. 1). The area of the 

spectral overlap (J, Eq. 3) will determine the R0 (Eq. 2) and the distance range of the 

FRET system (0.5R0-2R0). Larger overlap areas result in higher R0, and accordantly, the 

contrary is also valid (Eq. 2 and 3). 

- Present a high quantum yield (QY). The QY is the ratio between the number of photons 

emitted to the number of photons absorbed, indicating the capacity of the fluorescence 

dyes to absorb and emit light. Molecules with high QYs are easier to sense, which results 

in higher intensity signals. Therefore, lower QYs make FRET signals harder to be 

detected. This usually requires higher dye concentrations to overcome the low QY. 

Besides this, it is also preferable to use molecules that are soluble in the same medium and molar 

concentration to enable further verification experiments. For example, the mixture of both dyes 

can be used as a positive FRET control (examples in section 2.4.3.). 
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2.4. Experimental 

2.4.1. Fluorescence dyes 

For the FRET experiments two pairs of compatible fluorescence molecules were used (Figure 5). 

The first pair has 7-(diethylamino)coumarin-3-carbohydrazide (DCCH) as the Donor dye and 

fluorescein-5-thiosemicarbazide (FTSC) as the Acceptor dye (Figure 5A). The DCCH/FTSC pair 

is FRET compatible (spectral overlap), soluble in the same solvent at the same molar 

concentration, acceptable QYs and an R0 of 5.1 nm (Table 1). The selection of these molecules 

was based on the reported studies about the interaction between paper fibers realized by Thomson 

et al. [41,42]. A complete study about DCCH/FTSC performance in different solvents and pH 

can also be found in Urstöger et al. [43]; particularly relevant due to the strong dependency of 

FTSC on its surrounding environment [44], from which its fluorescence spectra can be 

significantly shifted as observed in Urstöger et al. [43]. Fortunately, such a phenomenon cannot 

be noticed when the dye molecule is entrapped in a polymeric matrix; as is the case for the poly(2-

hydroxyethyl methacrylate) (pHema) thin films used for all the experiments realized in this work. 

Further details about the conditions utilized to employ the DCCH/FTSC pair in this thesis are 

described in Publication I [45]. 

 

Figure 5 – Chemical structures of the fluorescence molecules: (A) – FRET pair 1 with DCCH and FTSC; and (B) – 

FRET pair 2 with C120 and CDCF as Donor and Acceptor dyes, respectively. 
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Table 1 – QY of the Donor and Acceptor molecules selected to form compatible FRET pairs and their correspondent 

solvent, Ro and FRET distance range at molar concentrations used in the FRET experiments. 

FRET pair QY Solvent 
Molar 

Concentration / mM 
R0 / nm 

FRET distance 

range / nm 

1 
DCCH 0.14 

Tetrahydrofuran 1.5 5.1 2.6-10.2 
FTSC 0.12 

2 
C120 0.91 

Ethanol 0.1 1.1 0.6-2.2 
CDCF 0.64 

 

The second pair consisted of 7-Amino-4-methyl-cumarin (C120) as the Donor dye and 5(6)-

carboxy-2′,7′-dichlor-fluorescein (CDCF) as the Acceptor dye (Figure 5B). On the contrary to 

the first pair of fluorophores, C120 and CDCF were carefully selected to form a new FRET 

pair/system specifically designed for the measurement of NSC. In comparison with 

DCCH/FTSC, the FRET compatible C120/CDCF pair demonstrates a smaller spectral overlap, 

which results in a smaller R0 and distance detection range  (i.e. 0.6-2.2 nm, Table 1) [31], closer 

to the distance range where the intermolecular forces responsible for adhesion occur; enhancing 

the accuracy of the FRET system for the measurement of NSC and its influence on adhesion. In 

addition, the C120/CDCF pair presents significantly higher QYs (Table 1), that positively 

contribute to the sensitivity of the method [36,46], which is particularly important for the analysis 

of non-uniformly bonded soft surfaces, as is the case in this work. And for last, the C120 and 

CDCF molecules also present a low vapor pressure, that allows us to form dye nanolayer films 

by PVD (according to the main goal number 4, section 1.2.); improving the overall precision of 

the method and its versatility. The conditions in which the C120 and CDCF molecules were used 

to develop the new FRET pair/system can be found in Manuscript II. 

The dye labelling procedures, for both FRET pairs, are described in Publication I and 

Manuscripts II and III. In the following sections will give further explanations and examples 

about the experiments and calculations performed to develop both working FRET systems. 
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2.4.2. Ultraviolet–Visible (UV-Vis) Spectroscopy  

UV-Vis spectroscopy is used to record the absorbance of the Donor and Acceptor molecules 

(Figure 6) and calculate the εD and εA (molar attenuation coefficients) spectra (Eq.4) [31]. The 

sample (e.g. a cuvette filled with a dye solution or a labelled thin film) is placed directly between 

the monochromatic light beam and the detector (Figure 6), and the equipment measures the 

amount of light absorbed by the sample with a certain or a range of wavelengths. To avoid inner 

filter effects or deviations from Beer-Lambert’s law, the sample optical density should never 

exceed 0.5 in optical density [40].  

 

Figure 6 – Schematic representation of a UV-Vis spectrometer. 

In Figure 7A and B one can see the εD and εA spectra (Eq. 4) of the DCCH/FTSC and C120/CDCF 

thin films prepared for this thesis, respectively (dye molar concentrations described in Table 1). 

These spectra indicate the capacity of the fluorescence molecules to capture light and the 

wavelength regions where both dyes can be excited simultaneously. For a correct FRET study, 

all measurements need to be performed using the same excitation wavelength [30]. It is 

appropriated to select a wavelength with high εD, as the Donor needs to receive enough light for 

himself and FRET (energy transfer to the Acceptor). On the contrary, εA should be lower, since 

during FRET the Acceptor receives extra energy from the Donor. Nevertheless, εA cannot be too 

low because the Acceptor also has to be excited for FRET (Figure 2A) [30]. Accordantly, all 

fluorescence spectra performed in this thesis were collected at the excitation wavelengths 

described in Table 2. 
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Figure 7 – Donor and Acceptor polymeric thin films ε spectra with: (A) FRET pair 1, DCCH and FTSC dye 

molecules and (B) FRET pair 2, C120 and CDCF dye molecules. Schematic representation of a UV-Vis 

spectrometer. 

Table 2 – Selected measurement excitation wavelengths and correspondent εA/εD ratios for FRET pair 1 and 2. 

FRET pair Excitation Wavelength / nm εD εA 

DCCH/FTSC 440 5.2 0.4 

C120/CDCF 
330 9.1 3.8 

350 14.9 3.1 

2.4.3. Fluorescence Spectroscopy 

The fluorescence spectrometer, or just Fluorspectrometer, is the most common instrument used 

for FRET studies. And even when the main objective is to utilize other methods, e.g. 

Fluorescence Microscopy, at least the Donor emission spectrum needs to be recorded, to calculate 

the integral overlap (Eq. 3) of the selected FRET pair, on which R0 depends (Eq. 2) [30,31]. 

Fluorescence spectroscopy is based on the same concept as UV-Vis. However, with a 

Fluorspectrometer the light is detected using a different angle than the incident beam (Figure 8), 

allowing to measure only the fluorescence emitted by the sample and not the direct light that 

passes through it. The sample can be, e.g., a cuvette filled with a dye solution or a labelled thin 

film, and the most frequently used angle for the measurements is 90º, as seen in Figure 8. The 

use of high dye concentrations can again lead to undesirable inner filter effects that reduce the 

intensity of the spectra or even disable its detection [40].  
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Figure 8 – Schematic representation of a Fluorspectrometer. 

For FRET, in particular, another crucial aspect to pay attention to is the spectral bleed-through, 

which is characterized by the spectral overlap between the Donor and Acceptor emission spectra 

(Figure 9, marked in red). From the spectral bleed-through, light emitted from the Donor may be 

misinterpreted as Acceptor fluorescence, which can lead to false FRET results. Stressing that the 

spectral bleed-through does not take place in the spectral overlap between Donor emission and 

Acceptor excitation spectra (Figure 2B and Figure 9, marked in pink), on which FRET depends. 

Accordantly, it is preferable to select dyes with a minor bleed through overlap, and this is also 

the reason why in FRET studies, Donor and Acceptor dyes must always be analyzed in the 

presence and absence of each other, as the spectra might change. 

 

Figure 9 – Excitation and emission spectra of the FRET pair C120/CDCF in solution. The spectral overlap between 

the Donor emission and the Acceptor excitation spectra, on which FRET depends, is marked in pink. The bleed 

through region between the Donor and Acceptor emission spectra is marked in red. 

Figure 10 depicts the fluorescence emission spectra of pure Donor, pure Acceptor and Donor-

Acceptor mixed bonded thin films (at the same molar concentration), using the FRET 
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pairs/systems 1 and 2 (Figure 5). Here one can observe two examples of Donor → Acceptor 

FRET; characterized by the Donor peak intensity drop (from ID to IDA) and Acceptor peak 

intensity increase (from IA to IAD) from the mixed thin films in comparison to their pure spectra 

(see arrows, Figure 10A and B). 

Since in the mixture thin films, both Donor and Acceptor molecules are entrapped in the same 

polymeric matrix, in close molecular contact, these FRET signals represent the maximum energy 

that can be transferred from the Donor to the Acceptor molecules, at the used molar 

concentrations (Table 1). Accordantly, these spectra were used as a reference/positive control in 

the experiments with the Donor/Acceptor bonded thin films further investigated in this thesis 

(Publication I and Manuscripts II and III).  

 

Figure 10 – Fluorescence emission spectra from pure Donor, pure Acceptor and Donor-Acceptor mixture thin films 

labelled with: (A) DCCH/FTSC, FRET pair 1 (1.5 mM) excited at 440 nm and (B) C120/CDCF, FRET pair 2 (0,1 

mM) excited at 330 nm. 

2.4.4. FRET efficiency (FRETeff) 

FRETeff relates the R0 (nm), r (D-A distance, nm) and the spectra of the Donor and Acceptor 

molecules in the presence and absence of each other. To calculate the FRETeff from a FRET 

signal several methods can be used such as Donor quenching, Acceptor sensitization and 

Donor/Acceptor photobleaching [30]. 

Donor quenching is related to the reduced emission from Donor molecules, occurring during 

FRET due to the energy transfer from the Donor to the Acceptor molecules. The ratio between 

the Donor luminescence in the presence (IDA, FRET can occur) and absence (ID, no FRET can 

occur) of the Acceptor can be used to calculate the FRETeff: 
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𝐹𝑅𝐸𝑇𝑒𝑓𝑓𝐷𝑜𝑛𝑜𝑟 𝑄𝑢𝑒𝑛𝑐ℎ𝑖𝑛𝑔 = 1 −
𝐼𝐷𝐴

𝐼𝐷
                                                                                                   (5) 

However, Donor quenching does not only occur due to FRET (dynamic quenching). Several 

other quenching mechanisms, named static quenching (i.e. light, pressure, temperature or any 

type of reaction), can decrease the fluorescence capacity of Donor molecules. And thus, it is not 

recommended to use this method to determine FRETeff [30]., 

In contrast, the Acceptor luminescence is only further excited when exposed to Donor FRET, 

which makes the Acceptor sensitization (Eq. 6) a much more reliable method.  

𝐹𝑅𝐸𝑇𝑒𝑓𝑓𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟 𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = (
𝐼𝐴𝐷−𝐼𝐴

𝐼𝐴
) (

𝜀𝐴

𝜀𝐷
)                                                                                      (6) 

where IAD and IA stand for the Acceptor intensity (maximum peak value) in the presence and 

absence of the Donor, respectively. The direct excitation of the Acceptor at the Donor excitation 

wavelength must be considered; and thus, to achieve correct values of FRETeff, IAD/ IA is 

subtracted by IA and multiplied by the ratio of εA and εD at the excitation wavelength used to 

collect the spectra during the FRET experiments (Table 2). 

Furthermore, Donor and Acceptor photobleaching can also be used to calculate the FRETeff.  

During photobleaching, the fluorophore is irreversibly damaged by photodegradation. In 

practice, the molecules are excited with a powerful light source until no luminescence can be 

emitted/detected. With the Donor photobleaching method, the time necessary to photobleach the 

Donor in the presence and absence of the Acceptor is used to determine the FRETeff [30]. In 

contrast, the Acceptor photobleaching method utilizes the luminescence of the Donor in the 

presence of the Acceptor, before and after the Acceptor photobleaching [30]; which means that 

it is only necessary to measure a single sample to calculate the FRETeff. This is quite useful in 

cases where it is difficult to control the concentration of the dyes, e.g., in protein or cell studies. 

Moreover, applying this method, due to the photodegradation of the Acceptor, the FRET path is 

also permanently demolished, and so for both methods, it is important to note that the samples 

cannot be used again. Depending on the type of study, this can or cannot be a suitable option to 

determine FRETeff [30]. 

For this thesis, the FRET experiments were conducted in bonded thin films, with known dye 

concentrations and uniform distribution, and therefore, to calculate the FRETeff the Acceptor 

sensitization method was employed (Eq. 6), which relies on the Acceptor performance and 

therefore, demonstrates true evidence of FRET [30]. Hence, were calculated the FRETeffs (Table 
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3 from FRET signals of the DCCH/FTSC and C120/CDCF pure and mixed thin films shown in 

Figure 10A and B. 

Table 3 – Acceptor Sensitization FRETeff of the Donor-Acceptor mixture thin films. 

FRET 

pair 
Dye Molecules 

Excitation 

Wavelength / nm 
εA/εD IA IAD FRETeff / % 

1 DCCH/FTSC 440 0.07 41.3 234.3 32.7 

2 C120/CDCF 330 0.41 35.0 55.7 24.2 

2.4.5. Fluorescence Microscopy 

In addition to the spectra, FRET signals can also be recorded and analyzed from fluorescence 

microscopy images, which allows the quantification and local analysis of FRET intensities [47–

49]. For this fluorescence microscopy is used, which utilizes a light source to excite the sample 

and detects its re-emitted light in fluorescence images for further investigation [50]. 

As explained before, when using fluorescence spectroscopy, the fluorescence molecules are 

excited at a specific wavelength and the spectra are recorded using an emission wavelength 

interval. Accordantly, the fluorescence microscope utilizes filter cubes with defined and 

separated excitation and emission wavelength ranges [51]. For a FRET study it is necessary to 

equip the fluorescence microscope with a set of 3 different filters: Donor filter (D), Acceptor 

filter (A) and FRET filter (F); optimized to capture the Donor, Acceptor, and FRET fluorescence 

images. Each cube is formed by one excitation filter, a dichroic mirror and an emission filter, 

that corresponds to the particular fluorescence properties of the Donor and Acceptor molecules 

selected for the FRET measurements [41,50–52]. For this work, a fluorescence microscope was 

employed to study the NSC between crossed bonded thin films, labelled with the DCCH/FTSC 

FRET pair. Therefore, the filter cubes used for this purpose were specifically selected regarding 

the excitation and emission spectra of the DCCH and FTSC molecules, as can be observed in 

Figure 11 and Table 4. 
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Figure 11 – Set of filter cubes used in this thesis to capture fluorescence images of the cross bonded thin films 

labeled with the DCCH/FTSC FRET pair. Donor, Acceptor and FRET filters correspond to the excitation and 

emission wavelength regions of the DCCH and FTSC thin films spectra.  

Table 4 – Wavelength detection ranges of the fluorescence microscopy filter cubes sets used to study the crossed 

bonded thin films, labelled with the DCCH/FTSC FRET pair, and the respective cLamp (Eq. 7). 

Filter cubes Excitation / nm Dichroic mirror / nm Emission / nm cLamp  

Donor 436 ± 10 455 long pass 480 ± 20 4.41 

Acceptor 500 ± 10 515 long pass 520 long pass 9.77 

FRET 436 ± 10 515 long pass 520 long pass - 

 

First, the excitation filter selects the light coming from the light source according to the excitation 

wavelength of the molecules (Figure 11). The filtered light hits the dichroic mirror and the sample 

(Figure 11). Then, the fluorescence light emitted from the sample passes through the dichroic 

mirror, hits the emission filter (Figure 11) and is detected. Like the excitation filter, the emission 

filter just allows the wavelength range of interest to pass; reducing at the same time the potential 

spectral bleed through caused by the overlap between Donor and Acceptor emission spectra 

(Figure 9 and 11) [50]. 

As light sources lasers, light-emitting diodes (LEDs) or fluorescence lamps (i.e. halogen, xenon, 

mercury) can be used. Lasers and LEDs are efficient but also expensive and limited in terms of 

wavelength intervals. The fluorescence lamps are cheaper and more versatile since they provide 

a full wavelength spectrum [40] that later can be narrowed using adequate filter cubes, as 

demonstrated before. For all FRET microscopy experiments realized in this thesis, a 50W 

tungsten halogen lamp at 3200K was used. However, this lamp intensity shows a strong 
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dependency on the wavelength range used to excite the Donor and Acceptor molecules (Figure 

11). Thus, it was necessary to calculate Donor and Acceptor lamp correction factors (cLamp) to 

employ them in the analysis of the fluorescence images. cLamp (Eq. 7) [51] can be described as 

the integral of the tungsten halogen lamp spectrum (ILamp) at 3200K between the upper (fEX upper) 

and lower (fEX lower) wavelength limits of the excitation filters (Table 3). For this thesis, the Donor 

and Acceptor cLamp are 4.41 and 9.77 (Table 4), respectively [51]. 

𝑐𝐿𝑎𝑚𝑝  =  ∫ 𝐼𝐿𝑎𝑚𝑝(𝜆)𝑑𝜆
𝑓𝐸𝑋 𝑢𝑝𝑝𝑒𝑟

𝑓𝐸𝑋 𝑙𝑜𝑤𝑒𝑟
                                                                                                    (7) 

Furthermore, the detector used in the experiments, a CMOS detector (optiMOS™ Scientific, 

QImaging, Canada) is also affected by the emission wavelength range of the molecules and 

correspondent filter cubes [51]. Therefore, it is also required to calculate Donor and Acceptor 

detector correction factors (cDetector) for the Donor and Acceptor emission filters, using the 

following equation (Eq. 8): 

𝑐𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟 =  
∫ 𝑄𝐸(𝜆)∙𝐼𝐸𝑀(𝜆)𝑑𝜆

𝑓𝐸𝑀 𝑢𝑝𝑝𝑒𝑟

𝑓𝐸𝑀 𝑙𝑜𝑤𝑒𝑟

∫ 𝐼𝐸𝑀(𝜆
𝑓𝐸𝑀 𝑢𝑝𝑝𝑒𝑟

𝑓𝐸𝑀 𝑙𝑜𝑤𝑒𝑟
)𝑑𝜆

                                                                                                                      (8) 

where QE is the quantum efficiency of the CMOS detector, IEM the Donor or Acceptor emission 

spectra and fEM upper and fEM lower the upper and lower wavelength limits of the emission filters 

[51]. The calculated Donor and Acceptor cDetector can be examined in Table 5. Each filter cube 

has two cDetector, for the Donor and Acceptor emission spectra, which fortunately proved to be 

similar, simplifying the fluorescence images treatment and analysis [51].  

Table 5 – Donor and Acceptor detector correction factors for the Donor and Acceptor emission filters. 

Filter Cube 
cDetector 

Donor Acceptor 

Donor  0.462 0.473 

Acceptor  0.533 0.535 
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2.4.6. NFRET values 

The fluorescence images acquired in the FRET experiments realized for this thesis were analyzed 

to obtain a local FRET intensity (NFRET) for each image pixel using algorithms provided e.g. 

by Gordon et al. and Xia et al. [53,54]. For every pixel, a dimensionless value (NFRET) was 

obtained indicating the local degree of FRET intensity [51,55], which can be converted in a map 

imaging the local variations of NSC between the interfaces over the examined sample area. 

The fluorescence images were recorded with the three different filter cubes presented before 

(Figure 11), resulting in a total of three images of the cross bonded thin films (Figure 12) in the 

region of interest, containing in the same picture a pure Donor area (d), pure Acceptor area (a) 

and Donor-Acceptor bonded area (f, marked in pink), where FRET can occur. 

 

Figure 12 – False colour image of the cross bonded thin films taken with fluorescence microscopy, containing in 

the same picture a pure Donor (d), pure Acceptor (a) and Donor-Acceptor bonded (f, marked in pink) areas. 

For this degree of analysis, the local pixel-to-pixel intensities are evaluated in the bonded region 

(Figure 12) where FRET is expected, together with average intensities of pure Donor and pure 

Acceptor fluorescence. Thus, calculating the level of FRET intensity NFRET in every pixel of 

the bonded thin films nine different values are needed (Figure 13). Six values are average 

intensities of pure Donor and pure Acceptor fluorescence in the different filter sets (areas lined 

in green, Figure 13). The other three values, the bonded regions are calculated for each pixel 

separately (areas lined in red, Figure 13). The regions to compute average fluorescence intensities 

were drawn manually in the respective images, as shown in Figure 13. 
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Figure 13 – Fluorescence images, of the cross bonded thin films captured with Donor (A), Acceptor (B) and FRET 

(C) filters cubes optimized for the DCCH/FTSC molecules used in the experiments. The first letter stands for the 

used filter cube (D = Donor filter, A = Acceptor filter, F = FRET filter) and the second for the investigated region 

(d = Donor only, a = Acceptor only, f = FRET bonded area). And (D) NFRET intensities maps resultant from the 

FRET microscope imagens analysis. 

The first equations (Eq. 9-11) based on an algorithm developed by Gordon et al. [53] are used to 

calculate the correct FRET intensity considering all possible spectral bleed-through 

circumstances. 

𝐴𝑓𝑎̅̅ ̅̅ ̅ =
𝐴𝑓−(

𝐴𝑑

𝐹𝑑
)𝐹𝑓

1−(
𝐹𝑑

𝐴𝑎
)(

𝐴𝑑

𝐹𝑑
)
                                                                                                                                      (9)  

𝐹𝑅𝐸𝑇1 =
(𝐹𝑓−(

𝐹𝑑

𝐷𝑑
)𝐷𝑓−𝐴𝑓𝑎̅̅ ̅̅ ̅̅ [(

𝐹𝑎

𝐴𝑎
)−(

𝐹𝑑

𝐷𝑑
)(

𝐷𝑎

𝐴𝑎
)])

𝐺[1−(
𝐷𝑎

𝐹𝑎
)(

𝐹𝑑

𝐷𝑑
)]

                                                                                             (10)  

𝐷𝑓𝑑̅̅ ̅̅ ̅̅ = 𝐷𝑓 + 𝐹𝑅𝐸𝑇1 [1 − 𝐺 (
𝐷𝑎

𝐴𝑎
)] − 𝐴𝑓𝑎̅̅ ̅̅ ̅ (

𝐷𝑎

𝐴𝑎
)                                                                                               (11) 
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The equations consist of variables with two letters that represent the measured light intensities 

from the microscope images recorded in 16-bit grey values (Figure 13A-C and Eq. 9-11). The 

first letter stands for the used filter cube (D = Donor filter, A = Acceptor filter, F = FRET filter) 

and the second for the investigated sample (d = Donor only, a = Acceptor only, f = FRET bonded 

area) (Figure 13A-C). For instance, Df stands for the FRET region (bonded area) intensity 

inspected with the Donor filter. Afa refers to the Acceptor intensity in the bonded area, with the 

Acceptor filter, which means, without exciting the Acceptor (no FRET). Similarly, Dfd 

corresponds to the Donor intensity in the bonded area, with the Donor filter, without exciting the 

Acceptor (no FRET). G is a specific factor relating the loss of the Donor signal to the increase of 

the Acceptor signal. For DCCH/FTSC cross bonded thin films and the setup employed in this 

thesis, G is 0.758 [51]. 

Hence, equations 9 to 11 are used to calculate a FRET intensity normalized by the amount of 

Donor and Acceptor signal (FRET1, Eq. 10). To ensure accurate, normalized and dimensionless 

results, Xia and Liu used the Gordon algorithm to calculate NFRET values (Eq. 12) [54]. 

𝑁𝐹𝑅𝐸𝑇 =
𝐹𝑅𝐸𝑇1

√𝐴𝑓𝑎̅̅ ̅̅ ̅̅ ∗𝐷𝑓𝑑̅̅ ̅̅ ̅̅
                                                                                                                                           (12) 

From this we get a NFRET intensity maps as can be observed in Figure 13D. In addition, a 5-

pixel image erosion was applied to remove the edge of the drawn images, since they present high 

FRET intensities, which can lead to false-positive NFRET values. 

In terms of NSC local variation analysis, Figure 14 gives two examples of NFRET intensity maps 

from cross bonded DCCH/FTSC thin films applying 50 and 100 bar. In the NFRET images one 

can notice bright areas in the bonded region which indicate NSC within 0.5R0-2R0; and dark 

areas that correspond to open gaps (Figure 1 and 4) between the thin film interfaces. Moreover, 

from 50 (Figure 14A) to 100 bar (Figure 14B) it is clear that the open gaps get smaller and less 

dark; which indicates that the degree of NSC is increasing with the bonding pressure applied 

between the thin films. The NFRET (2x102) values from these maps are 8.1 (Figure 14A) and 

8.7 (Figure 14B). These can then be compared with other maps from other cross bonded films 

under different pressures, FRETeffs from their corresponding FRET signals and separation 

energy (adhesion). 

 



 

32 

 

 

Figure 14 – NFRET intensity maps indicating the local variation in NSC between cross bonded thin films with (A) 

50 and (B) 100 bar. Surface open gaps, can be noticed in the darker spots inside the bonded region, where no NSC 

or FRET occurs. 

Further details from this part of this thesis work are described in Publication I. The MATLAB 

scripts used for the treatment and analysis of the fluorescence images were developed by Georg 

Urstöger [51] and can be found in in his PhD thesis. 
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ABSTRACT 

Adhesion is caused by intermolecular forces that only occur between surfaces at nano-scale contact (NSC) i.e., 0.1-

0.4nm. To evaluate NSC and its influence on adhesion, Förster resonance energy transfer (FRET) spectroscopy has 

been used. FRET is a technique capable to measure nanometric distances between surfaces by taking advantage of 

the interaction amid some specific fluorescence molecules, named Donor and Acceptor. The Förster radius (R0) of 

the FRET pair indicates the distance detection range (0.5R0-2R0) of the system and, must be selected considering 

the final purpose of each study.  

Here, we propose a new FRET pair: 7-Amino-4-methyl-cumarin (C120) and 5(6)-Carboxy-2′,7′-dichlor-fluorescein 

(CDCF) with high quantum yield (QY, QYC120=0.91 and QYCDCF=0.64) and a distance range of 0.6-2.2nm (0.1 mM) 

specifically developed to measure NSC between soft surfaces. For this, polymeric thin films were bonded using 

different loads, from 1.5 to 150 bar, to create different degrees of NSC, analyzed by FRET spectroscopy, and later 

pulled apart to measure their interfacial separation energy/adhesion. Our experiments showed that NSC increases 

with the applied pressure in the bonded thin films, leading to higher FRET intensity and adhesion/separation energy. 

Thus, we have introduced a new FRET pair, suitable to measure the degree of NSC between surfaces and establish 

a linear relationship between FRET and adhesion; which can be of interest for any type of study with soft materials 

interfaces that include NSC and its influence on adhesion. 

GRAPHICAL ABSTRACT 

 
Keywords: nano-scale contact; adhesion force; fluorescence molecules; sensitive FRET pair; FRET spectroscopy; 

FRET distance range. 
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1. INTRODUCTION 

The role of adhesion between soft surfaces is 

relevant in several areas of science, biology, and 

technology like e.g. contact mechanics and 

cellular adhesion [1–5]. It is created by 

intermolecular forces, as van der Waals and 

hydrogen bonding, that require nanometric scale 

among the adhering surfaces [6,7]. Thus, 

adhesion only occurs when the surfaces are in 

nano-scale contact (NSC) and it is directly 

influenced by the degree of NSC; since an 

increase in NSC improves adhesion [8–10].  

Accordantly, NSC can only be properly 

evaluated using nano-scale working methods, as 

e.g., Förster Resonance Energy Transfer (FRET) 

spectroscopy, an experimental technique that 

can be used to measure the precise nanometric 

distance (0-20 nm) between surfaces in contact 

within that range [11–13]; commonly utilized in 

biomedical and biological applications to verify 

molecular contact in researches related to e.g. 

cellular or protein adhesion [14–17] and 

interdiffusion among polymeric materials [11]. 

Recently, it has been proposed to utilize FRET 

as a quantitative method to evaluate the degree 

of NSC [18], which can be applied to all kinds of 

research where adhesion or NSC are playing a 

role, for instance soft matter, lubricants, 

adhesives, or optical sensors for contact between 

soft interfaces .To study the interaction between 

surfaces in NSC, FRET uses a pair of compatible 

fluorescence dyes named Donor and Acceptor. 

The FRET distance detection range relies on the 

Förster Radius (R0) of the dye system. Thus, 

between Donor and Acceptor labelled surfaces 

in NSC within 0.5 R0-2 R0, a non-radiative 

transfer of energy occurs from the Donor to the 

Acceptor molecules, and a FRET signal can be 

identified [18,19]. Figure 1 shows a schematic 

FRET spectroscopy experiment of the 

fluorescence emission spectra, collected for the 

dye surfaces alone (Figure 1A) and at NSC 

(Figure 1B) using the same excitation 

wavelength. 

The FRET signal (Figure 1C) can be noticed 

when comparing the spectra of the individual 

dye surfaces with the spectrum of Donor-

Acceptor surfaces in NSC, Donor intensity 

decreases, and Acceptor intensity increases 

(from IA to IAD). Through a FRET signal, it is 

possible to calculate the FRET efficiency 

(FRETeff) [19], which indicates the degree of 

NSC. Accordingly, this approach can also be 

applied between bonded thin films, Figure 2. 

 

Figure 1 – FRET spectroscopy applied to surfaces in NSC: (A) Donor and Acceptor surfaces; (B) Donor and 

Acceptor surfaces in NSC (C) FRET signal with the pure Donor, Acceptor, and Donor−Acceptor in NSC 

fluorescence spectra, where Donor intensity drops and Acceptor intensity rises (from IA to IAD, see arrows) due to 

the Donor-Acceptor energy transfer. 
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Figure 2 – Donor and Acceptor thin films in contact analyzed at micro- and nanometer scales. NSC decreases with 

higher magnification. For areas in NSC, a FRET signal can be detected. Above the FRET distance range of the 

system the transfer of energy does not occur, no FRET signal.  

In that case, areas that look to be in complete 

contact at the micro-scale end up demonstrating 

no NSC when analyzed at the nanometric scale, 

and accordantly, in these zones, no FRET occurs 

(Figure 2). In the remaining areas where the 

surfaces are in NSC (0.5 R0-2 R0), it is possible 

to transfer energy from the Donor to the 

Acceptor molecules and detect a FRET signal. 

Only very recently it has been shown that the 

NSC measured with FRET can be related to the 

adhesion force between soft materials [18]. The 

study revealed that for thin films pressed under 

different loads, the FRETeff and adhesion force 

increase with the applied pressure, caused by the 

correspondent increase of the degree of NSC 

[18]. Thus, FRET provides a suitable technique 

to quantify the degree of NSC on large - i.e. mm 

to cm-scale – measurement areas and for the 

correlation between FRET and adhesion in 

bonded surfaces, of any roughness, on 

statistically representative size scales. 

Additionally, it was demonstrated that FRET 

microscopy can not only be utilized for the same 

purpose but also for imaging NSC local 

variations [18]. 

1.1. Aim of the work 

However, the FRET system applied in this initial 

work [18] was not designed to evaluate NSC, 

which brought up two issues: (1) the FRET 

interaction range was quite large, R0=5.1nm. As 

the intermolecular forces (Van der Waals and 

hydrogen bonding) have an interaction range 

below 1nm, the FRET interaction distance 

should possibly be in this range when studying 

adhesion and (2) the poor sensitivity of the FRET 

pair of dyes employed in [18]. 

Therefore, a more suitable FRET system, 

optimized to study NSC and adhesion should 

present: (1) a Förster radius limited to the 

interaction range of hydrogen bonds and Van der 

Waals forces, i.e. 0.1-0.4nm [20,21], which is 

the range of intermolecular forces responsible 

for adhesion; and (2) a FRET pair of 

fluorescence dyes with high quantum yields 

(QYs) for higher FRET intensities, leading to a 

better signal to noise ratio, which is crucial to 

correctly evaluate the degree of NSC. 

In this work, a new pair of FRET dyes with a low 

Förster radius, R0=1.1nm (interaction range of 

0.6 to 2.2nm), and an enhanced sensitivity (high 

quantum yield) has been developed. The 

suitability of the new FRET system for the 

measurement of NSC is demonstrated. Soft 

polymeric thin films are bonded together with 

increasing pressure, thus generating increasing 

degrees of NSC, and resulting adhesion. 

Therefore, a model system is created, where the 

degree of NSC is the only possible reason for 

variations in adhesion. By relating the NSC 

measured with FRET to the adhesion between 

the thin films (by evaluating the separation 

energy in tensile testing) we are demonstrating 

the expected relation between adhesion and NSC 

measured by FRET, thus presenting a new 
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system of FRET dyes particularly designed and 

optimized for evaluating NSC. 

2. MATERIALS AND METHODS  

2.1. Förster theory. The Förster theory was 

developed by Theodor Förster and presented in 

his original papers published from 1946 to 1965. 

The resume of his entire contribution to 

resonance energy transfer can be found in Igor 

Medintz and Niko Hildebrandt FRET handbook 

[22]. Briefly, the Förster theory allow us to 

explain the relationship between energy transfer, 

spectral overlap, and physical distance between 

compatible fluorescence molecules[22]. Hence, 

if the Donor and Acceptor molecules are close 

enough to each other, FRET will occur and 

FRET efficiency (FRETeff, %) can be 

calculated: 

𝐹𝑅𝐸𝑇𝑒𝑓𝑓 =
1

1+(𝑟/𝑅0)6  (%)                      (1) 

where r (nm) is the Donor-Acceptor distance and 

R0 (nm) the Förster Radius. R0 only relies on the 

properties/medium conditions of the selected 

Donor-Acceptor molecules and determines the 

FRET detection distance range (0.5R0-2R0) of 

the system under study. A FRET signal can only 

be detected within 0.5R0-2R0 nm, outside of this 

range Donor and Acceptor molecules are too 

close or too far apart for FRET to be detected. 

Following the instructions presented in the book 

by Medintz and Hildebrandt (chapter 5, pages 

106-122)[19], R0 can be written as: 

R0 = (
9 ln(10) k2QYDonor J

128 π5NAn4 ) 
1

6⁄  (nm)         (2) 

where k is the orientation factor of the Donor-

Acceptor dipoles (2/3), QYDonor the Donor 

quantum yield, NA is Avogadro’s constant (6.02 

214  

×1023 mol−1), n the medium refractive index, and 

J the spectral overlap integral, on which FRET 

also depends. J can be calculated from: 

𝐽 =  ∫ 𝑓𝐷(𝜆) 𝜖𝐴(𝜆) 𝜆4 𝑑𝜆 (nm4 M-1 cm-1)           (3) 

where fD is the normalized Donor emission 

spectrum, λ the wavelength (nm) and εA the 

Acceptor attenuation coefficient (M-1 cm-1).  

Equations 1 to 3 are the basis of the Förster 

Theory, demonstrating the dependency of 

FRETeff on r and R0, and how it is possible to 

properly calculate r having knowledge about the 

FRET pair (R0) and the amount of energy being 

transferred (FRETeff). 

 

2.2. Design of the FRET system. The 

selection of the FRET pair (Donor and Acceptor 

fluorescence molecules) determines the 

performance of the FRET system. For a couple 

of fluorescence molecules to be considered as a 

FRET pair, they need to: 

1) Have an appropriate interaction range 

(Förster radius R0). The distance range of the 

FRET pair must fit the distance range of what is 

intended to be measured. For this work, it was 

desirable to find a FRET pair with low distance 

range sensitivity (0.5R0-2R0) as the 

intermolecular forces responsible for adhesion 

take place below 1nm. 

2) Be spectroscopically compatible. For the 

design of a FRET pair, the fluorescence 

molecules must have lined-up energy bands, 

which means different, yet overlapping, Donor 

emission and Acceptor excitation spectra. 

Thanks to this spectral overlap, it is possible to 

study the molecules exact nanometric distance 

using the non-radiative energy transferred 

between them (Eq. 1). The area of the spectral 

overlap (J) will determine the R0 (Eq. 2) and the 

distance range of the FRET system (2R0). Larger 

overlap areas result in higher R0, and 

accordantly, the contrary is also valid (Eq. 2 and 

3). Here, we looked for a smaller spectral overlap 

area to attain a shorter and lower detection limit, 

more appropriated to estimate the degree of NSC 

amid bonded soft surfaces. 

3) Present a high quantum yield (QY). The 

QY is the ratio between the number of photons 

emitted to the number of photons absorbed 

[23,24], indicating the capacity of the 

fluorescence dyes to absorb and emit light. 

Molecules with high QYs are easier to sense, 
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which results in higher intensity signals. 

Therefore, lower QYs make FRET signals 

(Figure 1) harder to be detected, which usually 

requires higher dye concentrations to overcome 

it. Therefore, in this study, a compatible pair of 

Donor and Acceptor molecules with high QYs 

was also preferable; especially considering that 

FRET was used to measure the NSC between 

non-even bonded thin films (Figure 2) pressed 

under different loads. 

In addition, Donor and Acceptor molecules must 

be soluble in the same medium at the same molar 

concentration to allow some specific 

experiments of the method, for example, the 

mixture of both dyes in one thin film, used as a 

positive control. 

For this study, and considering all aspects 

mentioned before, 7-Amino-4-methyl-cumarin 

(C120) and 5(6)-Carboxy-2′,7′-dichlor-

fluorescein (CDCF) were selected as Donor and 

Acceptor molecules, respectively [25] (Figure 

3). This FRET pair presents high QYs 

(QYDonor=0.91 and QYAcceptor=0.64), small 

spectra overlap area and thus, a low FRET 

distance range of 0.6-2.2nm (R0=1.1nm, at the 

molar concentration of 0.1mM).  

 
Figure 3 – FRET pair, Donor (7-Amino-4-methyl-

cumarin, C120) and Acceptor (5(6)-Carboxy-2′,7′-

dichlor-fluorescein, CDCF) chemical structures 

selected to evaluate NSC. 

 

2.3. Dye solutions and thin films 

preparation. The FRET pair (Figure 3) 

fluorescence molecules C120 (Sigma-Aldrich, 

CAS:26093-31-2, USA) and CDCF (Sigma-

Aldrich, CAS:111843-78-8, Switzerland) were 

dissolved in ethanol to prepare 0.1 mM Donor, 

Acceptor and mixed Donor-Acceptor (ratio of 

1:1) solutions. Then, 100 µL of dye(s) solution 

was added to 500 µL of 10 % (m/v) pHema 

(Sigma-Aldrich, Mw 20 000 Da, CAS:25249-

16-5, USA) solution in an ethanol/water-milliQ 

95:5 (v/v). The polymer-dye solutions were 

doctor bladed over polyvinyl chloride carrier 

substrates with a bar film applicator (3M BYK-

Gardner GmbH, Geretsried, Germany) [17] to 

form 1.5 µm thin films. [18]. To protect the dyes 

from unwanted quenching mechanisms or any 

other kind of light degradation, the dye solutions 

and thin films were prepared and handled in the 

dark and later protected in aluminum foil during 

the entire processes and experiments. 

 

2.4. Bonded Thin Films preparation. For 

FRET spectroscopy the thin films were bonded 

by pressing 4 cm2 of the pure Donor (D), pure 

Acceptor (A) and/or no dye/clean pHema thin 

films (H), as illustrated in Figure 4, at 1.5, 50, 

100 and 150 bar for 10 min. 

 
Figure 4 – Bonded thin films: (A) Donor/pHema 

(D/H), (B) pHema/Acceptor (H/A), and (C) 

Donor/Acceptor (D/A). 

 

2.5. FRET spectroscopy. The thin films 

spectra were recorded with a Spectra 

Fluorophotometer RF-5301PC (Shimadzu, 

Kyoto, Japan) at 330 nm (excitation wavelength) 

in a 45°/45° configuration as shown in Figure 

1B. The individual and bonded thin films spectra 

were analyzed for FRET signals and the 

FRETeff (%) was calculated using the Acceptor 

Sensitization method [18,22] (Eq. 4).  

𝐹𝑅𝐸𝑇𝑒𝑓𝑓 = (
𝐼𝐴𝐷

𝐼𝐴
− 1) (

𝜀𝐴

𝜀𝐷
) (%)         (4) 

where IAD and IA are the intensity peak values of 

the Acceptor in the presence and absence of the 

Donor, respectively (Figure 1C). For correct 

FRETeff results, the direct luminescence of IA is 
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subtracted from IAD and multiplied by the 

luminescence ratio of the Acceptor and Donor 

molar attenuation coefficients (εA and εD, mol-

1.cm-1.104) at the excitation wavelength used for 

the FRET experiments (330 nm) [18,22]. εA and 

εD spectra (Figure 5B) were determined from the 

absorbance by Beer Lambert’s Law (Eq. 5): 

𝐴 = 𝜀 𝑐 𝑙                                                (5) 

where A is the absorbance, c the dye 

concentration (mM) and l the light path length 

(cm). For the absorbance spectra a Varian Cary, 

UV-vis spectrophotometer (Agilent 

Technologies, California, USA) was used. 

 

2.6. Thin film separation energy. The 

tensile tests were performed in a ZwickRoell 

Z010 multi-purpose tester (Georgia, USA) as 

shown in Figure 5 and described in [18]. From 

each experiment a force-distance curve was 

recorded, from which the maximum tensile force 

can be identified. And finally, the separation 

energy per unit area of the bonded thin films was 

calculated using the integral of the 

corresponding curves. 

 

Figure 5 – Separation energy (adhesion intensity) 

tensile tests on the Donor-Acceptor bonded thin 

films: (A) – a double-sided adhesive tape is put on the 

upper and the lower steel bars of the equipment and 

the sample is placed on the lower steel bar; (B) – the 

linear motor moves the upper steel bar down until it 

touches the sample, (C) – the sample is pulled apart 

in z-direction until failure amid the two bonded thin 

films. 

3. RESULTS AND DISCUSSION 

To study the influence of NSC on adhesion 

force, we used bonded thin films pressed under 

different loads. The goal was to observe an 

increase in FRET intensity and adhesion force 

with NSC caused by the increased pressure 

applied on the bonded thin films. 

First, the selected fluorescence molecules were 

studied as a potentially suitable FRET pair to 

detect NSC. Then, the performance of the FRET 

pair was tested as a FRET system in individual 

thin films (positive control). The final validation 

was done by testing the new FRET system with 

the bonded thin films. 

3.1. Characterization of the FRET System  

The FRET system not only depends on the FRET 

pair of fluorescence dyes but also, on the 

conditions in which it is used [18,22]. Thus, 

before doing the experiments with the bonded 

thin films, it was necessary to analyze the dyes 

as a FRET pair and the resulting thin films as a 

viable FRET system [11,18]. 

For the FRET pair, 7-Amino-4-methyl-cumarin 

(C120, Donor) and 5(6)-Carboxy-2′,7′-dichlor-

fluorescein (CDCF, Acceptor) were the selected 

fluorescence dyes (Figure 3). The Donor C120 

and the Acceptor CDCF present a QY of 0.91 

and 0.64, respectively, which are considered 

high [23,24] and suitable QYs for a FRET study 

[22], especially to evaluate adhesion between 

bonded thin films that include non-uniform NSC 

areas (Figure 2). 

For the fluorescence spectra, the FRET pair was 

analyzed in 2.5 µL ethanol solutions (Figure 6A) 

and in pHema thin films produced by doctor 

blading at 0.1mM (Figure 1 and 6B). 
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Figure 6 – Donor (C120) and Acceptor (CDCF) as a FRET pair: (A) fluorescence emission and excitation spectra 

of the dyes in ethanol at 2.5 µM (spectra overlap marked in violet); (B) fluorescence emission and excitation spectra 

of the (0.1mM) thin films (spectra overlap marked in violet); (C) molar attenuation coefficient spectra and (D) pure 

Donor, pure Acceptor, and Donor-Acceptor mixture thin films emission fluorescence spectra (Ex = 330 nm, εA/εD = 

0.41). 

When compared, a slight variation between the 

emission and excitation spectra of the Acceptor 

in solution and the polymeric thin films can be 

noticed (Figure 6A and 6B). Such changes 

between the same molecules in different 

environments, influenced by the medium, 

concentration and thickness (light path), are 

expected. In this case, the thin films end up 

presenting a slightly smaller spectral overlap 

(Figure 6A and 6B, violet marked areas) than the 

ethanol solution. Nevertheless, in both cases, the 

overlap between the Donor emission and 

Acceptor excitation spectra, on which FRET 

depends, was confirmed. Moreover, both 

spectral overlap areas are not large, which 

indicates a small Förster Radius (R0) and FRET 

distance range (0.5R0-2R0), as intended. 

The ɛD and ɛA spectra (Figure 6C), determined 

from the Donor and Acceptor absorbance spectra 

(Eq. 5), indicate the dyes ability to absorb the 

light and the intervals where both dyes can be 

investigated using the same excitation 

wavelength. 

At the C120/CDCF molar concentration of 

0.1mM, the results showed a FRET distance 

range (0.5R0-2R0) [22] of 0.6-2.2 nm (R0 = 1.1 

nm, Eq. 2), which allowed us to improve our 

method to study the degree of NSC by reducing 

its detection limit and getting closer to the range 

of interaction of the intermolecular forces 

responsible for adhesion force. 

As a reference/positive control we produced a 

Donor-Acceptor mixed thin film, where it was 

possible to make sure that both molecules are 
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entrapped in the same polymeric matrix, at 

nanometric distances. [11,18]. Therefore, this 

thin film represents the minimum distance 

between the molecules and the maximum 

FRETeff the system can reach at 0.1mM. 

The fluorescence spectra were collected at 330 

nm excitation, ɛA/ɛD = 0.41, where both can 

absorb light (Figure 6C). And Figure 6D depicts 

the pure Donor, pure Acceptor, and Donor-

Acceptor mixed thin films spectra, where a 

FRET signal can be observed (Donor intensity 

drops and Acceptor intensity rises). From which 

the maximum FRETeff of the new FRET system 

was calculated by the Acceptor sensitization 

method (Eq.4), which yielded 24.5%. A high 

signal intensity, beside the low molar 

concentration of the dyes (0,1 mM), 

demonstrates that the high QYs of the chosen 

FRET pair molecules has led to an expected 

improvement in the FRET intensity of the dyes. 

3.2. Validation of NSC measurement with 

FRET 

To validate FRET as an experimental technique 

to measure NSC between soft surfaces, bonded 

dyed polymeric thin films were pressed together 

with several loads, from 1.5 to 150 bar. Pressing 

the thin films leads to an increase in NSC and a 

consequent increase in adhesion (i.e., separation 

energy), which later can be used to correlate 

FRET intensity with adhesion and demonstrate 

that the new FRET system works for NSC 

measurements. 

The samples were produced by bonding pure 

Donor (D), pure Acceptor (A), and no dye/clean 

polymeric (H) thin films, as demonstrated in 

Figure 4 with the Donor in the back and 

Acceptor in the front position, in every 

experiment. Where D/H, H/A and D/A are the 

Donor-pHema, Acceptor-pHema, and Donor-

Acceptor thin films combinations, respectively 

(Figure 4). Figure 7 depicts the bonded thin films 

fluorescence spectra pressed from 1.5 to 150 bar. 

To calculate the FRETeffs (Table 1) we used the 

Acceptor sensitization method (Eq.4) [11,22], 

which only relies on the Acceptor response to the 

nanometric presence and proximity of the 

Donor. Analyzing the fluorescence spectra, 

FRET signals (Figure 7) and FRETeffs (Table 1) 

altogether, our experiments reveal that when the 

pressure during bonding of the thin films 

increases, the FRET signals (Figure 7), and their 

relative FRETeffs (Table 1) also increase 

accordingly. For 1.5 bar the measured FRETeff 

was 0 %, indicating no NSC within 0.5R0-2R0 

(0.6-2.2 nm), and for 150 bar (maximum 

bonding pressure) the FRETeff was 12.4 % 

(Table 1). Moreover, all bonded thin films 

FRETeffs are lower than the positive control 

(Donor-Acceptor mixture thin film, with a 

FRETeff of ~ 25 %), since for the bonded 

surfaces there are no molecules mixed in the 

polymeric matrix. Furthermore no dye migration 

or interdiffusion at these pressure/temperature 

conditions is observed [11,18], so the transfer of 

energy only occurs on the interface between the 

thin films, and the FRET signals derive 

exclusively from their proximity, i.e. nanoscale 

contact. 

Table 1 - FRETeff, maximum tensile force and separation energy per unit area of the positive control and bonded 

thin films. Values are average ± 95 % confidence interval (n=3 for FRETeff and n=10 for tensile force and separation 

energy). 

Sample FRETeff (%) Maximum Tensile Force (N) Separation energy per unit area (mJ/cm2) 

D-A Mixture 24.5 ± 0.9 - - 

D/A 1.5 bar 0.0 ± 0.0 18.7 ± 1.2 0.09 ± 0.02 

D/A 50 bar 2.1 ± 0.5 25.1 ± 1.1 0.17 ± 0.01 

D/A 100 bar 8.3 ± 1.6 32.6 ± 1.6 0.22 ± 0.01 

D/A 150 bar 12.4 ± 1.4 41.8 ± 2.3 0.30  0.03 
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Figure 7 – Emission fluorescence spectra of the Donor (C120) and Acceptor (CDCF) 0.1 mM bonded thin films 

with increasing bonding pressure of (A) 1.5 bar, (B) 50 bar, (C) 100 bar and (D) 150 bar (Ex = 330 nm, εA/εB = 

0.41). 

Finally, the influence of NSC on surface 

adhesion, measured by FRET spectroscopy was 

analyzed. First, the bonded thin films were 

separated by z-directional tensile testing to 

determine the separation energy and maximum 

adhesion force. The results showed that both 

parameters increase, with the increasing pressure 

applied to bonded thin films (Table 1), due to a 

higher degree of NSC and adhesion force. The 

separation energy per unit area was calculated by 

the integral of the tensile test force-displacement 

curves (Figure 8A) [18]. The bonded surfaces 

FRETeffs and correspondent adhesion force 

(separation energy per unit area) were plotted 

together in Figure 8B. The adhesion force 

linearly increases with the increase of FRETeff, 

Figure 8, demonstrating that the new pair of 

FRET dyes is appropriate for our FRET 

system/method to study and quantify NSC 

surface adhesion. 
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Figure 8 - FRETeff and separation energy per unit area of the Donor/Acceptor bonded thin films pressed with 1.5 

to 150 bar. The presented results refer to mean average ± 95 % confidence interval, n=3.  

4. CONCLUSIONS 

In this work we have introduced a new system of 

FRET dyes (C120 and CDCF) specifically 

designed and optimized to quantify the degree of 

nanoscale contact between surfaces. The novel 

FRET system is characterized by a Förster radius 

of 1.1nm, enabling it to detect NSC between 

surfaces for an interaction distance of 0.6-2.2nm. 

Moreover, the chosen FRET dyes have a high 

quantum yield, which permits the use of lower 

dye concentrations and improves the method’s 

sensitivity. 

For its validation as a viable FRET system to 

quantify NSC, we used polymer thin films 

bonded with several loads (from 1.5 to 150 bar). 

The results showed a linear increase in FRET 

intensity and adhesion (dissipated energy to 

separate the films) with the pressure applied to 

bond the thin films. Both, increasing adhesion 

and increasing FRET signal, are caused by 

increasing NSC due to the pressing, revealing a 

direct correlation between NSC, measured by 

FRET, and adhesion. 

Our findings are presenting a refined and 

optimized experimental approach to study 

nanoscale contact between soft surfaces using 

FRET. It can be used to study NSC and its 

impact on diverse contact mechanics phenomena 

(adhesion, friction and interdiffusion), which 

might be useful for applications like e.g. 

tribology, natural and synthetic adhesives, 

sealants and optical pressure sensors. 
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ABSTRACT  

Adhesion between solid materials is caused by a network of intermolecular forces, like hydrogen bonds and Van der 

Waals interactions, that only take place if the adhering surfaces are at nano-scale contact (NSC) i.e. 0.1-0.4 nm. To 

study adhesion, NSC can be evaluated with Förster Resonance Energy Transfer (FRET). FRET uses the interaction 

of compatible fluorescence molecules to measure the nanometric distance between bonded surfaces. For this, each 

surface is labeled with one fluorescence dye, named Donor or Acceptor. If these molecules are close enough to each 

other i.e. in NSC, a non-radiative Donor-Acceptor energy transfer will occur and can be detected using FRET 

spectroscopy. Here, we introduce a new concept of a FRET-based NSC measurement employing dye-nanolayer 

films prepared by physical vapor deposition (PVD). 

The dye nanolayers were prepared by PVD from the vaporization of the Donor and Acceptor molecules separately. 

The selected molecules, 7-Amino-4-methyl-cumarin (C120) and 5(6)-Carboxy-2′,7′-dichlor-fluorescein (CDCF) 

present high quantum yields (QY, QYD=0.91 and QYA=0.64) and a low FRET distance range of 0.6-2.2 nm, 

adequate for the study of NSC. The produced dye-nanolayer films exhibit a uniform dye distribution (verified by 

AFM) and suitable fluorescence intensities. 

For the validation of the NSC measurements, FRET spectroscopy experiments were performed with bonded dye-

nanolayer films prepared under different loads (from 1.5 to 140 bar), thus creating different degrees of NSC. The 

results show an increase of FRET intensity (R2 = 0.95) with the respective adhesion energy between the films, which 

is directly related to the degree of NSC. 

This work represents a novel concept to establish FRET as an experimental technique for the measurement of NSC, 

and its relation to surface adhesion. Most importantly, with the FRET dye nanolayer approach, the method can be 

employed on arbitrary surfaces. Essentially, any sufficiently transparent substrate can be functionalized with FRET 

compatible dyes to evaluate NSC, which represents a breakthrough in contact mechanics investigations on soft and 

hard solid materials. 
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INTRODUCTION 

Measurement of NSC between Surfaces using 

FRET 

Surface adhesion is essential in several 

engineering applications, contact mechanics, 

and biological systems1–3. It is caused by 

intermolecular forces, like hydrogen bonds and 

Van der Waals interactions, that only take place 

if the adhering surfaces are in nano-scale contact 

(NSC) i.e. 0.1-0.4 nm4–8. Therefore, the adhesion 

between two surfaces is proportional to its 

degree of NSC, and can only be properly 

investigated if the associated NSC is correctly 

evaluated9. 

Förster Resonance Energy Transfer (FRET) has 

recently been introduced as an experimental 

technique for the measurement of NSC between 

soft surfaces10. FRET takes advantage of the 

fluorescence properties of specific compatible 

molecules to determine their exact nanometric 

distance (0-20 nm)11. Thus, if these molecules, 

named Donor and Acceptor, are in NSC, a non-

radiative Donor → Acceptor energy transfer will 

occur and, a FRET intensity can be detected12,13. 

The FRET distance range depends on the Förster 

Radius (R0) of the FRET system under study and 

can only be properly sensed between 0.5R0 and 

2R0
12. Above 2R0, the Donor and Acceptor 

molecules are simply too distant for FRET 

interaction. And bellow 0.5R0 the dyes are too 

close to each other, which can lead to orbital 

overlapping and electron exchange (Dexter 

transfer)14. Resulting in an energy transfer in 

both directions: Donor ↔ Acceptor; which 

invalidates any FRET measurement13,14. 

To employ this technique between surfaces in 

NSC, each interface needs to be labeled with the 

Donor or Acceptor dye (Figure S1)10. Due to the 

natural roughness of any surface, the NSC is not 

complete15. Instead, areas that look to be in full 

contact at the micro-scale  end up revealing 

opens gaps at the nanometric scale16. Thus, the 

areas in NSC are usually overestimated (Figure 

S1). However, with FRET only within areas in 

NSC (0.5R0-2R0) a FRET signal can be 

detected13. And for the open gaps, above 2R0, no 

FRET (Figure S1) can be noticed. In practice, the 

surfaces in NSC can be analyzed by FRET 

spectroscopy to follow the spectral effect of 

FRET on the Donor and Acceptor molecules. A 

FRET signal (Figure 1) can be identified when, 

comparing the spectra of the individual dye 

surfaces with the spectrum of Donor-Acceptor 

surfaces in NSC, Donor intensity decreases 

(from ID to IDA), and Acceptor intensity increases 

(from IA to IAD) due to the Donor → Acceptor 

energy transfer. Through a FRET signal, it is 

possible to calculate the FRET efficiency 

(FRETeff)12,13, which indicates the degree of 

NSC. 

 

Figure 1 – FRET signal with the pure Donor (ID) and 

Acceptor (IA) without NSC between the dye. In case 

of NSC Donor intensity drops (from ID to IDA) and 

Acceptor intensity rises (from IA to IAD) due to the 

Donor-Acceptor energy transfer (see arrows). 

Recently it was demonstrated that the NSC 

measured with FRET correlates to the adhesion 

between soft materials10. The studies showed 

that for bonded thin films pressed under different 

loads, the FRETeff and adhesion increase with 

the applied pressure, caused by the 

correspondent increase of the degree of NSC10. 

Introducing FRET as a proper technique to 

quantify the degree of NSC and establish a 

relation between FRET and adhesion in bonded 

films. 
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PVD of FRET-Dye Nanolayers to measure 

NSC between Arbitrary Surfaces 

In the original approach, the dyes were mixed in 

soft thin films, which allow us to produce 

uniform and well distributed dye films, use exact 

dye concentrations, and study/develop different 

FRET systems for the measurement of NSC. 

However, to do this both fluorescence molecules 

must be soluble in the same solvent and miscible 

in polymeric solution at the same molar 

concentration10. A group of requirements that 

reduces the applicability of several FRET pairs 

and the method itself. Moreover, utilizing these 

films the dye molecules were not only present in 

the interface between the thin films, where 

FRET can occur within 0.5R0-2R0, but through 

the entire polymeric matrix of the thin films 

(Figure 2A); causing noise and hurting the 

detected FRET signals (low signal to noise 

ratio)17, due to the excess of luminescence/noise 

from all the molecules present in the system that 

are not involved in FRET, but still captured in 

the fluorescence measurements. 

Therefore, one most suitable system should only 

have Donor and Acceptor molecules on the 

interface of the films, to reduce the noise from 

the polymeric matrix of the films. To increase 

the signal-to-noise ratio, making it easier to 

detect smaller FRET signals and thus, enhance 

the sensitivity of the method18 for the 

measurement of NSC and associated adhesion. 

In this work was develop a new FRET system 

with dye-nanolayer films, prepared by physical 

vapor deposition (PVD). PVD is a coating 

technique mostly utilized in nanoscience for the 

fabrication of functional nanolayers; where the 

molecules are vaporized and condensate over a 

substrate at the atomic level employing a 

combination of high vacuum and temperatures19–

21. It can be used to form single-crystalline Si 

layers on glass substrates22, metal monolayers 

for semiconductors23 or biosensors, and surface 

modifications24. 

For this research, the Donor and Acceptor 

molecules are separately vaporized and 

deposited over clean polymeric thin films. By 

functionalizing the films with this approach all 

dye molecules are concentrated at the surface 

and noise from the bulk will not occur (Figure 

2B). Moreover, any Donor and Acceptor 

molecules with low saturation pressure can be 

deposited over other types of transparent 

films/substrates, enhancing the applicability of 

the method. 

For the experiments we used a FRET pair, 

specially designed by us for the measurement of 

NSC. The FRET pair is composed of 7-Amino-

4-methyl-cumarin (C120, Figure 3A) as the 

Donor dye and 5(6)-Carboxy-2′,7′-dichlor-

fluorescein (CDCF, Figure 3B) as the Acceptor 

dye.  

 

Figure 3 – (A) Donor, C120; (B) Acceptor, CDCF 

and (C) pHema (thin films material) chemical 

structures. 

Both molecules present high quantum yields 

(QY, QYD=0.91 and QYA=0.64) and a FRET 

distance range from 0.6 to 2.2 nm (at 0.1 mM); 

suitable for the study of NSC and adhesion 

caused by intermolecular forces that only occur 

at low nanometric distances (bellow 1nm). The 

C120 and CDCF nanolayers are deposited over 

poly(2-hydroxyethyl methacrylate) (pHema, 

Figure 3C) thin films by PVD. The Donor- and 

Acceptor-nanolayer films are bonded with 

increasing pressure, creating increasing degrees 

of NSC, and subsequent adhesion. Therefore, the 

degree of NSC is the only driving force for 

adhesion. Linking the NSC measured with FRET 

to the adhesion between the dye-nanolayer films 

(by evaluating the separation energy in tensile 

testing) we are proving the expected relation 

between FRET and adhesion; employing a new 

FRET system specially developed to evaluate 

surface interactions at short nanometric 

distances with high precision. 
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Figure 2 – Bonded films in close contact observed at micrometer and nanometer scale. Contact area decreases 

with increasing magnification. For areas in NSC, a FRET signal can be detected. Above the FRET distance range 

of the system, the transfer of energy does not occur. There is no FRET signal. (A) Donor and Acceptor bonded 

thin films prepared by DB, where the dyes were previously dissolved in the films. Donor and Acceptor molecules 

can be found through the entire bulk of the film (1.5 µm thickness) and excess fluorescence intensity (not FRET 

related noise) is detected during the FRET measurements; (B) Donor- and Acceptor nanolayer bonded films 

prepared by PVD, where the dyes can only be found in the material surface, where the NSC and FRET occur. No 

fluorescence noise from the bulk is detected. 

RESULTS AND DISCUSSION 

To apply our FRET method on arbitrary 

surfaces, a new FRET system based on dye-

nanolayer films was developed. The dye 

nanolayers were prepared by PVD from the 

vaporization of the Donor and Acceptor 

molecules20. Any sufficiently transparent 

substrates can be functionalized with a dye-

nanolayer of FRET dyes to evaluate NSC and 

surface adhesion. 

The FRET dyes employed in this work present a 

high quantum yield and small spectral overlap, 

which results in a low Förster Radius (2.2 nm at 

0.1mM) and FRET distance range (0.6-2.2 nm). 

This pair of FRET dyes was specifically 

designed to study interactions that occur at short 

nanometric distances, as is the case for the 

intermolecular forces responsible for adhesion. 

Another reason to choose C120 and CDCF as 

FRET dyes was a suitably low vapor pressure of 

the molecules that they could be vaporized in the 

PVD.  

Here, were prepared bonded Donor-Acceptor 

nanolayer films under a series of different loads 

to measure FRET. With this, the main objective 

was to create different degrees of NSC and 

adhesion, since the nanometric distance between 

the soft/pressure-sensitive films is decreasing in 

the function of the applied load. 

Later, the resulting FRET signals were compared 

with the energy necessary to separate the bonded 

dye-nanolayer films in Z-direction tensile tests. 

And therefore, validate the new system as an 
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appropriate FRET method for the measurement 

of NSC. 

Dye Nanolayer Films 

The dye-nanolayer films used in the FRET 

experiments consisted of a substrate (pHema 

thin film) and a dye (Donor or Acceptor) 

nanolayer. Accordantly, the films were prepared 

in two steps: (1) 1.5 µM pHema thin films were 

formed by doctor blading, and (2) the dye-

nanolayers were deposited over the pHema thin 

films by PVD. For the deposition, the Donor and 

Acceptor molecules were vaporized using a 

combination of high temperatures and low 

pressure in a custom-built PVD chamber, as 

demonstrated in Figure 4. (all details in the 

Materials and Methods PDV section).  

 

Figure 4 – Schematic representation the PVD 

chamber used for the preparation of the dye-

nanolayers.  

After the procedures, the surface of the untreated 

and treated films was analyzed by atomic force 

microscopy (AFM). Figure 5 shows the 

topography of the original pHema thin film (A) 

and the Donor-nanolayer (B) and Acceptor-

nanolayer (C) films. The topography looks 

similar (Figure 5A-C), and their correspondent 

roughness (A: 25 ± 6 nm; B: 25 ± 6 nm and C: 

23 ± 6 nm, values are average in the ± 95 % 

confidence interval, n=3), are equivalent, 

showing that the PVD procedure did not alter the 

surface morphology of the films; which indicates 

that the deposited dye-nanolayers are uniform 

and well distributed. 

Moreover, the uniform deposition of the dye 

molecules can also be confirmed by the 

fluorescence spectra of the films. When 

comparing the spectra of C120 and CDCF 

dissolved in pHema (Figure 6A) with the PVD 

films spectra (Figure 6B), both present similar 

excitation and emission intensity peaks. The 

Donor fluorescence spectra are virtually the 

same, and only the Acceptor spectra show some 

wavelength shift (Figure 6A and 6B). In the 

Acceptor-nanolayer film, the excitation and 

emission spectra are closer to each other. Such 

changes between the same molecules in different 

environments, influenced by the medium, 

concentration and thickness (light path), are 

expected25. 

This may have been caused by the long exposure 

to high temperatures and low vacuum pressure 

during the PVD, which definitely can interfere 

with the substrate transparency and fluorescence 

spectra precision.  

 

Figure 5 – AFM topography imagens of the (A) pHema, (B) Donor-nanolayer and (C) Acceptor-nanolayer films.  
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Another possible explanation is the large size of 

the Acceptor molecules, harder to vaporize and 

distribute than the Donor, complicating the 

formation of a smooth dye-nanolayer. 

Nevertheless, the AFM images demonstrate low 

and similar roughness for all films. 

In addition, there is the possibility of some 

chemical interaction between the dyes and 

pHema and its eventual effects on the 

fluorescence spectra should not be discarded. 

During PVD no initiator or catalyzer was used to 

enhance the reactivity of the molecules. 

However, the C120 and CDCF molecules 

(Figure 3A-C) present several reactive groups 

(C120: -CH3 and -NH2; and CDCF: -Cl, -OH and 

-COOH) available to react with the pHema 

(containing -OH and -COOH reactive groups). 

In particular, the -NH2 and -Cl in the C120 and 

CDCF, respectively, are located in the 

extremities of the molecules and are less 

stable/more reactive at higher temperatures and 

low pressure, as in the PVD procedure applied in 

this study. Therefore, we cannot confirm or deny 

any chemical bonding between the deposited 

nanolayer of dye molecules and the pHema 

surface. As well as its possible interference on 

the dye-nanolayer films, in particular, the 

Acceptor one.  

Nevertheless, the dye-nanolayer films present a 

spectral overlap between the Donor emission 

and Acceptor excitation spectra (Figure 6B, 

marked in orange), on which FRET depends. 

That is identical to the one observed in the dye-

dissolved pHema films (Figure 6A, marked in 

orange), demonstrating their equal capacity for 

FRET.  

In summary, we have demonstrated that PVD is 

working for the functionalization of substrate 

surfaces with nanolayers of FRET dyes. 

Spectroscopic characterization revealed that the 

Donor and Acceptor-nanolayers fulfill the 

requirements to produce a FRET signal when 

being brought to a close distance around the 

estimated Förster Radius of 1 nm. 

 

Figure 6 – Excitation and emission fluorescence 

spectra of the (A) Donor- and Acceptor-dissolved 

pHema thin films and (B) Donor- and Acceptor-

nanolayer films. The spectral overlap between Donor 

emission and Acceptor excitation is marked in 

orange. (C) Molar attenuation coefficient (ε) spectra 

of the Donor- and Acceptor-dissolved pHema thin 

films. For FRET measurements, the samples were 

excited at 350 nm (εA/εD = 0.21). 
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FRET measurements 

The FRET nanolayer system was analyzed 

by FRET spectroscopy. For this, the Donor 

and Acceptor-nanolayer films were bonded 

together with several ascending loads, from 

1.5 to 140 bar. Increasing pressure leads to 

an increase in the degree of NSC and a 

subsequent increase in adhesion. The 

samples were produced by bonding pure 

Donor-nanolayer (D), pure Acceptor-

nanolayer (A), and no dye/clean pHema (H) 

films, as demonstrated in Figure 7. Where 

D/H, H/A and D/A are the Donor-pHema, 

Acceptor-pHema, and Donor-Acceptor thin 

films combinations, respectively (Figure 7). 

In the fluorescence spectrometer, all 

experiments were carried out keeping a 

consistent arrangement of the films, with 

Acceptor in the front and Donor in the back 

position in relation to the light source, which 

was in a 45º/45º configuration (Figure 7). 

As the molar concentration of the dyes in the 

nanolayer films is unknown, for these FRET 

experiments we used the molar attenuation 

coefficients spectra (ε) of the Donor- and 

Acceptor thin films with dyes dissolved in 

pHema 0.1 mM (Figure 6C). The ε spectra are 

necessary to identify the wavelength intervals 

where both dye molecules can be excited using 

the same excitation wavelength, which is a 

FRET requirement12,13. Moreover, the ratio ɛA/ɛD 

is later used to determine the FRET efficiency 

(FRETeff, Eq. 3, Materials and Methods 

section), which is the measure for the detected 

FRET signal and, hence, the degree of NSC12,13. 

The FRET excitation wavelength must be 

selected to have a high ɛD because the Donor 

molecules need enough light to be excited and 

transfer energy to the Acceptor. On the contrary, 

ɛA must be lower since the Acceptor will receive 

extra energy from the Donor. Still, ɛA cannot be 

too low since it also needs to be excited for the 

FRET. Accordantly, the fluorescence spectra for 

the dye-nanolayer films were collected at 350 

nm excitation, where the ratio ɛA/ɛD = 0.21 (see 

Figure 6C). 

Figure 8A-F depicts the bonded 

Donor/Acceptor-nanolayer films emission 

spectra bonded together with pressures from 50 

to 140 bar.  

 

Figure 7 - Bonded dye-nanolayer films: (A) Donor/pHema (D/H), (B) pHema/Acceptor (H/A), and (C) 

Donor/Acceptor (D/A). 
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Figure 8 - Emission fluorescence spectra of the Donor- and Acceptor-nanolayer bonded thin films with increasing 

bonding pressure of (A) 50 bar, (B) 100 bar, (C) 110 bar, (D) 120 bar, (E) 130bar and (F) 140 bar (excited at 350 

nm, εA/εB = 0.21). 

From 50 to 130 bar (Figure 8A-E) a standard 

FRET performance, with Donor Quenching 

(from ID to IDA, Figure 1) and Acceptor 

Sensitization (from IA to IAD, Figure 1), can be 

observed. However, a shift from the normal 

Donor-FRET behavior can be noticed for a 

bonding pressure of 140 bar (Figure 8F). Here, 

the Donor intensity increases when in the 

presence of the Acceptor, against what is 

expected during FRET due to the Donor → 

Acceptor energy transfer (Figure 8F). This 

phenomenon can occur when the Donor and 

Acceptor molecules are too close to each other, 

below 0.5R0, it is called Dexter Transfer. Being 

so close there is a high chance of orbital 

overlapping, which can result in electron 

exchange between the Donor and Acceptor 

molecules, and energy transfer in both directions 

occurs: Donor ↔ Acceptor. Thus, instead of a 

traditional FRET Donor intensity decrease, 

caused by Donor quenching (Figure 8A-E) we 

have the Donor intensity rise as can be observed 

in Figure 8F.  

The fact that we can observe Dexter transfer with 

this FRET system may be related to the dye-

nanolayer films. Because in this new approach, 

the Donor and Acceptor molecules are no longer 

distributed through the entire polymeric matrix 

of the thin films (Figure 2A), but only on the 

pHema surface (Figure 2B). Thus, all the dye-

nanolayer molecules are concentrated in the 

interface between the bonded films, accessible 

for FRET and physically closer, which can 

explain the presence of Dexter transfer (contact 

below 0.5R0 = 0.6 nm) within films boned under 

140 bar (Figure 8F). This result confirms the 

sensitivity of the method due to the development 

of a FRET pair/system specially designed and 

optimized for the measurement of NSC. 

Considering that no dye migration or 

interdiffusion at these pressure conditions (room 

temperature) is observed, so the transfer of 

energy only occurs on the interface between the 

dye-nanolayer films, and the FRET signals 

derive exclusively from their proximity, i.e. 

NSC. 



71 

 

Nevertheless, from 1.5 to 130 bar a standard 

FRET performance, with Donor Quenching and 

Acceptor Sensitization, can be observed (Figure 

8 and Table 1). The FRETeffs from 1.5 to 140 

bar (Table 1), were calculated with the Acceptor 

sensitization method (Eq.4, see Materials and 

Methods section), which only relies on the 

Acceptor molecule’s response to the nanometric 

presence and proximity of the Donor dye10,26,27.  

For 1.5 bar the measured FRETeff was 0 %, 

indicating no NSC within 0.5R0-2R0. On the 

other hand, for 130 bar the FRETeff was ~ 6 % 

(Table 1), a high FRET signal intensity, 

especially considering that the molar 

concentration of the dyes is low (below 0.1 mM) 

and nonequal.  

Table 1 – FRET signal intensity (FRETeff), 

maximum tensile force and separation energy per unit 

area of the bonded nanolayer films under different 

loads. Values are averages ± 95 % confidence interval 

(n=3 for FRET efficiency, and n=4 for tensile force 

and separation energy). 

D/A 

bonding 

pressure 

(bar) 

FRETeff 

(%) 

Maximum 

Tensile 

Force (N) 

Separation 

Energy per 

Unit Area 

(mJ/cm2) 

1.5 0 10.3 ± 0.5 0.05 ± 0.00 

50 2.5 ± 0.6 20.2 ± 2.8 0.13 ± 0.02 

100 3.1 ± 0.8 30.0 ± 3.0 0.24 ± 0.03 

110 3.3 ± 0.9 39.8 ± 3.6 0.35 ± 0.04 

120 4.9 ± 0.7 47.8 ± 5.5 0.45 ± 0.07 

130 5.9 ± 0.9 52.2 ± 0.7 0.51 ± 0.01 

140 10.2 ± 1.2 76.3 ± 3.8 0.84 ± 0.05 

 

Analyzing the fluorescence spectra, FRET 

signals and FRETeffs altogether (Figure 8 and 

Table 1), our experiments reveal that when the 

pressure to bond the Donor/Acceptor-nanolayer 

films increases, the FRET signals, and their 

relative FRETeffs also increase accordingly. 

Correlation between NSC and adhesion 

In order to validate the measurement of NSC 

using FRET, we measured the adhesion between 

the nanolayer films, which was created by the 

NSC between the surfaces, and correlate it to the 

measured FRET signals. Thus, the bonded films 

were separated by z-directional tensile testing to 

determine the separation energy and maximum 

adhesion force. The results showed that both 

parameters increase, with the increasing pressure 

applied to bonded dye-nanolayer films (Table 1), 

due to a higher degree of NSC and adhesion 

force. The separation energy per unit area was 

calculated by the integral of the tensile test force-

displacement curves (Figure S2). The bonded 

surfaces FRETeffs and correspondent adhesion 

(separation energy per unit area) were plotted 

together in Figure 9. FRETeff linearly increases 

with the separation energy/adhesion (Figure 9). 

Demonstrating that by functionalization of 

surfaces with FRET dye-nanolayers the degree 

of NSC between these surfaces can indeed be 

measured using FRET spectroscopy. 

 

Figure 9 –FRETeff as a function of the adhesion 

(separation energy per unit area) between the 

Donor/Acceptor bonded nanolayer films pressed with 

1.5 to 140 bar. Values are average ± 95 % confidence 

interval (n=3 for FRET efficiency, and n=4 for tensile 

force and separation energy). The high correlation 

confirms the relationship between the degree of NSC 

(represented by the adhesion) and the measured 

FRET signal (FRETeff). 

CONCLUSIONS 

In this work was presented a new FRET system 

based on dye-nanolayer films prepared by 

physical vapor deposition and developed for the 

measurement of NSC and its influence on 

adhesion. The dye-nanolayer films exhibit low 

roughness, uniform dye distribution, clear 
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fluorescence intensities, and a spectral overlap, 

suitable for FRET. 

For the FRET experiments and tensile testing, 

the dye-nanolayer films were bonded with 

increasing pressure, to create different degrees of 

NSC and adhesion, corresponding to the applied 

load. The results showed that NSC measured by 

FRET and adhesion (separation energy per unit 

area) linearly increase with the employed 

pressure used to bond the dye-nanolayer films. 

This validates the capacity of the new FRET 

system for measurement of the degree of NSC 

between solid materials and the reliable 

correlation that can be established between 

FRET and adhesion. 

The key innovation of this experimental method 

is that it can, in principle, be applied to arbitrary 

surfaces of soft and hard materials. 

Functionalizing surfaces with FRET dye-

nanolayers is an actively novel approach to study 

NSC using FRET spectroscopy. It can be applied 

on any sufficiently transparent substrate that can 

be used for the deposition of the Donor and 

Acceptor molecules. Or even, using other FRET 

pairs (low saturation pressure for PVD).  

Our investigations provide a unique 

experimental approach for the measurement of 

NSC on large sample areas, particularly useful to 

study adhesion between solid materials that can 

be of interest in all fields of engineering, contact 

mechanics and tribology. 

MATERIALS AND METHODS  

pHema Thin Films Preparation. pHema 

(Sigma-Aldrich, Mw 20 000 Da, CAS:25249-

16-5, USA) was dissolved to prepare a 10 % 

(m/v) ethanol/water-milliQ mixture 95:5 (v/v) 

solution. Then, 500 µL of pHema solution were 

doctor bladed over polyvinyl chloride substrates 

to form 1.5 µm thin films using a bar film 

applicator (3M BYK-Gardner GmbH, 

Geretsried, Germany) and left at room 

temperature for the evaporation of the solvents 

and consolidation of the films. 

 

Donor and Acceptor Thin Films Preparation. 

The FRET pair (Figure 3A and 3B) of 

fluorescence molecules C120 (Sigma-Aldrich, 

CAS:26093-31-2, USA), and CDCF (Sigma-

Aldrich, CAS:111843-78-8, Switzerland) were 

dissolved in ethanol to prepare 0.1 mM Donor 

and Acceptor (ratio of 1:1) solutions. Then, 100 

µL of dye(s) solution was added to 500 µL of 

pHema solution (described before). The 

polymer-dye solutions were doctor bladed over 

polyvinyl chloride carrier substrates with a bar 

film applicator (3M BYK-Gardner GmbH, 

Geretsried, Germany) [17] to form 1.5 µm Donor 

and Acceptor thin films (Figure 2A). To protect 

the dyes from unwanted quenching mechanisms 

or any other kind of light degradation, the dye 

solutions and thin films were prepared and 

handled in the dark and later protected in 

aluminum foil during the entire process and 

experiments. 

 

Dye-Nanolayer Film Preparation – Physical 

Vapor Deposition. Donor and Acceptor 

molecules were deposited individually on 

pHema, thin films in a custom-built PVD 

chamber. To deposit the dye nanolayer films, a 

vacuum chamber reactor equipped with a 

filament with temperature controller was 

utilized (Figure 4). The procedure was realized in 

four stages: (1) a pHema thin film was placed in 

the bottom of the reactor and a stainless-steel 

crucible, containing the dye (Donor or Acceptor) 

powder, positioned over the heating filament 

(Figure 4). (2) The PVD chamber was degassed 

overnight to reach high vacuum. (3) The next 

day, the chamber was closed in a batch 

configuration, meaning that after heating the 

crucible, the reactor was separated from the 

vacuum pump, and the filament was heated to 

vaporize the dye (Donor or Acceptor). (4) After 

the deposition time (Table 2) the heating was 

turned off, the chamber was opened and the dye-

nanolayer film was collected (Figure 4). To 

protect the dyes from unwanted quenching 

mechanisms or any other kind of light 

degradation, the dyes powder and films were 
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prepared and handled in the dark and protected 

in aluminum foil. 

Table 2 – PVD conditions used during the 

preparation of the dye nanolayer films. 

Dye 

Molecule 

Pressure 

(mtorr) 

Time 

(h) 

Temperature (ºC) 

Substrate  Filament 

C120 100 0.25 60 100 

CDCF 100 6 60 120 

 

Atomic Force Microscopy. The surface 

topography of the phema and dye-nanolayer 

films was investigated with AFM (Asylum 

Research MFP-3D, Santa Barbara, USA). The 

measurements were performed to scan 500 x 500 

nm² topography images at ambient conditions 

(24°C and 45 % relative humidity). All 

measurements were obtained with Olympus AC 

240 TS probes with a nominal tip radius of 7 nm 

and a cantilever spring constant of about 2 N/m. 

The open-source software Gwyddion was used 

to process the images (for all samples a second 

order polynomial background subtraction was 

performed) and determine the root mean square 

(RMS) roughness on at least three independent 

positions on each film. 

 

Bonded Thin Films preparation. For FRET 

spectroscopy the bonding of the interface 

between the dye-nanolayer films was performed 

on 4 cm2 of pure Donor (D), pure Acceptor (A) 

and/or pHema thin films without any dye (H), as 

demonstrated in Figure 7. The films were 

pressed at 1.5, 50, 100, 110, 120, 130 and 140 

bar (hydraulic pressure PU30, V. Jessernigg & 

Urban, Graz, Austria) for 10 min. 

 

FRET spectroscopy. Spectra measurements of 

bonded dye-nanolayer films (Figure 8) were 

recorded using a Fluorophotometer RF-5301PC 

(Shimadzu, Kyoto, Japan), at an excitation 

wavelength of 350 nm in a 45°/45° configuration 

as demonstrated in Figure 7. 

FRET signals were detected from the bonded 

dye-nanolayer films and analyzed using Förster 

Theory12. The dye system presents a FRET 

working range distance that corresponds to 2R0 

where R0 is the Förster radius (nm). Following 

the instructions presented in the book FRET – 

Förster Resonance Energy Transfer: From 

Theory to Applications by Medintz and 

Hildebrandt (chapter 5, pages 106-122)13, R0 can 

be calculated via Eq. 1: 

𝑅0 = (
9 ln(10) 𝑘2𝑄𝑌Donor 𝐽

128 π5𝑁𝐴𝑛4 ) 
1

6⁄  (nm)         (1) 

where NA is Avogadro’s constant (6.02 x 1020 

mmol-1), k2 is the orientation factor (2/3), n is the 

refractive index (1.5 for the thin films), QYDonor 

is the Donor quantum yield (measured by the 

absolute method, QYDonor = 0.91) and J is the 

overlap integral calculated with Eq. 2: 

𝐽 =  ∫ 𝑓𝐷(𝜆) 𝜖𝐴(𝜆) 𝜆4 𝑑𝜆 (nm4.M-1.cm-1)       (2) 

where fD is the area normalized fluorescence 

intensity of the Donor, εA is the attenuation 

coefficient of the Acceptor (M-1.cm-1) and λ is 

the wavelength (nm). 

FRET efficiency (%) was calculated by the 

Acceptor Sensitization method1 (Equation 3). It 

is the ratio of the Acceptor spectral intensity 

peak value in the presence (IAD) and in the 

absence (IA) of Donor (Figure 1). 

To achieve appropriate FRET efficiency results, 

the direct luminescence of IAD is subtracted from 

IAD/IA, and multiplied the correct luminescence 

ratio of the Acceptor and Donor molar 

attenuation coefficients (εA and εD) at the 

excitation wavelength used for the FRET 

experiments. 

𝐹𝑅𝐸𝑇𝑒𝑓𝑓 = (
𝐼𝐴𝐷−𝐼𝐴

𝐼𝐴
) (

𝜀𝐴

𝜀𝐷
) (%)               (3) 

The Donor and Acceptor molar attenuation 

coefficients (ε, M-1.cm-1) spectra are determined 

from the absorbance by Beer Lambert’s Law 

(Eq. 4): 

𝐴 = 𝜀 𝑐 𝑙                                                (4) 

where A is the absorbance defined as the 

negative decadic logarithm of the measured 

transmittance, c is the concentration of the dye in 

the polymeric matrix (M) and l is the length of 

the light path, in this case, the thickness of the 
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thin films (cm). Pure Donor and pure Acceptor 

thin films absorbance was measured with a 

Varian Cary, UV-vis spectrophotometer 

(Agilent Technologies, California, USA). To 

minimize the inner filter effect and deviations 

from Beer-Lambert’s law the optical density of 

the transmission measurements never exceeded 

0.5 OD. 

 

Thin film separation energy. Z-direction tensile 

tests were performed in a ZwickRoell Z010 

multi-purpose tester (Georgia, USA) equipped 

with two steel bars, in which only the upper steel 

bar moves, driven by a linear motor. A double-

sided adhesive tape is put on the upper and the 

lower steel bars. After the sample is placed on 

the lower steel bar, the linear motor moves the 

upper steel bar down until it touches the sample. 

To guarantee good attachment of the sample at 

the steel bars, a defined compression force of 1.5 

bar is applied. Then, the sample is pulled apart in 

z-direction until it fails between the two polymer 

thin films. The force F with respect to the 

separation distance x is recorded. The two main 

values for interpreting the tensile tests are the 

maximum tensile force and the separation 

energy. The separation energy (J/cm2) is the 

integral of the force-distance curves, divided by 

the bonded area of the thin films. 
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SUPLEMENTARY INFORMATION 

 

Figure S1 - FRET spectroscopy applied to surfaces in NSC: (A) Donor and Acceptor surfaces; (B) Donor and 

Acceptor surfaces in NSC; (C) FRET signal with the pure Donor, Acceptor, and Donor−Acceptor in NSC 

fluorescence spectra, where Donor intensity drops and Acceptor intensity rises (from IA to IAD, see arrows) due to 

the Donor-Acceptor energy transfer; (D) Donor and Acceptor surfaces in contact analyzed at micro- and (E) 

nanometer scales; (F) No FRET signal for areas above the FRET distance range of the system. 

 

Figure S2 - Z-direction force-displacement curves of the Donor/Acceptor bonded nanolayer films pressed with 1.5 

to 140 bar. Values are average ± 95 % confidence interval (n=3 for FRET efficiency, and n=4 for tensile force and 

separation energy). 


