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1. Introduction 

The Nobel Prize in Chemistry in 2023 was awarded to Moungi G. Bawendi, Louis E. Brus, 

and Alexei I. Ekimov, who made significant contributions to the discovery and synthesis of 

quantum dots (QDs), and “added colour to nanotechnology” [1]. These tiny, colorful, and 

unique nanoparticles offer innovative applications in various domains and play a crucial role in 

advancing materials science, photonics, energy technologies, and life sciences. 

Due to the quantum confinement effect, QDs exhibit exceptional photophysical properties 

superior to conventional organic dyes [2], including high absorption cross sections, narrow and 

symmetric photoluminescence (PL) emission peaks, and size-dependent PL emission 

wavelengths, which makes them favorable alternatives of traditional dyes for biosensing and 

imaging [3], [4]. Apart from the replacement of organic dyes, QDs have also gained increasing 

attention as versatile energy transfer (ET) candidates (donors or acceptors) within a nano-scale 

biological context [5]. Due to the nontrivial surface areas of QDs, functional biomolecules (e.g., 

proteins, antibodies, single-stranded (ss)DNA) and/or luminescent materials (ET donors or 

acceptors) can be conjugated to QDs, which allows nano-surface biological or environmental 

probing [5], [6]. 

In the ET-based assays, Förster resonance energy transfer (FRET) has become one of the 

most promising technologies for biosensing because of its high distance sensitivity on a 

biomolecular interaction scale (ca. 1-20 nm) [7]. QDs have shown to be excellent FRET donors 

for a large variety of organic dyes, fluorescent proteins, polymers, and metal nanoparticles (NPs) 

[8]–[10]. However, organic dyes and fluorescent proteins often suffer from poor photostability 

and self-quenching, as well as the influence of auto-fluorescence background. To overcome 

these drawbacks, a FRET pair composed of lanthanide-based compounds or NPs donors and 

QDs as acceptors has been proposed and advanced [11], [12]. Compared with organic dyes and 

fluorescent proteins, QDs possess great photostability and brightness, and the lanthanides-based 

donors exhibit super-long PL lifetime (up to milliseconds) [13], [14], which allows the time-

resolved (TR) or time-gated (TG) detection to suppress all the auto-fluorescence background 

(nanoseconds scale). Notably, the PL lifetime of FRET-quenched donors or FRET-sensitized 

acceptors can be tuned by FRET efficiencies, which provide great potential for temporal 
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multiplexing [15]. Besides, both lanthanide probes and QDs possess narrow, distinguishable 

emission peaks, which provides the possibility of spectral multiplexing by using various QDs 

as multiple acceptors [16]. 

Several sophisticated concepts of lanthanide and QD-based luminescent biosensing or 

multiple probing have been presented [17]–[19]. Although the proofs-of-concept showed highly 

promising features for advanced sensing applications, their optimization, simplification, and 

adaption to daily use in a broad range of applications are challenges that still need to be 

overcome. Moreover, the influence of environmental changes (e.g., temperature) and biological 

interactions on the photophysical and energy transfer properties of lanthanides on NP surfaces 

has been largely underexplored. Therefore, this thesis aims to investigate the biomolecular 

interactions (taking protein binding and DNA hybridization as the representative cases) on QDs 

surface by lanthanide-to-QD FRET assays (a terbium complex was used as the representative 

lanthanide-based compound in this work) and the temperature effect on the QD-based FRET 

systems. 

The thesis contains nine chapters. Following this introduction (Chapter 1), there is the 

research background (Chapter 2) on FRET theory, FRET applications, lanthanides, and QDs. 

Chapters 3, 4, and 5 present three individual studies, including introduction, materials and 

methods, results and discussion, and conclusion. The summary and outlook of the whole work 

are discussed in Chapter 6, followed by the abbreviations, bibliography, and “Panorama du 

sujet en français”. 

In the first study, the QD-surface protein interactions probing based on terbium complex-

to-QD FRET was investigated by taking the epidermal growth factor receptor (EGFR, an 

important biomarker for various kinds of human malignancies) [20], [21], as a protein model. 

Two small engineered nanobodies (NB1 and NB2) against EGFR were produced with different 

C-terminal tags (hexahistidine (His6), biotin, and cysteine (Cys) tags). We show that they can 

be efficiently attached to three of the most widely used biocompatible QDs with three common 

surface coatings, compact zwitterionic ligands (CL4), amino-polyethylene-glycol (PEG), and 

streptavidin (sAv), respectively. To demonstrate the biosensing functionality of this versatile 

bioconjugation toolkit, three wash-free and rapid FRET sandwich immunoassays for the 

quantification of EGFR were developed. As shown in Figure 1.1A, NB2 are labeled with His6 
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(NB2-H), Cys (NB2-C), and biotin (NB2-B) tags, respectively, while NB1 is labeled with 

Lumi4-Tb complex (Tb-NB1). Then NB2-H, NB2-B, and NB2-C are respectively attached onto 

QD625-CL4, QD705-sAv, and QD705-PEG, to form NB2-H-QD625-CL4, NB2-B-QD705-sAv, 

and NB2-C-QD705-PEG conjugates. Since NB1 and NB2 bind to different domains of EGFR 

noncompetitively, their conjugates were successfully used to detect the soluble EGFR (sEGFR, 

a prognostic and predictive biomarker for metastatic breast cancer) in immunological sandwich 

assays, with similar limit of detection (LOD) of 0.5±0.2 nM (NB2-C-QD705-PEG), 0.7±0.2 

nM (NB2-B-QD705-sAv), and 0.8±0.2 nM (NB2-H-QD625-CL4) sEGFR, respectively. We 

then developed a new biosensing concept (Figure 1.1B), in which His6-tagged NBs (NB1-H) 

were displaced from the QD surface by non-competitive binding of NB1 to EGFR. This new 

assay format, which required only a single type of NB and no QD bioconjugation, was applied 

for the quantification of sEGFR and soluble EGFR variant III (sEGFRvIII, a prognostic 

biomarker for glioblastoma). The detection limit of 80±20 pM (16±4 ng mL−1) was 3-fold lower 

than the clinical cut-off concentration for sEGFR and up to 10-fold lower compared to the 

abovementioned three conventional sandwich FRET assays that required a pair of different 

nanobodies. The NB-displacement assay significantly decreases cost and labor (for antibody 

screening and production and bioconjugation), strongly facilitates assay-kit assembly and 

storage (only one type of Tb-NB conjugate and one type of unlabeled QD), provides rapid (mix-

and-measure) analysis, and can quantify relevant biomarkers at clinically relevant 

concentrations. 

My contribution to this study includes the design of the experiments, preparation of NB-

Tb conjugates, optimization of reaction conditions, performance of displacement immunoassay 

experiments, data analysis and interpretation, and the writing of the manuscript. Dr. Yu-tang 

Wu contributed to the NB-QD conjugates preparation and sandwich immunoassay experiments. 

Sofia Doulkeridou prepared the nanobodies. Prof. Xue Qiu helped with the design of the study. 

Dr. Kimihiro Susumu prepared the QD625-CL4. All authors contributed to the editing and 

writing of the manuscript and approved its final version for the journal. (Ruifang Su, Yu-Tang 

Wu, Sofia Doulkeridou, Xue Qiu, Thomas Just Sørensen, Kimihiro Susumu, Igor L. Medintz, 

Paul M. P. van Bergen en Henegouwen, and Niko Hildebrandt. A Nanobody-on-Quantum Dot 

Displacement Assay for Rapid and Sensitive Quantification of the Epidermal Growth Factor 
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Receptor (EGFR). Angewandte Chemie International Edition 2022, 61(33), e202207797. Paper 

4 in the original publications list). 

 

Figure 1.1. Schematic representation of immunoassays for EGFR detection. (A) Principle of the NB-based 

Tb-to-QD FRET sandwich immunoassays. (B) Top: Principle of Tb-to-QD FRET NB displacement 

immunoassays. Bottom: NB displacement FRET immunoassay calibration curves with a LOD of 0.08±0.02 

nM sEGFR. 

 

In the second study, a temporal multiplexing strategy is presented for DNA target sensing 

based on the TG PL measurement of three different Lumi4-Tb complex (Tb)-to-QD FRET 

probes with temporally distinct PL decays adjusted by the Tb-QD distance. Different Tb-QD 

FRET probes were functionalized by different peptide-cDNAs (part of the complementary DNA 

sequence of target DNA) and used as distinct PL probes. Magnetic beads (MBs) were 

functionalized with another cDNAs (another part of a complementary sequence of the target 

DNA) through biotin-streptavidin reaction. In the presence of corresponding target DNAs, 

different Tb-QD-peptide-cDNA probes can be immobilized onto MBs through DNA 

hybridization of peptide-cDNA, target DNA, and cDNA on MB (Figure 1.2 left). After 

magnetic separation and resuspension, all the background signal from free Tb-QD-FRET 

probes can be removed, and the TG measurements of Tb-QD probes on MB in distinct time 

windows after pulsed excitation can realize the autofluorescence-free, sensitive, and selective 

detection of different DNA targets (Figure 1.2 right). The results show that the PL intensities 

of different FRET probes in different time windows are increasing with the increasing 
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concentration of target DNA in each single sensing assay. Assay calibration curves were 

achieved by plotting the TG PL intensity of the FRET-sensitized QD acceptor of each probe as 

a function of corresponding target concentrations. The linear detection concentration range of 

target DNA1, 2, and 3 are 0.625 pM to 0.375 nM, 2.5 pM to 0.5 nM, and 6.25 pM to 2 nM, and 

the detection LODs are 0.56 pM, 0.94 pM, and 10.3 pM, respectively. These sensitivities allow 

us to distinguish concentration differences of a few pM of target DNAs over the entire dynamic 

concentration range. The temporal triplexing concept was successfully used in the selective, 

sensitive, and accurate recovery of the three different DNAs at varying low picomolar to 

nanomolar concentrations from eleven different samples. 

My contribution to this study includes designing and executing experiments, analyzing 

data, and writing the manuscript. Dr. Kimihiro Susumu prepared QD625 (modified with CL4 

ligands). All the other authors contributed to the experiment design and provided guidance. The 

manuscript is currently in preparation. (Ruifang Su, Kimihiro Susumu, Igor L. Medintz, 

Thomas Just Sørensen, and Niko Hildebrandt, Multiplexed picomolar nucleic acid sensing 

using time-resolved terbium-to-quantum dot FRET. Paper 2 in the original publications list). 

 

Figure 1.2. Schematic representation for temporal triplexing of DNAs based on Tb-QD FRET. Left: In the 

presence of target DNAs, peptide-cDNA of Tb-to-QD FRET probes and cDNA on MBs will hybridize with 

target DNA to form the Tb-QD-DNA-MB complexes. Right: After magnetic separation and resuspension, 

TG PL measurement from three time windows (W1, W2, and W3) of Tb-QD probes on MBs can realize the 

specific quantification of DNA targets. 

 

In the third study, the temperature response of widely used water-soluble QDs (CdSe/ZnS-

based core-shell QDs, functionalized with dihydrolipoic acid (DHLA)-based compact ligands) 

was analyzed by measuring their absorption and PL emission spectra under different 
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temperatures. By using the QDs as both the nanoplatforms and FRET donors or acceptors, two 

prototypical FRET-based biosensing assays were developed as shown in Figure 1.3. In the two 

FRET systems, peptide-DNA was attached to the QD surface through metal-polyhistidine 

coordination. Cyanine 5 (Cy5) or Lumi4-Tb-NHS (Tb) labeled DNAs could specifically 

hybridize with the DNA sequence in peptide-DNA, such that QD-peptide-dsDNA-Cy5/Tb 

FRET complexes were formed. The temperature response of QDs and its effect on the 

biosensing performances of the two assays were investigated by combining steady-state and TR 

PL measurements of the QD-based FRET signals. Results show that the PL intensity of QDs 

declines with the emission peak position shifting towards the red as temperature increases from 

10 to 80 °C, which shows good reversibility. Continuous heating treatment induces partly 

irreversible PL quenching of QDs due to the surface oxidation reaction and particle precipitation 

and aggregation (when the temperature is over 60 °C). The temperature effect on QD-based 

assays can be eliminated by using a ratiometric FRET format (FRET ratio as the signal), which 

allows temperature-independent sensing of DNA targets. The PL intensity of QD donors or 

acceptors in FRET assays remains temperature sensitive, which can be used for simultaneous 

temperature sensing during DNA quantification. By combining the ratiometric FRET assay 

format with the temperature sensing capability of QDs, the target/temperature dual sensing can 

be realized. The results emphasized the importance of temperature control for QD-based PL 

assays and provided practically important guidance for their applications in the life sciences. 

The development of a biological target/temperature dual sensing strategy is conducive to 

expanding the applications of FRET systems in both biomedical and nano-surface 

environmental sensing. 

My contribution to this study includes the design and execution of experiments, data 

analysis, and writing of the manuscript. Dr. Kimihiro Susumu prepared QD625 (modified with 

CL4 ligands). All the other authors contributed to the experiment design and provided guidance. 

The manuscript is currently in preparation. (Ruifang Su, Nicolaj Kofod, Kimihiro Susumu, 

Igor L. Medintz, Niko Hildebrandt, and Thomas Just Sørensen. Quantum dot-based FRET 

assays for simultaneous temperature-DNA sensing. Paper 1 in the original publications list). 
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Figure 1.3 Principles of QD-based FRET. (A) Cy5-labeled DNA hybridizes to peptide-DNA attached to the 

QD625 surface, which leads to QD-to-Cy5 FRET. (B) In a similar design Tb-DNA hybridization to the 

peptide-DNA results in Tb-to-QD FRET. 
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2. Background 

This chapter introduces Förster resonance energy transfer (FRET), the photophysical 

properties of luminescent lanthanides and semiconductor quantum dots (QDs), and 

examinations of their respective applications in FRET-based biosensing and diagnostics. Our 

research interests are towards the development of bioassays for nano-surface biomolecular 

interactions and environment sensing based on the time-resolved measurements of lanthanide 

(Ln)-to-QD FRET pairs, and the investigation of temperature-induced luminescent response of 

QDs, along with their consequent impact on QD-based FRET processes. Understanding these 

foundational research domains has inspired us to design higher sensitivity, background-free, 

and multifunctional biosensing strategies. 

This chapter begins with the introduction of the FRET phenomenon and the theory behind 

it in Section 2.1. Section 2.2 systematically overviews the application of FRET in homogenous 

immunoassays and the quantification of nucleic acid biomarkers. Section 2.3 examines the 

outstanding photophysical properties of Ln and the advantages of using them as FRET donors. 

Finally, Section 2.4 is devoted to a brief overview of QDs, including their photophysical 

properties, surface functionalization, and their applications in FRET as donors or acceptors. 

 

2.1 Förster resonance energy transfer 

2.1.1 Introduction 

FRET is the non-radiative energy transfer from an excited fluorophore (donor) to a 

proximal ground state fluorophore (acceptor) via their dipole-dipole interactions. The 

phenomenon was first theoretically established in 1948 and named after the German scientist 

Theodor Förster [22], who was the first person to develop a quantitative theory to describe this 

nonradiative energy transfer. According to Förster theory, the following conditions are needed 

to observe FRET [23]: (i) Donor and acceptor fluorophores should have strong electronic 

transitions in the ultraviolet (UV), visible (Vis), or infrared (IR) region. (ii) The donor should 

emit at a reasonably high quantum yield. (iii) There should be a spectral overlap between donor 

emission and acceptor absorption. (iv) The orientation factor should not be 0. (v) Donor and 

acceptor should be at a reasonable distance (1-20 nm), where orbital overlap-related 
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mechanisms (for very short distances) and radiative mechanisms (for long distances) play minor 

roles. Under these conditions, energy can be transferred from the donor to the acceptor, resulting 

in PL quenching of the donor and PL sensitization of the acceptor (when the acceptor is 

luminescent). 

FRET-based applications have expanded tremendously since the early 1990s, driven by 

significant advances in new fluorophores, detection methods, and instrumentation [3]. Due to 

the strong distance dependence of FRET (1-20 nm) in the biological interaction range, FRET 

has become a popular technique in many biological and biophysical fields, such as the 

quantification of bio-targets of interest (proteins, nucleic acids, metabolites, cells, and 

pathogens, etc.) [5], [23] and the detection of molecular dynamics in biophysics and molecular 

biology (DNA and protein interactions, and their conformational changes) [5]. This chapter will 

introduce the background theory of FRET (Section 2.1.2), which is mainly extracted from 

reference [23]. 

2.1.2 FRET Theory 

The theory behind FRET was established in the 1940s, which was mainly contributed by 

Theodor Förster [24], [25]. In FRET, the excited donor non-radiatively transfers (without 

photon appearing) energy to a ground-state acceptor in a resonance condition, where the 

luminescent energy from the donor should be equal to the absorption energy of the acceptor. 

The efficiency of this energy transfer (EFRET) is dependent on the donor-acceptor distance (R), 

which is typically in a range of 1-20 nm (where the orbital overlap-related mechanisms and 

radiative mechanisms play minor roles), indicating the donor-acceptor dipole-dipole 

interactions, which can be presented by Coulombic coupling VCoul (charges coupling). Then the 

FRET rate (𝑘𝐹𝑅𝐸𝑇) follows Fermi’s golden rule: 

𝑘𝐹𝑅𝐸𝑇 =
2𝜋

ℏ
|𝑉|2𝜌                           (2.1) 

where ℏ is the reduced Planck constant, V is the electronic coupling between donor and acceptor, 

and ρ is the density of the interacting initial and final energetic states, which is related to the 

spectral overlap integral J (the overlap of donor emission and acceptor absorption, defined in 

the wavelength or wavenumber scale). In Equation 2.1, V can be replaced by the R-3 distance 

dependent 𝑉Coul (Equation 2.2): 
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𝑉Coul =
𝜅|𝜇⃗⃗ D||𝜇⃗⃗ A|

4𝜋𝜀0𝑛2𝑅3                           (2.2) 

where 𝜇 D and 𝜇 A are the transition dipole moments of donor and acceptor, 𝜅 is the orientation 

factor between them, 𝜀0 is the vacuum permittivity, n is the refractive index, and R is the donor-

acceptor distance. 

By substituting Equation 2.2 into Equation 2.1, the FRET rate can be described as the 

following Equation 2.3: 

𝑘FRET =
9(ln10)𝜅2ΦD

128𝜋5𝑁A𝑛4𝜏D𝑅6 𝐽                         (2.3) 

where ΦD is the luminescence quantum yield of D in the absence of energy transfer, 𝑁A is 

Avogadro’s number (6.023 × 1023 mol-1), and 𝜏D is the luminescence lifetime of the donor. 

The basic principle of FRET is illustrated in Figure 2.1 (left) through the Jablonski 

diagram. Following hv excitation, the ground-state donor (D) is raised to its excited state (D*), 

subsequently transitioning to the excited electronic ground state via inner relaxation, which 

involves vibrational and rotational relaxation. Finally, it returns to its ground state (D) through 

radiative decay (kR), nonradiative decay (kNR), or FRET (kFRET). FRET can only occur when the 

donor and acceptor share the same electronic transition (red, green, and purple horizontal lines 

in the left figure), signifying that the difference between their respective energy levels is equal. 

In this case, FRET takes place from an excited donor (D*) to a ground-state acceptor. In 

spectroscopic terms, a successful FRET pair requires spectral overlap between the donor 

emission and the acceptor absorption (as shown in Figure 2.1, right). 

 

Figure 2.1. (Left) The basic FRET principle is illustrated by the Jablonski diagram (a simplified energy 

level scheme). Under excitation (hv), the ground state donor (D) transitions to an excited state (D*), 

followed by a return to the excited electronic ground state via inner relaxation (vibrational and rotational, 

indicated by the black dotted arrow). Finally, it returns to its original ground state (D) through radiative 
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decay (𝑘R), nonradiative decay (𝑘NR), or FRET (𝑘FRET). For FRET to occur, the donor and acceptor 

should share the same electronic transitions (red/green/purple horizontal lines), indicating that their 

respective energy levels are equal. Following FRET, the acceptor enters an excited state (A*), and 

subsequently returns to its ground state (A) through radiative or nonradiative decay processes. (Right) 

The spectral overlap (in gray area) between the normalized D emission and A molar absorption (𝜀A) 

defines the overlap integral J (cf. Equation 2.5). (Adapted with permission from reference [2]. 

Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA) 

 

For a specific FRET pair, when the FRET rate (kFRET) is in equilibrium with other decay 

rates of the donor (𝑘FRET = 𝑘D
𝑅 + 𝑘𝐷

NR = 𝜏D
−1), and the FRET efficiency is 50%, the distance 

between the donor and acceptor is defined as the Förster distance (R0). R0 can be calculated by 

the following Equation 2.4 by replacing 𝑘FRET in Equation 2.3 with 𝜏D
−1 and R with R0. 

𝑅0 = (
9(ln 10)𝜅2ΦD

128𝜋5𝑁A𝑛4 𝐽)
1∕6

                        (2.4) 

The spectral overlap integral J as shown in Figure 2.1 (right), defined in wavelength scale 

can be calculated by Equation 2.5: 

𝐽 = ∫ 𝐼D̅(𝜆)𝜀A(𝜆)𝜆4 ⅆ𝜆                       (2.5) 

where 𝜀A(𝜆)  presents the acceptor molar absorption spectrum, while 𝐼D̅(𝜆)  presents the 

emission spectrum of donor normalized to unity as shown in Equation 2.6. 

∫ 𝐼D̅(𝜆) ⅆ𝜆 = 1                             (2.6) 

The last important variable in FRET theory is the orientation factor κ2, which can be 

calculated based on the angles between transition dipole moments of donor (𝜇 D), acceptor (𝜇 A), 

and their connection vector 𝑅⃗  (as shown in Figure 2.2) by Equation 2.7: 

𝜅2 = [̂
D

⋅ ̂
A

− 3(̂
D

⋅ 𝑅̂)(̂
A

⋅ 𝑅̂)]2 = [𝑐𝑜𝑠𝜃DA − 3𝑐𝑜𝑠𝜃D𝑐𝑜𝑠𝜃A]2      (2.7) 

where ̂
D
, ̂

A
 and 𝑅̂ present the unit vectors of 𝜇 D, 𝜇 A, and 𝑅⃗ , respectively. As shown in 

Figure 2.2 (left), 𝜃DA presents the angle between 𝜇 D and 𝜇 A, while 𝜃D and 𝜃A present the 

angles between 𝜇 D with 𝑅⃗ , and 𝜇 A with 𝑅⃗ , respectively. 

From the calculation by Equation 2.7, the value of 𝜅2 is in a range of 0 to 4, resulting from 

the relative orientation of donor and acceptor transition dipole moments (𝜇 D  and 𝜇 A ). The 

examples are as shown in Figure 2.2 (Right), when 𝜇 D and 𝜇 A are collinear, 𝜅2 is 4, while 

when they are parallel to each other, 𝜅2 is 0. If they are perpendicularly oriented, 𝜅2 will be 0. 
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Generally, 𝜅2 can be assumed as 2/3, which is the average value from a situation where 

both the donor and acceptor are free to rotate to any possible orientation during the FRET time 

(1/𝑘FRET). This means that the system is in a dynamic averaging regime during FRET, and the 

average rotation rate is much higher than the average FRET rate (𝑘rot ⨠ 𝑘FRET). 2/3 is a descent 

assumption for most of the practical cases. Even for a system where only one participant of the 

FRET (donor or acceptor) shows average orientation (the other participant has a fixed 

orientation), the value of 𝜅2 is between 1/3 and 4/3, for which 2/3 is still an acceptable 

approximation. Since the sixth root of 𝜅2 is taken as shown in Equation 2.4, variation of 𝜅2 

should not cause major errors in the calculation of FRET distance. Therefore, in many 

biological experiments, the orientation factor in FRET can be assumed as 2/3, which 

significantly simplifies the application of FRET. 

 

Figure 2.2. (Left) The orientation of transition dipole moments of donor emission (𝜇 D ), acceptor 

absorption (𝜇 A), and the connection vector 𝑅⃗  between them. (Adapted with permission from reference 

[5]. Copyright 2016 American Chemical Society.). (Right) The possible virtual orientations of donor 

and acceptor transition dipole moments and the corresponding κ2 values. (Adapted with permission from 

reference [26]. Copyright 2015 MDPI.) 

 

For the FRET rate, as shown in Equation 2.8, the relationship between kFRET, the 

luminescence decay time of the donor, and the donor-acceptor distance can be derived by 

combining Equations 2.3 and 2.4. 

𝑘FRET = 𝜏𝐷
−1 [

𝑅0

𝑅
]
6

                           (2.8) 

The FRET efficiency (EFRET) can be expressed using Equation 2.9, illustrating its 

dependence on R-⁶ (the sixth power of the distance). As depicted in Figure 2.3, EFRET exhibits 

pronounced sensitivity to the distance (R) between the donor and acceptor, particularly when it 

falls within the range of 0.5 to 2.0 times R0 (gray area). 

𝐸FRET =
𝑘FRET

𝑘FRET+𝑘D
𝑅+𝑘D

𝑁𝑅 =
𝑘FRET

𝑘FRET+𝜏D
−1 =

1

1+(𝑅/𝑅0)6
=

𝑅0
6

𝑅0
6+𝑅6             (2.9) 
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Figure 2.3. FRET efficiency (EFRET) as a function of donor–acceptor distance (R). When R is in the 

range of 0.5 to 2.0 𝑅0, there is a strong sensitivity of EFRET to R (gray background area). (Adapted with 

permission from reference [23]. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA.) 

 

Since FRET is a deactivation process of the excited donor fluorophore, it can result in the 

photophysical property changes of the donor. By combining with spectroscopy, FRET 

efficiency can also be determined by the measurements of the luminescent intensity (I), decay 

time (𝜏), or quantum yield (Փ) of the donor in the presence (𝐼𝐷𝐴, 𝜏𝐷𝐴, Փ𝐷𝐴) and absence of the 

acceptor (𝐼𝐷, 𝜏𝐷, Փ𝐷), respectively (as shown in Equation 2.10). The spectroscopy analysis of 

FRET also paved the way for their biosensing applications, which are typically based on the 

quantification of analytes by calculating the FRET ratio (the luminescent intensity ratio between 

donor (ID) and acceptor (IA)) according to Equation 2.11. This ratiometric approach is very 

advantageous for biosensing as it can suppress the medium interferences and excitation energy 

fluctuation. 

𝐸FRET = 1 −
𝐼DA

𝐼D
= 1 −

𝜏DA

𝜏D
= 1 −

ΦDA

ΦD
                   (2.10) 

𝐹𝑅𝐸𝑇 𝑟𝑎𝑡𝑖𝑜 =
𝐼A

𝐼D
                         (2.11) 

For better readability, certain equations and abbreviations are repeated in the different 

chapters. 
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2.2 FRET applications 

Due to the intrinsic distance dependence at the nanometer scale and the high sensitivity 

for distance changes, FRET has become an ideal tool for the study of biomacromolecular 

structure elucidation, intra/inter-molecular interactions, and diagnostics [27]–[29]. Over the last 

30 years, FRET under the spatial and temporal resolution has been implemented into the 

analysis of almost all the interesting biological targets, including nucleic acids, proteins, 

metabolites, drugs, toxins, pathogens, and cells, etc. [30]. The mechanisms of FRET-based 

assays mostly depend on the bioconjugations of fluorophores on recognition molecules for 

targets and the measurable FRET signals generated from the interactions between recognition 

molecules and targets, such as molecular cleavage, binding, or structural rearrangement [31], 

[32]. The following Sections 2.2.1 and 2.2.2 will focus on the progress in the applications of 

FRET in immunoassays and nucleic acid biosensing, which also provide the important 

background knowledge for the original works in this thesis. 

2.2.1 FRET-based immunoassay 

Immunoassays are important bioanalytical methods based on the binding reactions 

between antibodies and corresponding analytes (antigens). Due to the inherent specificity, high 

sensitivity, and strong affinity of antibodies when binding to analytes, immunoassay has 

become one of the most widespread and key tools for fundamental life-science research [33]. 

In general, immunoassay can be performed in heterogeneous or homogenous conditions. 

Heterogeneous immunoassays, such as enzyme-linked immunosorbent assay (ELISA), are 

widely used analytical methods for sensitive detection of analytes, but they require multiple 

incubation and washing steps to remove free antigens and antibodies for a reduced background 

signal (as shown in Figure 2.4A) [34]. In contrast, homogenous immunoassay (Figure 2.4B) 

allows a single-step and mix-to-measure procedure, which is favorable for on-site sensing and 

can be performed with simple and widely accessible devices and reader platforms [35]. 
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Figure 2.4. Schematic representation of heterogeneous and homogeneous immunoassays. (A) 

Heterogenous immunoassay (ELISA) with multiple incubation and washing steps. (B) Example of a 

homogeneous immunoassay. (Orange hexagon: antigen; green and purple “Y” shapes: two different 

antibodies that bind to different episodes of an antigen; white and blue circles: the colorimetric substrate 

and product, respectively; brown-red circles and sun shapes: the quenched and luminescent fluorophores. 

(Adapted with permission from reference [35]. Copyright 2023 The Royal Society of Chemistry) 

 

In terms of designed formations, both heterogeneous and homogeneous immunoassays can 

be performed as either non-competitive (sandwich format) or competitive immunosensors. In a 

non-competitive immunoassay, two different antibodies can bind to different epitopes of one 

antigen to form a sandwich complex. As the example in Figure 2.5A shows, in this sandwich 

immunoassay, the signal from the fluorophores labeled on the second antibody increases with 

the analyte concentration increasing. In the competitive immunoassay, (example in Figure 

2.5B), where only one kind of antibody is used, with the addition of testing sample, the analytes 

added can compete with the fluorophore-labeled analytes to bind with the limited number of 

antibodies, leading the decreased signal from the fluorophores on labeled analytes. 

 

Figure 2.5. Schemes of different immunoassays. (A) Example of non-competitive immunoassay 

(sandwich format). (B) Example of competitive immunoassay. (orange “Y” shape: immobilized capture 
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antibody; gray “Y” shape with red star: labeled detection antibody; green diamond: antigen; green 

diamond with red star: fluorophore-labeled antigen.). 

 

Compared with the conventional colorimetric and absorbance-based analyses such as 

ELISA, which quantifies analytes by a color indicator from the enzymatic reaction in a complex 

mixture [18, 19], fluorescent immunoassays show many advantages, such as fast response, high 

sensitivity, and multiplexing ability based on spectral resolution. Hence, fluorescent 

immunoassays have become popular and powerful tools in various applications, from 

biosensing, and diagnostics to all the fundamental life science. 

Due to the distance sensitivity in the biological interaction range (1-20 nm), FRET which 

involves various fluorophores, becomes an ideal tool for developing luminescent 

immunoassays to detect the antibody-antigen binding [36]. In general, FRET-based 

immunoassay can quantify the targets of interest by calculating the FRET ratio which is 

designed to change when the antibody binds to an antigen. As ratiometric approaches, FRET-

based immunoassays are usually free from background signal and favorable for homogenous 

applications. In 1976, Ullman et al. presented the first homogeneous FRET immunosensors, 

which were designed into non-competitive and competitive formats, respectively (Figure 2.6) 

[37]. The proposed immunosensors aimed to quantify small molecules by competitive 

immunoassay (Figure 2.6A), as well as to detect large analytes that bind with both FRET donor 

acceptor-labeled antibodies to improve FRET (Figure 2.6B). Following the development of 

these promising immunosensors, further studies have been widely conducted to address their 

limitations and improve their detection sensitivity, efficiency, and anti-interference abilities. 
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Figure 2.6. Schemes presentation of homogeneous FRET immunosensors. (A) Competitive 

immunoassay. (B) Non-competitive immunoassay. 

 

According to the FRET theory, a large donor-acceptor distance can decrease the FRET 

efficiency. Namely, the relatively large dimensions of antibodies and some antigens will reduce 

the detection sensitivity or limit the manipulation of FRET-based immunoassays [38]. To 

overcome this drawback, there are two possible approaches: (i) Engineered small antibodies 

(single chain fragments of antibody or nanobodies) are promising alternatives to conventional 

antibodies, which have been successfully used for sandwich immunoassays [39]. (ii) New 

luminescent materials with improved photophysical properties such as high-quantum-yield 

quantum dots (QDs) have been reported to improve FRET efficiency in immunoassays by 

extending the Förster distance [40]. Lanthanide complex to QDs FRET pairs have been also 

used to develop sensitive homogenous immunoassays for prostate-specific antigens [41] and 

alpha-fetoprotein [42]. Thanks to the broad absorption spectra of QDs, there are big overlaps 

between lanthanide complex donor emission and QDs acceptor absorption, which can extend 

the Förster distance of these FRET pairs, leading to improved FRET. 

For biological systems, the auto-fluorescence background and the leakage of excitation 

light are non-negligible limitations for luminescent homogenous immunoassay. To overcome 

this drawback, time-resolved (TR) FRET-based on new materials with long luminescent decay 

times has been employed. TR-FRET measurements enable the suppression of the auto-

fluorescence (short-lifetime fluorescence from sample impurities, serum, and cell lysate), the 

fluctuation from the excitation source, and the directly excited acceptor emission not mediated 

by FRET [43]. Therefore, TR-FRET shows increased sensitivity, reliability, and anti-

interference ability by being minimally affected by false-positive or negative results. For 

example, in 2013, Geißler et al. reported a robust multiplexed six-color TR-FRET 

immunosensor for simultaneous sensing of tumor markers [44]. Qiu et al. also presented a TR-

FRET immunosensor based on terbium-complex and QDs FRET pairs for multiplexing 

detection of EGFR (epidermal growth factor receptor) and HER2 (human epidermal growth 

factor receptor-2) [18]. Near-infrared (NIR) emitting materials (emitting after 700 nm) such as 

lanthanides and upconversion nanoparticles (UCNPs) are also interesting labels for FRET-
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based immunoassays, because their emissions are well separated from biological auto-

fluorescence mostly at the wavelength range of 350-550 nm [45]. 

2.2.2 FRET for nucleic acid detection 

Nucleic acids, including DNA and RNA, are considered important biomarkers and 

analytes for early-stage diagnosis of diseases, genotyping, and pharmacogenomics [46]–[48]. 

However, their small quantity and instability in body fluids, bring big challenges for precise 

detections, especially in biological matrices such as serum with high noise and non-target 

interfering substances [49], [50]. Therefore, studies aiming for precise and reliable detections 

of nucleic acids have been conducted to overcome these drawbacks. Among them, fluorescent 

signal-based, nanometer-scale distance-sensitive FRET assays are promising methods for 

homogenous, real-time, and high-throughput sensing of nucleic acids. In this context, a 

substantial array of FRET-based biosensors for nucleic acids has been successfully developed. 

In general, the design of FRET-based nucleic acid sensing strategies is mostly dependent 

on the hybridization reaction. The classic design typically consists of a pair of oligonucleotide 

probes that bind to adjacent DNA targets [51]. As the example in Figure 2.7 (Top) shows, one 

oligo probe is labeled with a fluorescent donor at its 5’-end, and the other oligo probe is labeled 

with an acceptor at its 3’-end. The two labeled oligo probes can bind to the same target DNA at 

adjacent parts, bringing the donor and acceptor into proximity which allows FRET to occur. 

This proposed assay can quantify the target DNA by measuring the FRET ratio without extra 

washing procedures. Another example is as shown in Figure 2.7 (Bottom), one oligo probe is 

labeled with acceptor fluorophore at its 5’-end, while a double-strand DNA (dsDNA) 

intercalating dye is used as FRET donor. In this format, with the presence of target DNA, a 

hybridization reaction between target DNA and oligo probes will enable the FRET from 

inserting dyes to acceptor fluorophores, leading to an increasing FRET ratio. As homogenous 

bioassays, both proposed sensors enable the real-time monitoring of the target DNA directly in 

solution or even in live cells. Based on this, various configurations of FRET sensors for DNA 

sequence sensing have been developed [52]. 
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Figure 2.7. Designs of FRET-based biosensors for nucleic acids detection. (Top) Two oligo probes are 

labeled by FRET donor (D) and acceptor (A) fluorophores, respectively. The two labeled probes can 

hybridize with adjacent fragments of the target DNA, which improves the FRET from donor to acceptor 

fluorophores. (Bottom) A dsDNA intercalating dye is used as the FRET donor, while another 

fluorophore attached to the oligo probe is used as the FRET acceptor. The hybridization between the 

target DNA and the oligo probe brings the donor close to acceptor, which results in increased FRET 

ratio. (Adapted with permission from reference [52]. Copyright 1988 National Academy of Science.) 

 

Molecular beacon is one of the most well-established nucleic acid probes based on DNA 

hybridization and FRET principles. It was first described by Tyagi and Kramer in 1996 [53], 

after that, it has been widely used to recognize and report specific nucleic acids targets. 

Typically, a molecular beacon has a hairpin structure, of which the loop fragment can hybridize 

to the target nucleic acid sequence, and the two ends of the double-stranded stem are attached 

with a FRET donor and an acceptor, respectively (Figure 2.8). FRET occurs from the donor 

fluorophore to the acceptor in a closed format of the molecular beacon, resulting in the 

quenching of the donor. When the target sequences are present, the hybridization of the loop 

fragment and target sequence will open the hairpin structure and lead to the recovery emission 

of the donor, which enables the sensitive and specific detection of the nucleic acids target. 

Molecular beacon probes offer several advantages, including high sensitivity, selectivity, a 

simple format, easy design, and low cost[54]. These qualities make them powerful tools for the 

analysis of single or multiple sequences, proving beneficial in applications such as DNA/RNA 

biomarker quantification, genotyping studies [59], single nucleotide polymorphism 

detection[55], and allelic discrimination analysis [56]. 
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Figure 2.8. Scheme of nucleic acids detection by molecular beacon probe. The molecular beacon 

contains a double-strand stem which is labeled with a donor (D) and an acceptor (A) at the 5’-end and 

3’-end, respectively. The specific target DNA can hybrid with the loop part and open the hairpin shape, 

reducing the FRET signal. 

 

2.3 Lanthanides 

2.3.1 Introduction 

Lanthanides (or lanthanoids) comprise 15 metallic elements with atomic numbers from 57 

to 71: lanthanum, cerium, praseodymium, neodymium, promethium, samarium, europium, 

gadolinium, terbium, dysprosium, holmium, erbium, thulium, ytterbium, and lutetium. 

Lanthanides, along with scandium and yttrium, are often collectively referred to as rare earth 

elements or rare earth metals [57]. These elements exhibit very similar chemical properties, 

often coexisting in minerals, which makes it difficult to separate them from each other [58]. 

Additionally, their distribution in the Earth's crust is quite scattered, further complicating their 

purification and extraction, which explains why they are called "rare earth" elements. 

The general electronic configuration of lanthanides is [Xe]4f𝑛5𝑑0−16s2 (n = 0−14), where 

the 4f orbitals are gradually filled by electrons from La (0) to Lu (14). Therefore, lanthanides 

are also referred to as f-elements. The characteristic oxidation state of lanthanide elements in 

the solid state, aqueous solutions is a trivalent state (Ln3+) with the electron configuration of 

[Xe]4fn, where they have relatively low ionization energies for the loss of either two 6s electrons 

and one 5d electron or two 6s electrons and one 4f electron [59]. In addition to the common 

trivalent oxidation state, some lanthanide elements also exhibit other oxidation states such as 

Ce+4 or Eu+2, for which the f orbitals are empty or half-occupied, respectively [60]. The 4f-

orbitals are important factors that distinguish lanthanides from other transition elements and 

provide outstanding properties to lanthanides. 
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The f-f electronic transition involving redistribution of electrons within 4f orbitals results 

in a rich variety of energy levels of Ln3+ and vests them specific luminescent properties [61]. 

Along with the spatial shield from 5s2 and 5p6 orbitals, 4f orbitals are minimally affected by the 

external environment, which enables well-defined energy levels as well as distinct, sharp, and 

narrow emission bands for lanthanides [59]. As shown in Figure 2.9 A, the Ln3+ ions on the 

periphery (Ce3+, Pr3+, Nd3+, Pm3+, Ho3+, Er3+, Tm3+, and Yb3+) have relatively small energy gaps 

between adjacent levels, while the central ions (Sm3+, Eu3+, Gd3+, Tb3+, Dy3+) possess larger 

band gaps. Therefore, the emission of lanthanides can cover the entire spectrum range, 

including UV (Gd3+), Vis (e.g., Pr3+, Sm3+, Eu3+, Tb3+), and NIR (e.g., Pr3+, Nd3+, Er3+, Yb3+). 

Particularly, Tb3+ and Eu3+ exhibit relatively large energy gap (5D4-
7FJ for Tb3+, 5D0-

7FJ for 

Eu3+), and well-distinct emission bands in green and red regions (Figure 2.9 B), which makes 

them favorable luminescent probes in many applications [62], [63]. 

 

Figure 2.9. (A) Partial energy level diagram for Ln3+ ions. (Reprinted with permission from reference 

[59]. Copyright 2009 American Chemical Society.) (B) Commonly observed emission wavelengths from 

4f-4f electronic transitions of Tb3+ and Eu3+, respectively. (Reprinted with permission from reference 

[62]. Copyright 2014 American Chemical Society.) 

 

2.3.2 Luminescent lanthanide complexes 

As mentioned above, the intrinsic luminescence of lanthanides originates from 4f-4f 

electronic transitions, which offer unique spectroscopic properties to lanthanides [64]. As a 

consequence of the Laporte selection rule and parity rule (or the change in spin multiplicity), 

the f-f transitions of Ln3+ have quite low probabilities, resulting in very long photoluminescence 
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(PL) lifetimes and quite low molar absorptivity (ε < 1 M−1 cm−1), which can be around 104-105 

times lower than their organic dye counterparts [65]. Therefore, lanthanides face limitations of 

weak luminescence from direct excitation and depend on strong light sources such as high-

power lasers. To circumvent this drawback, the “antenna effect” has been applied, where the 

lanthanide ions are indirectly excited through the energy transfer from a sensitizing antenna. As 

presented in Figure 2.10 A, strong absorbing organic chromophore or chromophore-appended 

ligands are coordinated with Ln3+ to form luminescent lanthanide complexes (LLCs), then the 

chromophores can excite centered Ln3+ by intramolecular energy transfer [66]. In addition, this 

coordination chelate can protect central Ln3+ from environmental PL quenching, such as the 

vibrational energy dissipation by oscillators (e.g., O-H bonds of water molecules). For an 

antenna effect model, the energy migration pathways can be explained by the Jablonski diagram 

in Figure 2.10 B: the strong absorbing antenna ligand is excited to its singlet excitation state 

and goes to its lowest triplet state through intersystem crossing, which then excites the 

coordinated Ln3+ through intramolecular energy transfer [62]. 

 

Figure 2.10. (A) Two designs of LLCs based on the antenna effect. (Reprinted with permission from 

reference [66]. 2015 Elsevier B.V.) (B) Simplified Jablonski diagram for the energy migration pathways 

of antenna effect in LLCs. (Reprinted with permission from reference [62]. Copyright 2014 American 

Chemical Society.) 

The overall quantum yield of a lanthanide complex can be calculated by the following 

Equation 2.12: 

Φ𝐿𝐿𝐶
𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =

𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑏𝑦 𝐿𝑛

𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑏𝑦 𝑎𝑡𝑡𝑒𝑛𝑛𝑎 𝑙𝑖𝑔𝑎𝑛𝑑
= 𝐸𝐸𝑇 × Φ𝐿𝐿𝐶

𝐿𝑛           (2.12) 
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where Φ𝐿𝐿𝐶
𝑜𝑣𝑒𝑟𝑎𝑙𝑙 presents the overall quantum yield of LLC from the indirect excitation of Ln3+ 

by the antenna ligand, Φ𝐿𝐿𝐶
𝐿𝑛  is the intrinsic quantum yield from direct excitation of the Ln3+, 

and E𝐸𝑇 is the intramolecular energy transfer efficiency from ligand to Ln3+ ion.  

Thanks to the efficient antenna effect, LLCs exhibit unique advantages as luminescent 

probes compared with other fluorophores [67]: (i) The overall quantum yield of LLC can be 

improved by selecting the antenna ligands with high absorptivity and E𝐸𝑇, or increasing the 

Φ𝐿𝐿𝐶
𝐿𝑛  by using Ln3+ carrier chelate to protect Ln3+ from the aqueous matrix quenching. (ii) The 

indirect excitation of Ln3+ results in very large effective Stokes shifts of LLCs (take luminescent 

Tb complex as an example, Figure 2.11 A), which allows a facile block of excitation light 

during the LLC PL measurement. (iii) The PL lifetimes of LLCs can be increased up to 

milliseconds by the coordination of Ln3+ with chelate/cryptate ligands. It allows delayed or 

time-gated PL measurement by using pulsed excitation, which can suppress the short-lived 

autofluorescence background from the biological matrix and other fluorophores (Figure 2.11 

B). These outstanding properties make LLCs important materials in biological applications, 

including biosensing, diagnostics, imaging, and photodynamic therapies [68], [69]. 

 

Figure 2.11. Spectroscopic properties of LLCs. (A) Representative effective Stokes shift of LLCs: The 

orange spectrum presents the absorption of an antenna; the green spectrum presents the emission of Ln3+. 

(B) Principle of time-gated spectroscopy. (Adapted with permission from reference [70]. Copyright 

1995 Elsevier B.V.) 

 

2.3.3 Luminescent lanthanide complexes as FRET donors 

As described in Section 2.1, FRET is a powerful tool for biological analysis, and it can 

provide more advantages and new opportunities by using unique LLCs as FRET donors. Thanks 
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to the remarkable PL properties of LLCs, LLC-based FRET can be enhanced in several ways, 

encompassing increased FRET efficiency, extended responsive distance, less uncertainty of 

orientation factors, as well as the potential for spectral or temporal multiplexing. 

The increased quantum yield of Ln3+ in LLCs (Φ𝐿𝐿𝐶
𝐿𝑛 ) is a key factor in improving FRET 

efficiency and Förster distance. It is important to notice that the quantum yield of donor is 

presented by Φ𝐿𝐿𝐶
𝐿𝑛  instead of overall quantum yield Φ𝐿𝐿𝐶

𝑜𝑣𝑒𝑟𝑎𝑙𝑙, because Φ𝐿𝐿𝐶
𝐿𝑛  determines the 

donor’s electric field [16]. Additionally, the multiple emission bands of LLCs provide a higher 

possibility for them to overlap with various acceptors’ absorptions. For instance, luminescent 

Tb complex (LTC) exhibits several emission bands at the wavelength range of 450-700 nm, 

which overlaps with many excellent absorbers such as fluorophores and quantum dots. The 

large spectral overlap integrals allow Förster distances of 4-6 nm for LTC-to-dye FRET and up 

to 11 nm for LTC-to-QD FRET [16], making them suitable for a broader range of applications 

in sensing biological interactions. 

Another advantage of LLC donors (e.g., Tb and Eu complexes) is that they can exhibit 

unpolarized emission, which provides reduced uncertainty to the orientation factor 𝜅2 for the 

FRET calculation. More important, their extremely long excited state lifetimes usually allow 

for random dynamic orientation between the donor and acceptor transition dipole moments and 

a dynamic averaging assumption (𝜅2 = 2/3) can be applied [16]. Even when the acceptor 

fluorophore is completely rigid, 𝜅2 can still be limited to a value between 1/3 and 4/3 (as 

discussed in Section 2.1.1), for which the error in R0 resulted from the assumed 2/3 is not too 

large (less than 12% due to the sixth root dependence). Thus, the distance determination by 

LLCs-based FRET is more accurate than that for classical FRET pairs, for which the orientation 

factor is often poorly known [23]. 

The multiplexing capability of LLCs-based FRET comes from two remarkable properties 

of LLCs: 

(i) The narrow and well-distinct emission bands of LLCs make it possible to achieve 

spectral multiplexing, where the simultaneous identification and quantification of multiple 

targets are realized by PL measurements of acceptor emission of different colors. As the FRET 

donor, the various well-separated emission bands of LLCs can overlap with the absorptions of 

different acceptors, (e.g., organic dyes and QDs) (Figure 2.12 top), and allow the signal 
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collection of acceptors with low LLC background through bandpass transmission filters 

(Figure 2.12 bottom). However, compared with QDs, which exhibit narrow and well-located 

emissions, organic dyes usually have very broad emission bands, and their PL measurements 

often suffer from spectral crosstalk. Therefore, for a LLCs-to-multi dyes FRET system, a 

deconvolution of contribution from individual acceptors is a practical solution to achieve 

efficient multiplexing.  

 

Figure 2.12. FRET pairs based on LTC donors and multiple acceptors. (Top) Spectral overlap between 

LTC emission and different acceptors absorption. (Bottom) Well-separated emission bands of LTC 

allow the measurements of different acceptors with very low LTC backgrounds (represented by the 

shaded bandpass filter transmission spectra). LTC PL spectra are filled with black. The left figures 

present LTC-to-dyes FRET: Oregon Green (blue), AlexaFluor555 (green), AlexaFluor568 (orange), Cy5 

(red), and AlexaFluor700 (wine). The right figures present LTC-to-QDs FRET: QD525 (blue), QD565 

(green), QD605 (orange), QD655 (red), and QD705 (wine). (Adapted with permission from reference 

[16]. Copyright 2014 Elsevier B.V.) 

 

(ii) The long PL decay times of LLCs are advantages to time-resolved measurements and 

temporal multiplexing. As mentioned above, LLCs can show PL decay times up to milliseconds 

(ms), which is 104-105 times longer than the lifetimes of common organic dyes or QDs 

(nanoseconds scale). The large difference of donor and acceptor PL decay times (τD ⨠ τA) 
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results in approximately equal PL decay times (τDA = τAD) of FRET-quenched donor and FRET-

sensitized acceptor (the decay time of direct excited acceptor is negligible). In this way, even 

for a single FRET pair, various FRET-induced decay times (τDA or τAD) can be achieved by 

tuning the FRET efficiency (typically by tuning the donor-acceptor distance), which provides 

the possibility of temporal multiplexing by collecting signals from distinct PL decay curves. 

Moreover, by introducing temporal multiplexing design to spectrally distinct FRET pairs, 

combined spectral and temporal multiplexing can be realized for a third multiplexing dimension 

[16]. Our group has reported a proof of concept for the simultaneous homogeneous detection 

of four different DNAs by combined spectral and temporal multiplexing method (Figure 2.13) 

[71]. 

 

Figure 2.13. Quadruplexing of DNAs based on target-induced nucleic acid rolling circle amplification 

(RCA) and Tb-to-dyes FRET. (A) The scheme of target-induced RCA and FRET. (B) Spectra of Tb 

absorption (black) and emission (green) that partly overlap with the absorption of Cy3.5 (orange) and 

Cy5.5 (red). (C) Emission spectra of Tb (green), Cy3.5 (orange), and Cy5.5 (red). Optical bandpass 

filter transmission spectra, which represent the detection channels for Tb, Cy3.5, and Cy5.5, are shown 

in gray. (D) The combination of spectral (Tb-to-Cy3.5 and Tb-to-Cy5.5) and temporal multiplexing 

(distance tuning between Tb and dyes). (E) Time-gated PL measurements of FRET-sensitized acceptor 

and FRET-quenched Tb. (Reprinted with permission from reference [71]. Copyright 2018 American 

Chemical Society.) 

 



CHAPTER 2 

30 
 

2.4 Quantum Dots 

2.4.1 Introduction 

Quantum dots (QDs) are luminescent semiconductor nanoparticles with sizes smaller or 

close to their exciton Bohr radius (typically ranging from 1 to 10 nm), which are mainly single-

core or core-shell structures composed of elements from group II-VI (e.g. CdS, CdSe, CdTe, 

ZnS, etc.), group III-V (e.g. GaAs, GaN, InAs, etc.), or their alloys (e.g. CdSeS, InGaN, InGaAs, 

etc.) [72]. The discovery of quantum dots can be traced back to the 1980s when the quantum 

confinement effect in semiconductor nanocrystals was observed, and studies proved that the 

electronic structure and optical properties of QDs can be decisively affected by their size and 

composition [73]–[76]. Since then, QDs garnered substantial interest in many research domains, 

but most studies have focused on QDs synthesis technologies [72], [77] and QDs-based 

photovoltaic equipment [78]. Until the late 1990s, after water-soluble and biocompatible QDs 

were prepared, QDs were first introduced as fluorescent probes for life science applications 

[79], [80]. From that on, QDs have been widely used as bright, photostable fluorescent probes 

for cellular and molecular imaging, offering advantages over traditional organic dyes. The 2023 

Nobel Prize in Chemistry was awarded for the discovery and development of QDs. The 

following sections will introduce the photophysical properties (Section 2.4.2), and surface 

functionalization (Section 2.4.3) of QDs and examine how QDs serve as FRET donors or 

acceptors (Section 2.4.4). 

2.4.2 Photophysical properties 

Due to the quantum confinement effect in semiconductors, QDs exhibit unique 

photophysical properties, which can be explained by their electronic properties in the 

intermediate regime between bulk semiconductors and molecules [81]. Firstly, bulk 

semiconductor materials’ electronic structures are composed of a lower energy valence band 

(VB) occupied by electrons and a higher energy conduction band (CB), which is unoccupied. 

Upon excitation, an electron can be promoted into the quasi-continuum CB and leave a 

positively charged hole in the quasi-continuum VB, then the interaction between the electron 

and the hole creates an exciton, and the distance between the electron-hole pair is defined as 

the exciton Bohr radius. However, in terms of QDs with sizes smaller or close to the exciton 
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Bohr radius (a few nm), they contain a limited number of atoms (for QDs with 2-10 nm 

diameters, there are as few as 100-100,000 atoms per QD) as well as a low electronic states 

density, which is not sufficient to form complete band structures, and thus the quantization of 

energy levels can be observed at the band edges. With the QD’s size decreasing, energy levels 

become more separated, and the inter-bandgap energy increases (Figure 2.14 A), resulting in a 

hypsochromic shift of QD PL emission. Therefore, the PL wavelength of QDs can be tuned by 

controlling their size [72] (Figure 2.14 B). 

 

Figure 2.14. (A) Cartoon, discrete energy levels of CdSe/ZnS QDs with increasing size. White arrow 

and 10E present the energy scale. Eg presents band gap energies. CB and VB present the conduction and 

valence bands of bulk CdSe. (B) Cartoon, photograph, and size-dependent emission spectra of 

CdSe/ZnS QDs with increasing size. (Adapted with permission from reference [81]. Copyright 2011 

American Chemical Society.) 

 

The tunable PL wavelength range of QDs is decisively affected by the semiconductor 

material, which can be tuned from the UV to the NIR region [81]. Typically, CdSe and CdTe 

QDs are most popular in biological applications due to their preferable tunable emissions 

spanning the visible region of the spectrum [2]. What’s more, the size distribution of QDs can 

affect the shape of their PL emission spectra. In principle, a narrow and symmetric emission 

spectrum can be obtained from high-quality, monodisperse QDs, which usually yield an 

emission profile with a full-width at half-maximum (FWHM) of 25-35 nm [82]. 

In contrast to their narrow PL spectra, QDs have very broad, featureless absorption spectra, 

which means they can absorb at a wide range of wavelengths. This broad absorption allows 
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QDs to absorb photons over a broad range of energies, among which the excess energy above 

the energy gap can be efficiently transferred to the electron and hole via nonradiative intra-band 

transitions, leading to identical band-edge PL emission regardless of the initial excitation 

wavelength. Thus, QDs have high extinction coefficients (ca. 10-50 times higher than organic 

dyes) [83] and large Stokes shift from the effective separation between excitation and emission 

wavelengths. 

Another advantage of QDs is their high quantum yield and photostability, which have been 

significantly enhanced through core-shell structure designs. Encapsulating the core QD with a 

shell material effectively passivates or 'caps' surface defects. With fewer surface defects 

available, excitons are less likely to be trapped or quenched by surface states, which results in 

more efficient radiative recombination and emission [84]. On the other hand, the shell materials 

acts as protective barriers, shielding the core QDs from the external environment to prevent 

oxidation and degradation, thus enhancing their photostability [85]. 

In conclusion, QDs possess outstanding photophysical properties that make them ideal 

biosensing probes [25], including: (i) narrow, size-dependent, and symmetric PL spectra 

spanning from UV to NIR regions (favorable to spectral-multiplexed sensing and imaging), (ii) 

broad absorption profiles (excitation flexibility), (iii) large Stokes shifts (allowing an efficient 

block of excitation light), (iv) high brightness due to both high extinction coefficients (105–106 

M–1 cm–1 at first absorption band, increasing toward UV region) and quantum yields (sufficient 

for single particle visualization and tracking), (v) high photostability (strong resistance to 

photobleaching and chemical degradation), (vi) relatively large nano surface for flexible 

functionalization and bioconjugation. (vii) High multiphoton action cross sections of some QDs 

allowing excitation with NIR light (favorable for deeper tissue penetration and reducing light 

adsorption and scattering of biological matrix) [86]. 

2.4.3 Surface functionalization and bioconjugation 

Thanks to the advantageous photophysical properties of QDs, they have become important 

luminescent materials for biological applications, which also greatly promotes the need for QDs 

with good water-solubility and biocompatibility. Since most high-quality QDs are synthesized 

with hydrophobic surface ligands, as-prepared QDs possess poor water-solubility. To render 



CHAPTER 2 

33 
 

QDs soluble in aqueous solutions, several strategies have been developed, mainly including cap 

ligand exchange, encapsulation, and silica coating (Figure 2.15). 

 

Figure 2.15. Schematic overview of different strategies for QDs surface functionalization. (i) ligand 

exchange, (ii) encapsulation, and (iii) silica coating chemistries. The center represents an as-synthesized 

QD in an organic solvent with its hydrophobic surface of organic ligands. (Reprinted with permission 

from reference [5]. Copyright 2017 American Chemical Society.) 

 

Ligand exchange is the strategy to replace the native hydrophobic ligands on the QD 

surface with bi-functional ligands which contain a surface anchoring group to bind to the 

inorganic QD surface and a hydrophilic group to achieve water solubility. Thiol-based 

molecules (e.g. mercaptoacetic acid [87]–[89], mercaptopropionic acid [90], [91], 

mercaptoundecanoic acid [92], [93], and dihydrolipoic acid (DHLA) [94] are most widely used 

ligands due to the strong affinity between thiol with QD surface metal atoms (Cd and Zn). 

However, since the colloidal stability of QDs is determined by the deprotonation of the carboxyl 

groups, the usable pH range of QDs is limited. Then, the strategies to solve this problem by 

modifying the thiol ligands with poly (ethylene glycol) (PEG) were presented [95], [96]. It has 

been reported that PEG-appended DHLA derivatives enable the colloidal stability of QDs at a 

pH range from weakly acidic to strongly basic aqueous solutions [97]–[99]. On the other hand, 

minimizing the hydrodynamic size of QDs is crucial for their cellular uptake and distance-

sensitive FRET-based applications. Therefore, zwitterionic ligands are explored as alternatives 
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to larger PEG ligands. Susumu et al. reported a series of DHLA-based zwitterionic ligands, 

which can attach to QDs surface with high affinity and allow rapid and efficient cellular uptake 

[100]. These zwitterionic ligand-coated QDs have compact sizes, satisfying colloidal stability 

across a wide pH range even in high-salt concentrations, low toxicity in cells, and the capability 

for direct conjugation with His-tagged biomolecules or other reactive groups for biomolecule 

attachment. 

Encapsulation is a process in which amphiphilic ligands, such as phospholipids and 

amphiphilic polymers, are applied to coat the QDs. This is achieved through hydrophobic 

interactions, with the hydrophobic portions of the ligands aligning toward the QD surface. This 

arrangement leaves the hydrophilic segments exposed around the QD periphery, ensuring 

colloidal stability [101]. Since the encapsulation method does not modify the original ligands 

on QDs, and protects the QDs surface from environmental interaction, QDs can preserve their 

intrinsic quantum yield. However, the large hydrodynamic diameters generated from thick 

coating often limit their application in FRET-based systems. 

Silica coating is a strategy to cover the QD surface with a siloxane network. The coating 

process usually starts with QDs surface ligand exchange with (3-mercaptopropyl) 

trimethoxysilane to form nucleation sites, then followed by shell growing with silane molecules 

such as tetraethoxysilane via hydrolysis and condensation, [102], [103] or a water-in-oil reverse 

microemulsion method [104]–[106]. The robust cross-linked silica network can efficiently 

improve the photochemical stability and colloidal stability of QDs against pH change. In 

addition, the silica shell is non-toxicity and can be further biofunctionalized. However, 

compared to the ligand exchange method, the relatively complicated preparation procedure and 

large hydrodynamic diameter from the thick silica layer still limit their application, especially 

in FRET-based studies [5]. However, this deficiency is expected to be remedied by the 

introduction of lanthanide complexes as FRET donors, which usually provide large Förster 

distances for FRET pairs [15]. 

With water-soluble and biocompatible QDs in hand, the next important issue is the 

bioconjugation of biomolecules onto QDs, which is a fundamental technique in many QD-based 

biological applications, including recognition of biomarkers, targeting of cells and tissues, 

delivery of drugs, and in vivo diagnostics [107]. Various biomolecules have been successfully 
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immobilized onto QDs surface by covalent or non-covalent approaches, such as nucleic acids, 

antibodies, proteins, and peptides, etc. (Table 2.1) [107], [108]. The most common covalent 

conjugation strategies are using bifunctional groups, e.g., EDC (1-ethyl-3(3- 

dimethylaminopropyl) carbodiimide hydrochloride) [109], DCC (dicyclohexylcarbodiimide) 

[110], NHS (N-hydroxy-succinimide) [111], and SMCC (succinimidyl 4-N-maleimidomethyl 

cyclohexane-1-carboxylate) [112], to catalyze a reaction between carboxylic acid and amino 

group, generating a stable amide linkage. Non-covalent bioconjugations are mainly based on 

hydrophobic interactions, electrostatic interaction, direct attachment, and high-affinity 

secondary interactions. For instance, poly-histidine labeled biomolecules can be immobilized 

onto QDs surface due to the high affinity of poly-histidine for metal ions of QDs [113]. Another 

important non-covalent conjugation strategy is based on the biotin-streptavidin interaction, 

which leverages the high affinity of streptavidin for biotins [114], [115]. These high-affinity 

non-covalent interactions provide a simple, versatile, and robust method for bioconjugation of 

QDs, offering high specificity, stability, and the potential for multiplexed assays in various 

biotechnology and life science research domains. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 2 

36 
 

Table 2.1. Strategies for QDs bioconjugations 

 

* (Adapted with permission from reference [116]. Copyright 2015 American Chemical Society.) 
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2.4.4 QDs as FRET donors/acceptors 

QDs are valuable luminescent materials for participating in FRET due to their unique 

photophysical properties and nanoparticle characteristics. In general, QDs can serve as ideal 

FRET donors, but with the development of new luminescent materials, detection techniques, 

and instrumentation, their applications as FRET acceptors have also opened new chapters. This 

section will discuss their capacity as FRET donors and FRET acceptors, respectively. 

QDs as FRET donors 

Compared with organic dyes, QDs show extraordinary advantages as FRET donors 

(Figure 2.16). (i) QDs possess broad absorption spectra at the UV/blue region, enabling 

efficient excitation at selectable wavelengths, where the direct excitation of the acceptor can be 

avoided, leading to enhanced FRET sensitivity. (ii) The high extinction coefficient (> 106 M-1 

cm-1) and high brightness of QDs make them strong nanoantenna to transfer energy to acceptors. 

(iii) The continuous size-tunable emission spectra of QDs allow the overlap with the absorption 

of different acceptors, which makes QDs suitable donors for many acceptors and ideal 

components for multiple FRET pairs. (iv) The narrow and symmetric emission spectra of QDs 

can reduce spectral overlap with acceptor emission, enhancing the precision and accuracy of 

FRET measurements. (v) QDs typically exhibit longer PL lifetimes (tens to hundreds of ns) 

compared to organic dyes (few ns), which can be advantageous in time-resolved FRET 

experiments, aiding in the discrimination of FRET signals from background fluorescence from 

biological matrix and the directly excited acceptors. (vi) The large surface of QDs allows 

multiple attachment of acceptors, which can improve the FRET efficiency (𝐸FRET =
𝑛𝑅0

6

𝑛𝑅0
6+𝑅6), 

and create new opportunities for biosensing designs. 

QDs as FRET acceptors 

Some of the above-mentioned advantages of QDs as FRET donors, including broad 

absorption spectra, narrow emission spectra, and high extinction coefficient, etc., are also 

beneficial for FRET using QDs as acceptors. However, it is more challenging to find proper 

donors for QDs. Firstly, it has been proven that organic dye-to-QD FRET is very unfavorable, 

which can be explained by the difference between their PL lifetimes [117]. Due to the broad 



CHAPTER 2 

38 
 

and strong absorption of QD, upon excitation, both QD “acceptor” and dye “donor” will go to 

excited states. Since the PL lifetime of QD is ten times higher than that of a typical organic dye, 

the dye will go back to its ground state before QD, which makes the dye impossible or very 

unfavorable to serve as an energy donor to QD [9]. To overcome these drawbacks, longer-

lifetime donor and pulsed excitation are requested, which allows the excited donor to transfer 

energy to ground state QD after a proper delay following the pulsed excitation. The first trial 

was reported in 2005, where a long-lifetime (hundreds of ns) Ru complex was found to be 

quenched by a QD acceptor, but the sensitization of QD was not observed [117]. In the same 

year, a Tb chelate with an even longer lifetime (ms) was successfully used as a FRET donor to 

excite a QD acceptor [118]. Since then, many studies focusing on lanthanide complex-to-QD 

FRET have been conducted, which pave the way to new possibilities.  

The combination of luminescent lanthanides complex (LLC) donor with QD acceptor 

offers several intriguing advantages to the field of FRET due to their unique PL properties as 

described in Section 2.3 and 2.4.2: (i) A large Förster distances (6-11 nm) between LLC donor 

and QD acceptor is provided by the large spectral overlap between donor emission (especially 

Tb complexes, LTC) and QDs absorption, high quantum yield of LTCs, and high extinction 

coefficient of QDs. (ii) The long excited lifetime of LTC enables the time-gated detection, 

which can cut off the fluorescent background from the biological system and directly excited 

QDs. (iii) The narrow, symmetric, and size-dependent emission bands of QDs enable the 

spectral multiplexing based on the same LTC donor to differently emitting QDs acceptors FRET. 

Notes 

However, it should be noted that there are also certain challenges when quantum dots are 

employed in FRET applications. (i) QDs emit from their core instead of the surface, which 

means the large size, thick coating, or long conjugation linkers with their donors/acceptors can 

decrease the FRET efficiency unfavorably. (ii) Some QDs are in non-spherical shapes, which 

leads to different donor-acceptor distances even in the same type of conjugation. (iii) The 

photophysical properties of QDs can be significantly affected by the environment, such as water, 

biomolecules, pH, and temperature, which can quench the QDs, as well as decrease their 

colloidal stability, leading to aggregation and precipitation. 
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3. FRET-based immunoassay for the detection of EGFR 

3.1 Introduction 

Ultrasensitive bioassays are essential for the quantification of different biomarkers in 

clinical diagnostics. Assays based on Förster resonance energy transfer (FRET) are of particular 

interest because they are highly sensitive and very easy to perform as they do not require any 

separation or washing steps [27], [34]. However, FRET is only functional for donor-acceptor 

distances below circa 10 nm [2], which makes it a challenging endeavor for the development 

of immunochemical biosensors based on nanoparticles (NPs) [119]. 

Nanobodies (NBs, or variable domains of the heavy chain of heavy-chain-only antibodies 

- VHH) are genetically engineered small (~15 kDa with a cylindrical shape of ~2.5 nm diameter 

and ~4 nm height) antibodies that have found frequent application in molecular imaging, 

clinical diagnostics, and disease therapy [120]–[126]. Their much smaller size compared to 

intact IgG antibodies (~150 kDa) combined with a simple expression, high stability, high 

solubility, and many chemical functionalization strategies provide NBs with several advantages 

for biosensing and bioimaging [121], [124], [125]. To design functional nanobiosensors, NBs 

have been bioconjugated to various nanomaterials [121], [127], including gold NPs [128], 

graphene oxide [129], lanthanide NPs [130], gold-platinum core-shell NPs [131], quantum dots 

(QDs) [132], [133], and porphyrin-based metal organic framework NPs [134]. QDs are arguably 

the most applied nanomaterials for FRET biosensing [5], [6], [135], [136], and NBs have been 

used to develop QD-to-dye [137], QD-to-QD [138], fluorescent protein-to-QD [139], and 

lanthanide-to-QD [18], [140]–[144] FRET immunosensors. 

Specific attachment and orientation of small antibodies on QDs for improved 

immunotargeting have been demonstrated with cysteine (Cys) tagged NBs [18], hexahistidine 

(His6) and Cys tagged albumin-binding domain-derived affinity proteins (ADAPTs) [17], His6 

tagged artificial repeat proteins (Reps) [145], and split protein (SpyCatcher/SpyTag) tagged 

short-chain variable fragments (scFv) [146]. Beyond these proofs-of-concept, the translation of 

NB-QD conjugates into standard probes that can be adapted to a broad range of biosensing 

approaches requires experimental comparison of different straightforward NB-QD 

bioconjugation methods using the same type of NB and commercially available QDs. Such one-
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to-one evaluation of bioassay performance can provide important knowledge of how NB-QD 

bioconjugates can be efficiently implemented into diverse applications. Another important 

challenge to demonstrate the benefits of NB-QD-based immunosensors for daily use in 

biological, biochemical, or chemical laboratories is to make use of that knowledge and exploit 

NB-tags and QDs for the development of novel, simple, and efficient biosensing formats. 

With these two major goals in mind, we implemented three widely used bioconjugation 

tags, namely His6, Cys, and biotin, into the C-termini of two different NBs (EgB4 and EgA1) 

against the epidermal growth factor receptor (EGFR) as representative protein biomarker. The 

functionalized NBs were then used to prepare NB-QD bioconjugates with commercially 

available and widely used QDs of two different colors (QDot 625 and QDot 705, Thermo Fisher) 

and with three common surface coatings, namely compact zwitterionic ligands (CL4) [100], 

amino-polyethylene-glycol (PEG), and streptavidin (sAv). To demonstrate the biosensing 

functionality of this versatile bioconjugation toolkit, we compared the various NB-QD 

bioconjugates in wash-free and rapid FRET immunoassays for the quantification of EGFR. We 

then developed a new biosensing concept, in which His6-tagged NBs were displaced from the 

QD surface by non-competitive binding of NB to EGFR. This new assay format, which required 

only a single type of NB and no QD bioconjugation, was applied for the quantification of 

soluble EGFR (sEGFR, a prognostic and predictive biomarker for metastatic breast cancer) 

[147] and soluble EGFR variant III (sEGFRvIII, a prognostic biomarker for glioblastoma) [148]. 

The NB-displacement assay significantly decreases cost and labor (for antibody screening and 

production and bioconjugation), strongly facilitates assay-kit assembly and storage (only one 

type of Tb-NB conjugate and one type of unlabeled QD), provides rapid (mix-and-measure) 

analysis, and can quantify relevant biomarkers at clinically relevant concentrations. 

 

3.2 Materials and methods 

3.2.1 Materials 

Recombinant human EGFR Fc chimera (#344-ER-050) and HER2 Fc chimera (#1129-

ER-050) dimers (MW: ~190 kDa for EGFR dimer and ~195 kDa for HER2 dimer) were 

purchased from R&D system. Human EGFRvIII, Fc Tag (EGI-H5255, ACRObiosystems) was 
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purchased at Fisher Scientific. 705nm emitting Qdots ITK Streptavidin (for size estimation: 

sAv has a size of 5.4 nm x 5.8 nm x 4.8 nm in the solid state) [149] Conjugate Kit (sAvQD705-

core-shell ellipsoid size of around 6 nm  12 nm minimum/maximum axes, as measured with 

TEM by the manufacturer; hydrodynamic diameter including sAv of ~18.5 nm as measured by 

size exclusion chromatography on HPLC by the manufacturer and size determined via retention 

time relative to a standard curve of proteins; circa 6 to 10 sAv per QD as given by the provider 

and estimated in biotin binding experiments), 705nm emitting ITK Qdots with amino-PEG 

(QD705-core-shell ellipsoid size of around 6 nm  12 nm minimum/maximum axes, as 

measured with TEM by the manufacturer; hydrodynamic diameter including amino-PEG of 

~20.5 nm as measured by size exclusion chromatography on HPLC by the manufacturer and 

size determined via retention time relative to a standard curve of proteins) and 625nm emitting 

organic Qdots (QD625, core-shell diameter of ~9.2 nm) [150] were purchased from Thermo 

Fisher. Lumi4-Tb complexes functionalized with NHS were provided by Lumiphore Inc. 

Trizma hydrochloride (TRIS HCl), phosphate buffered saline (1×PBS), hydrochloric acid 

(HCl), sodium hydroxide (NaOH), tris(2-carboxyethyl)phospine hydrochloride (TCEP), N,N-

dimethylformamide (DMF), sodium tetraborate decahydrate (Na2B4O7·10H2O), sodium 

bicarbonate (NaHCO3), bovine serum albumin (BSA), fetal bovine serum (FBS), and sulfo-

EMCS crosslinker ((N-ε-maleimidocaproyl-oxysulfosuccinimide ester)) were purchased from 

Sigma-Aldrich. Sodium chloride (NaCl) was purchased from Duchefa. All chemicals were used 

as received. High-quality Milli-Q water with a resistivity of 18.2 MΩ cm was used for preparing 

solutions. 

Selection of NBs was previously described and included EgB4 (NB2), a NB binding to 

both domain I and II of sEGFR [151], [152], and EgA1 (NB1), a NB binding to both domain 

II and III [151], [153]. Conjugation of the NBs to the different tags did not affect their affinity 

for EGFR, as measured by binding to A431 cells. 

3.2.2 QD-NB conjugation 

Conjugation of EgB4-Cys (NB2-C) to amino-PEG coated QD705 was performed using 

sulfo-EMCS crosslinkers. To receive maleimide-reactive QD705, a >50,000-fold molar excess 

of sulfo-EMCS was mixed with QD705 for 1h at 30 rpm at room temperature. Maleimide-
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activated QDs were purified using a 100 kDa MWCO spin column from Millipore (Billerica, 

MA, USA) by washing three times with 1×PBS buffer (pH 7.4) to remove excess crosslinker. 

Disulfide bonds of EgB4 were reduced to sulfhydryls with 5 mM TCEP by mixing for 30 min 

with 30 rpm at room temperature without further purification. For final conjugation, both 

solutions (43 µL of 130.9 µM EgB4 + 100 µL of 0.64 µM QD705) were mixed and incubated 

for 6 h at 30 rpm at room temperature in the dark. Unbound EgB4 were separated by 100 kDa 

MWCO spin column by washing four times with 100 mM sodium tetraborate buffer (pH 8.4). 

Purified conjugates were centrifuged at 4000g and supernatants were stored at 4°C. QD 

concentrations were determined by absorbance measurements using a molar extinction 

coefficient of 8.3 × 106 M-1 cm-1 (at 405 nm) for QD705 as provided by the manufacturer. EgB4 

were quantified by absorbance measurement at 280 nm using an extinction coefficient of 35,540 

M-1 cm-1. The labeling ratio (~28 NB/QD) was determined by a linear combination of the 

respective absorbance values of QD705 and EgB4 within the EgB4-Cys-QD705 conjugates. 

Considering the more than 200-fold difference in extinction coefficients between QD705 and 

NB2 at 280 nm, quantification of the labeling ratio by absorption measurements is very 

inaccurate and can only provide a rough estimation. Therefore, the actual labeling ratio is 

somewhere between zero NB2 per QD and 90 NB per QD (which was the molar ratio in the 

labeling procedure). 

QD625s were functionalized with CL4 compact ligands as described previously [100]. 

Conjugation of EgB4-His6 (NB2-H) to QD625 was performed in a molar ratio of 20:1 (EgB4-

His6 per QD) and mixed for 30 min. For best reproducibility, the conjugates were freshly 

prepared before FRET immunoassays. However, we also performed functional assays with NB-

QD conjugates that had been stored for several months with no significant differences (not 

shown). QD concentrations were determined by absorbance measurements using a molar 

extinction coefficient of 9.9 × 106 M-1 cm-1 (at 405 nm) for QD625 as provided by the 

manufacturer. EgB4 was quantified by absorbance measurement at 280 nm using an extinction 

coefficient of 37,520 M-1 cm-1. Considering the very efficient self-assembly of His6-tagged 

biomolecules to QDs, the molar ratio can be considered as the actual labeling ratio (~20 

NB/QD). 
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Conjugation of EgB4-biotin (NB2-B) to sAv-QD705 was performed in a molar ratio of 

20:1 (EgB4-biotin per QD) and mixed for 30 min. For best reproducibility, the conjugates were 

freshly prepared before FRET immunoassays. However, we also performed functional assays 

with NB-QD conjugates that had been stored for several months. EgB4 was quantified by 

absorbance measurement at 280 nm using an extinction coefficient of 38,060 M-1 cm-1. 

Considering the very efficient biotin-sAv binding, the molar ratio can be considered as the 

actual labeling ratio (~20 NB/QD).  

3.2.3 Tb-NB conjugation 

8 mM Lumi4-Tb-NHS was dissolved in anhydrous DMF and mixed (reaction ratio of 

Tb/AB = 3) with EgA1 or EgA1-His6 (NB1 or NB1-H) in 100 mM carbonate buffer (pH 9.0). 

The mixture was incubated for 2 h at 25 rpm at room temperature. For Tb-conjugate purification, 

the samples were washed four to six times with 100 mM TRIS-HCl (pH 7.4) using a 3 kDa 

MWCO Amicon spin column at 4000g. Tb concentration was determined by absorbance 

measurements at 340 nm using a molar absorptivity of 26,000 M-1 cm-1 as provided by the 

manufacturer. NBs were quantified by absorbance measurements at 280 nm using an extinction 

coefficient of 34,510 M-1 cm-1 (EgA1) and 38,880 M-1 cm-1 (EgA1-His6). The conjugation ratios 

were determined by a linear combination of the respective absorbance values of Tb and NBs 

within the Tb-NB conjugate absorbance. For both Tb-EgA1 and Tb-EgA1-His6, the labeling 

ratios were 1.40.7 Tb/NB. 

3.2.4 Optical characterization of FRET pairs 

Absorption spectra (Lambda 35 UV/Vis System, PerkinElmer) and emission spectra for 

Tb (FluoTime 300, PicoQuant) and QD (SAFAS) samples were recorded in TRIS-HCl (100 

mM, pH 7.4) respectively. 

3.2.5 FRET immunoassays against sEGFR 

Time-gated PL intensity measurements were acquired on a KRYPTOR compact PLUS 

clinical fluorescence plate reader (Thermo Fisher Scientific) in a time window from 0.1 ms to 

0.9 ms after pulsed excitation at 337.1 nm using an integrated nitrogen laser operating at 20 Hz, 

100 pulses. The PL decay curves were acquired directly from the FRET immunoassay samples 

on a time-resolved fluorescence plate reader (Edinburgh Instruments) using 4000 detection bins 
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of 2 µs integration time and nitrogen laser (VSL 337 ND, SPECTRA Physics) excitation at 

337.1 nm, 20 Hz. Optical bandpass filters (Delta and Semrock) for Tb donor and QD acceptor 

channel were 494±10 nm for Tb, 640±7 nm for QD625, and 716±20 nm for QD705. 

Tb-EgA1 and EgB4-QD conjugates were each dissolved in 50 µL of 10 mM TRIS-HCl 

buffer (pH 7.4) containing 0.5% (w/v) BSA. For FRET sandwich immunoassay calibration 

curves against sEGFR, the overall measuring volume of 150 µL contained 100 µL of a constant 

assay solution (50 µL of 6 nM Tb-EgA1 and 50 µL of 1.5 nM or 3.0 nM EgB4-QD conjugate) 

and 50 µL of sEGFR sample solution (with different concentrations of EGFR in TRIS/BSA 

buffer). For NB displacement FRET immunoassay calibration curves against sEGFR and 

sEGFRvIII, the overall measuring volume of 150 µL contained 100 µL of a constant assay 

solution (50 µL of 6 nM or 3 nM Tb-EgA1 and 50 µL of 1.5 nM EgB4-QD625 or 1.5 nM or 

0.15 nM unconjugated QD625) and 50 µL of sEGFR or sEGFRvIII sample solution (with 

different concentrations of sEGFR or sEGFRvIII in TRIS/BSA buffer or in TRIS/BSA buffer 

containing between 5 and 30% (v/v) FBS). Optical bandpass filters (Delta and Semrock) were 

494±20 nm for Tb, 640±14 nm for QD625, and 716±40 nm for QD705. All FRET assays were 

measured in black 96-well microtiter plates with an optimal working volume of 150 µL. Each 

sample containing sEGFR was prepared three times and the samples without sEGFR were 

prepared 10 times. Each of the samples was measured independently, such that the data points 

consisted of three or ten independent measurements and standard deviations were used as errors. 

After sample preparation the microtiter plates were incubated for 180 min (for sandwich assays) 

or 120 min (for NB displacement assays) at 37° C before measurements on KRYPTOR compact 

PLUS and Edinburgh Instruments time-resolved fluorescence plate readers. NB displacement 

assays were also performed after different incubation times (15, 30, 45, 60, 120, and 180 min) 

and with sHER2 (soluble human epidermal growth factor receptor 2) instead of sEGFR. 
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3.3 Results and discussion 

3.3.1 Antibody bioconjugations 

For an easier understanding of the different materials and material combinations, we 

introduced specific abbreviations (Table 3.1). The two different NBs do not compete for 

binding to EGFR (Figure 3.1) and can thus be used to detect the soluble EGFR ectodomain in 

immunological sandwich assays. NB1 binds sEGFR and sEGFRvIII in the cleft formed between 

domains II and III [151], [153], whereas NB2 only binds to domains I and II of sEGFR [151], 

[152]. Conjugation to the different tags did not affect their affinity for EGFR, as measured by 

binding to A431 cells (Figure 3.2 and Table 3.2). The spectral properties of the Lumi4-Tb (Tb) 

FRET donor and QD acceptors used for the FRET immunoassays are shown in Figure 3.3. Tb 

FRET donor conjugates were prepared using amino-reactive chemistry between Lumi4-Tb-n-

hydroxysuccinimide (NHS) and NB1 (Tb-NB1) or NB1-H (Tb-NB1-H) [18]. QD FRET 

acceptor conjugates were prepared depending on the different tags on NB2: i) NB2-H-QD625-

CL4: QD625-CL4 were mixed in a 1:20 molar ratio with NB2-H, which resulted in efficient 

metal-affinity mediated self-assembly to the Zn-rich QD surface after ~30 min [154]. 

Considering the 2.5 nm diameter of NBs [124], 20 NB2 should take approximately 50 nm2 of 

space on the ~265 nm2 surface of the QD (A = 4r2 with r = 4.6 nm), which can be considered 

low enough to avoid steric hindrance and allow for efficient self-assembly. ii) NB2-B-QD705-

sAv: NB2-B was attached to QD705-sAv via the strong biotin-sAv interaction [107], also by 

simple mixing for ~30 min in a 20:1 molar ratio. Considering the four biotin binding sites of 

sAv and the number of circa 6 to 10 sAv per QD, there should be sufficient binding sites for the 

20 NB2-B per QD705-sAv. iii) NB2-C-QD705-PEG: Bioconjugation of QD705-PEG was more 

complex and was performed via N-ε-maleimidocaproyl-oxysulfosuccinimide ester (sulfo-

EMCS) crosslinkers that were first attached to the QDs and then reacted with a ~90-fold molar 

excess of NB2-C for 6 h followed by separation of unbound compounds [17]. 
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Table 3.1. Materials (and their short names) used for FRET assay development 

FRET donor Short name 

Lumi4-Tb Tb 

FRET acceptors Short name 

QDot625-CL4 QD625-CL4 

QDot705 streptavidin QD705-sAv 

QDot705 amino-PEG QD705-PEG 

Nanobodies Short name 

EgA1 (no tag) NB1 

EgA1-His6 NB1-H 

EgB4-Cysteine NB2-C 

EgB4-Biotin NB2-B 

EgB4-His6 NB2-H 

 

 

Figure 3.1. Schematic presentation of EGFR conformations and binding of EgA1 (NB1) and EgB4 

(NB2). (A) The four ectodomains of EGFR with bound EgA1 and EgB4. In the open form (right), only 

EgB4 can bind. EgA1 binds in the cleft formed between domains II and III and keeps EGFR in that 

closed form (left) [153]. In the presence of both EgA1 and EgB4, the equilibrium between the two 

conformations is most probably shifted to the closed form. (B) Possible EGFR Fc-homodimer 

conformation when both EgA1 and EgB4 bind to EGFR. The two EgA1 and two EgB4 per Fc-

homodimer, the different possible conformations, and the flexibility in the Fc fusion sites result in many 

possible donor-acceptor distances and thus, a donor-acceptor distance distribution. 
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Figure 3.2. Results of NB binding assays (absorbance at 800 nm over NB concentration measured with 

IRDye 800CW EGF binding assay using A431 cells). Compared with the EgA1 (NB1) and EgB4 (NB2) 

without tags, NBs labeled with biotin, cysteine, histidine, and EPEA amino acids tags show similar 

affinity for EGFR. Detailed results are shown in Table 3.2. 

 

Table 3.2. Results from the different binding assays are shown in Figure 3.2. 

 

*Bmax presents the total density of available binding targets (A431 cells), and KD presents the NB 

concentration that binds to a half amount of the cells. 

 

 

Figure 3.3. PL emission spectra of Tb (green), QD625 (orange), and QD705 (red) and spectral 

bandwidths of the filters (gray areas in the background) that were used for Tb and QD detection in the 

immunoassays. QD absorption spectra (dotted lines) showed good spectral overlap with the Tb PL 

(Förster distances: R0(Tb-QD625) = 9.70.5 nm; R0(Tb-QD705) = 10.40.5 nm). Excitation at 337 nm 

was close to the maximum absorption (~339 nm) of Tb (not shown). 

 

EgB4 biotin EgB4 Cys EgB4-T-His EgB4-EPEA EgB4 no tag EgA1-T-His EgA1-EPEA EgA1 no tag EgA1 no tag

B max 15.5 21.3 10.2 13.1 9.9 12.4 10.8 11.5 24

kD 2.7 nM 0.9 nM 0.7 nM 1.9 nM 0.6 nM 0.6 nM 1.0 nM 1.5 nM 0.6 nM
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Bioconjugation strategies (i) and (ii) have significant advantages. Preparation is rapid and 

simple and does not require separation because both metal-affinity mediated self-assembly and 

biotin-sAv binding are very efficient (quantitative labeling). Thus, the molar ratio of NB and 

QD can be considered as the labeling ratio (20 NB per QD). Moreover, NB-QD conjugates can 

be prepared directly before the immunoassays, which avoids storage problems and guarantees 

reproducible NB-QD bioconjugates for each assay. The longer and more complex 

bioconjugation procedure (iii) prevents preparation directly before the biosensing experiments. 

The actual labeling ratio is also more difficult to estimate because absorption measurements at 

280 nm (more than 200-fold higher absorption of QDs compared to NBs) are inaccurate. 

However, more important than the actual number of NBs is the accessibility of the NBs on the 

QDs, which we directly evaluated by binding saturation in the FRET assays (vide infra). 

3.3.2 sEGFR detection based on sandwich immunoassays 

The analytical performance of the different NB-QD bioconjugates was compared in time-

gated (TG) FRET sandwich assays for sEGFR quantification (Figure 3.4A) using the clinical 

diagnostic TG-FRET plate reader KRYPTOR compact PLUS (Thermo Fisher Scientific). Both 

Tb-donor and QD-acceptor PL intensities (in a time gate from 0.1 to 0.9 ms after pulsed 

excitation at 337 nm) were measured and the QD/Tb intensity ratios (FRET-ratio) were used to 

record sEGFR concentration-dependent immunoassay calibration curves. Increasing 

concentrations of sEGFR resulted in the formation of increasing amounts of Tb-NB1-EGFR-

NB2-QD FRET sandwich complexes and a concomitant increase of the FRET-ratio, which 

leveled off into saturation at higher sEGFR concentrations (Figure 3.4B). 
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Figure 3.4. (A) Principle of the NB-based Tb-to-QD FRET sandwich immunoassays (see Table 1 for 

explanation of abbreviations). Mixing of NB-QD acceptor conjugates (left side from top to bottom: 

NB2-H-QD625-CL4 (assay 1), NB2-B-QD705-sAv (assay 2), and NB2-C-QD705-PEG (assay 3)) with 

Tb-NB1 donor conjugates and sEGFR (gray arrows in the center) resulted in the formation of 

immunological sandwich complexes with close Tb-QD proximity for FRET (right side). Because the 

sEGFR is a Fc-chimera homodimer and NB1 and NB2 bind to different epitopes of each monomer, 

different donor-acceptor distances are possible, resulting in a mixture of high, low, and no FRET. The 

different sEGFR conformations and NB binding sites are shown in Figure 3.4. (B) EGFR sandwich 

FRET immunoassay calibration curves (rel. FRET-ratio is the FRET-ratio normalized to the blank 

sample) using Tb-NB1 as donor conjugates and NB2-H-QD625-CL4 (1.5 nM—blue, assay 1), NB2-B-

QD705-sAv (1.5 nM—black, assay 2; 3.0 nM—green, assay 2), and NB2-C-QD705-PEG (1.5 nM—red, 

assay 3) as acceptor conjugates. Data points represent three (10 for the blank samples without sEGFR) 

independent measurements. Error bars represent standard deviations. The sEGFR concentrations (0, 

0.075, 0.15, 0.30, 0.60, 0.90, 1.20, 1.50, 2.25, 3.0, 4.5, 6.0, 7.5, 9.0, 10.5, and 12.0 nM) are those in the 

50 μL sample (they are 3 times lower in the total 150 μL assay volume). 

 

The typical shape of sandwich assay calibration curves (increase followed by saturation) 

was caused by saturated binding of Tb-NB1 to sEGFR. The assays contained 50 µL of sample 

solution with different concentrations of sEGFR, 50 µL of NB2-QD solution (1.5 nM or 3.0 nM 

QD), and 50 µL of Tb-NB1 solution (6 nM NB1). The expected Tb-NB1 saturation at ≈6 nM 

EGFR (when each sEGFR binds one Tb-NB1) was confirmed for the assays containing NB2-

H-QD625-CL4 and NB2-B-QD705-sAv. Considering that the same Tb-NB1 conjugates were 

used for all experiments, saturation at ≈2 nM sEGFR for the assays containing NB2-C-QD705-

PEG must have been caused by limited binding of sEGFR to NB2-QD. Thus, only ≈1.3 NBs (2 

nM sEGFR / 1.5 nM QD) were accessible on the QDs, which could have been caused by a low 

labeling ratio or by steric hindrance due to too dense labeling of NBs on the QD. This result 

confirmed the disadvantages of Cys-tag bioconjugation (vide supra), which requires 

bioconjugation at many different molar ratios to obtain optimized bioconjugates. Despite the 

differences in saturation, which resulted in a narrower dynamic concentration range for the 

NB2-C-QD705-PEG (≈0.5 nM to ≈2 nM) compared to the NB2-H-QD625 (≈0.8 nM to ≈8 nM) 

and NB2-B-QD705-sAv (≈0.7 nM to ≈12 nM) conjugates, the assays were functional for all 

three QD-NB conjugation strategies with similar limits of detection (LODs, 3 standard 

deviations above the zero concentration value) of 0.50.2 nM (NB2-C-QD705-PEG), 0.70.2 
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nM (NB2-B-QD705-sAv), and 0.80.2 nM (NB2-H-QD625) sEGFR (Figure 3.5). The 

sensitivity (slope of the linear part of the assay calibration curve) was approximately tripled 

from 0.330.01 nM-1 to 1.000.03 nM-1 by increasing the NB2-B-QD705-sAv concentration 

from 1.5 nM to 3 nM (green curve in Figure 3.4B), which also resulted in a lower LOD (0.20 

 0.05 nM, Figure 3.5) that was similar to NB-based Tb-QD FRET assays using different QDs 

and functionalization strategies [142], [144]. 

 

Figure 3.5. QD-acceptor (left) and Tb-donor (center) PL decay curves for sandwich immunoassays at 

different EGFR concentrations. QD-FRET-sensitization (increasing PL intensities with increasing 

EGFR concentrations) was strongest for EgB4-Biot-sAv-QD705 (and stronger for 3.0 nM compared to 

1.5 nM QD concentration), followed by EgB4-His6-QD625, and EgB4-Cys-QD705. Tb-FRET-

quenching is much less intense (PL intensity differences are very weak and not well visible in the PL 

decay curves) because many Tb on the EgA1 will be too far away from the QD to engage in efficient 

FRET. Therefore, only the closest Tb will efficiently sensitize the QDs. PL decay curves were measured 

on a time-resolved fluorescence plate reader (Edinburgh Instruments), whereas the assay calibration 

curves (right) were measured on a KRYPTOR compact PLUS clinical diagnostic reader system (Thermo 

Fisher Scientific), which measures the PL intensities of QD and Tb in a time-gated detection window 

from 0.1 to 0.9 ms after pulsed excitation with a nitrogen laser at 337.1 nm and calculates the QD/Tb 

PL intensity ratio (FRET ratio) to perform ratiometric detection. LODs are the concentrations 

corresponding to the FRET ratio 3 times above standard deviation of the zero-concentration sample on 

the calibration curves. 
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3.3.3 sEGFR detection based on nanobody-on-QD surface displacement 

immunoassay 

The benefits of versatile and rapid NB-QD bioconjugation and rapid and simple bioassays 

come with the drawback of relatively high LODs for quantifying sEGFR compared to other 

rapid FRET assays (using antibodies) [144] or to the clinical cut-off levels (threshold between 

normal and abnormal concentrations) of sEGFR (≈45 ng/mL or ≈0.22 nM) [155]. Therefore, 

we sought to exploit the distinct properties of His6-tagged NBs to develop a new FRET assay 

concept that can combine both simplification and higher sensitivity. In this assay design, Tb-

NB1-H was noncovalently, and as such reversibly, attached to the surface of QD625-CL4 via 

His6 selfassembly, which led to Tb-to-QD FRET. Considering that both QD and sEGFR are 

significantly larger than NB, we hypothesized that this FRET signal can be disrupted by the 

release of Tb-NB1-H from QD625-CL4 when NB1 specifically binds to sEGFR (Figure 3.6A). 

Despite the fact that the NB1-sEGFR binding site is at the opposite end of the His6 tag (non-

competitive binding), the small size of the NB could be sufficient, such that steric hindrance 

would lead to a successful displacement. Both His6 self-assembly to QDs (KD ≈1 nM) [156] 

and binding of NB1 to EGFR (KD≈0.6 nM, Table 3.2) are relatively strong, such that the NB 

displacement assay would provide the possibility to detect FRET signal changes at low target 

concentrations, while at the same time requiring only a single NB (labeled with Tb) and 

unconjugated QDs within an assay test kit (which could be very beneficial for long-term 

storage). 
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Figure 3.6. (A) Principle of Tb-to-QD FRET NB displacement immunoassays. Mixing of Tb-NB1-H 

donor conjugate and QD625-CL4 acceptor results in Tb-to-QD FRET. The presence of sEGFR leads to 

a displacement of Tb-NB1-H from the QD surface to sEGFR and disruption of FRET. (B) NB 

displacement FRET immunoassay calibration curves with a LOD (3 standard deviations below the zero 

concentration value – see inset) of 0.080.02 nM (164 ng/mL) sEGFR. Data points represent three (10 

for the blank samples without sEGFR) independent measurements. Error bars represent standard 

deviations (). The EGFR concentrations are those in the 50 µL sample. 

 

To experimentally demonstrate our hypothesis and for a direct comparison of the NB 

displacement FRET assay to the sandwich FRET assay, we started by simply replacing Tb-NB1 

with Tb-NB1-H in the sEGFR assay that used NB2-H-QD625-CL4 as acceptor conjugates. 

Whereas the FRET-ratio in the sandwich assay curve increased with increasing sEGFR 

concentration, it decreased for the NB displacement assay, clearly showing the inverse principle, 

i.e., high FRET-ratio for Tb-NB1-H without sEGFR and low FRET-ratio for the bound Tb-

NB1-H-EGFR complex. When NB2-H-QD625-CL4 was replaced by unconjugated QD625-

CL4 (at otherwise identical assay conditions), the FRET-ratio decrease was even stronger 

(Figures 3.7). 
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Figure 3.7. NB displacement FRET immunoassay calibration curves using Tb-EgA1-His6 as donor NB 

conjugates and EgB4-His6-QD625 (orange) or unconjugated QD625 (magenta) as acceptors. Note: The 

EGFR concentrations are those in the 50 µL sample (they are 3 times lower in the total 150 µL assay 

volume). Circled data points were considered outliers. Whereas the FRET-ratio in the sandwich assay 

curve (blue assay curve in Figure 3.4B) increased linearly up to ≈1.7 fold at ≈8 nM sEGFR, it decreased 

very steeply to ≈0.87-fold at ≈4 nM sEGFR for the NB displacement assay (orange assay curve). When 

NB2-H-QD625-CL4 was replaced by unconjugated QD625-CL4, the FRET-ratio decrease was even 

stronger (magenta assay curve). 

 

To better understand the differences shown in Figure 3.7, we took a closer look at the PL 

decay curves of Tb donors and QD acceptors (Figures 3.8 and 3.9). When both NBs (Tb-NB1-

H and NB2-H) were attached to the QD, the addition of sEGFR resulted in decreased intensity 

of the short QD PL decay (short distance), increased intensity of the medium QD PL decay 

(medium distance), and unchanged intensity of the long PL decay, which was caused by 

spectroscopic crosstalk of Tb PL into the QD detection channel (long distance without FRET). 

When only Tb-NB1-H was present, the short-distance component decreased very similarly with 

increasing EGFR concentration (displacement of Tb-NB1-H from QD625-CL4) but the 

medium-distance component increased almost two times less (Tb-NB1-H-EGFR-NB2-H-

QD625-CL4 formation was not possible because NB2-H was not present in the assay). These 

different intensity changes of FRET at distinct distances showed that after displacement of Tb-

NB1-H from QD625-CL4 by sEGFR binding, the formation of sandwich complexes (with 
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NB2-H still present on the QD) was still possible and that NB displacement was more efficient 

when only Tb-NB1-H was used in the assay. 

 

Figure 3.8. QD-acceptor and Tb-donor (insets) PL decay curves of the NB displacement EGFR 

immunoassays with Tb-EgA1-His6 and EgB4-His6-QD625 (Top) and Tb-EgA1-His6 and unconjugated 

QD625 (Bottom) with no EGFR (black curves) and 1.2 nM (green), 2.25 nM (blue), and 7.5 nM (red) 

EGFR (curves for all measured concentrations are shown in Figure 3.9). For the Tb PL curves, all non-

zero EGFR concentrations are shown in gray because there EGFR concentration dependent trend was 

much less pronounced. The graphs from left to right contain the same PL decay curves but on different 

time scales. (Top) The short QD PL decay component (zoom in the center) decreases by ~1100 counts 

at 0.2 ms (lower fraction of Tb-EgA1-His6-QD at short Tb-QD distance) and the medium QD PL decay 

component (zoom on the right) increases by ~45 counts at 2.5 ms (higher fraction of Tb-EgA1-His6-

EGFR-EgB4-His6-QD at slightly longer Tb-QD distance). At the same time, the short (and also slightly 

the medium) Tb PL decay component increases because overall there are more Tb-EgA1-His6 attached 

to the QD because there are 5 times less Tb-EgA1-His6 (6 nM) than EgB4-His6 (30 nM because there 

are 20 EgB4-His6 per 1.5 nM QD) in the assay. (Bottom) The short QD PL decay components decrease 

very similarly by ~900 counts at 0.2 ms (lower fraction of Tb-EgA1-His6-QD at short Tb-QD distance) 

but the medium QD PL component increases much less by only ~25 counts at 2.5 ms (note that the 

overall counts in this time region are in the 50 to 150 counts region). At the same time, the short (and 

also slightly the medium) Tb PL decay component decreases because there is no second binding 

possibility (only on or off). 

 



CHAPTER 3 

57 
 

 

Figure 3.9. Same experiments as shown in Figure 3.8 but with all measured concentrations. 

 

Knowing that the NB displacement sensing principle was functional with Tb-NB1-H and 

QD625-CL4 as only assay components, we evaluated the assay performance at different Tb-

NB1-H and QD625-CL4 concentrations and with a focus on the subnanomolar concentration 

range to determine the LOD (Figure 3.6B). In contrast to the sandwich immunoassays, for 

which an increase in NB2-QD concentration resulted in a better assay performance, the NB 

displacement assay performed significantly better at lower QD concentrations, most probably 

because of lower background signals that also resulted in lower standard deviations of the 

FRET-ratio. The QD625-CL concentration could be decreased 10-fold from 1.5 nM to 0.15 nM, 

which presented another advantage concerning costs and efficient use of materials. In addition, 

by reducing the Tb-NB1-H concentration by 50% from 6 nM to 3 nM, we could approximately 

triple the sensitivity from -0.1330.017 nM-1 to -0.3750.075 nM-1, as measured by the slope 

of the assay curve for low concentrations of sEGFR (Figure 3.10). Importantly, the LOD could 

be decreased to 80±20 pM (16±4 ng/mL) sEGFR. This presented a 10-fold improvement 

compared to the sandwich immunoassay using NB2-H-QD625-CL4. The LOD is in the same 

range as antibody-based sandwich assays, and 3-fold lower than the clinical cut-off level of 45 

ng/mL [144]. Notably, all these benefits were accomplished by a significant simplification of 

assay production and assay format. 
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Figure 3.10. NB displacement FRET immunoassay calibration curves of assay mixtures containing 50 

µL of different sEGFR concentrations (as given on the x-axis), 50 µL of 0.15 nM QD625-CL4, and 50 

µL of 6 nM (red diamonds) or 3 nM (black dots) of Tb-NB1-H. 

 

While the proof-of-concept of the novel NB displacement assay was clearly demonstrated, 

actual application in immunoassays for different targets requires the investigation of non-

specific binding, implementation for different relevant biomarkers and different NBs, and target 

specificity. We first evaluated the NB displacement assay for the two biomarkers sEGFR and 

sEGFRvIII in serum containing samples, for which the many serum components can potentially 

cause significant non-specific binding and thus reduce the assay performance. Considering that 

commercial ELISA kits for human sEGFR use at least 10-fold dilution of serum samples [157], 

we investigated samples containing 5 to 30 vol% of fetal bovine serum (FBS). Although the 

assay performance decreased with increasing serum fractions, all FRET-ratios showed a clear 

target concentration dependence for both sEGFR and sEGFRvIII (Figure 3.11A and B). We 

selected 5-fold dilution of serum samples (i.e., 20 vol%) for a direct comparison of the assay 

performance in buffer and serum for both sEGFR and sEGFRvIII (Figure 3.11C and D). While 

the assay calibration curves for serum samples showed slightly lower sensitivity and overall 

reduction of the FRET-ratio, both sEGFR and sEGFRvIII could be quantified in the same 

concentration range as for the buffer samples.  
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Figure 3.11. Influence of non-specific binding serum components. Relative FRET-ratios of the 

NB1+QD system against different sEGFR (A) or sEGFRvIII (B) concentrations in 50 mL buffer 

containing different amount of FBS (5%, 10%, 20%, 30%). Comparison of NB displacement 

immunoassays for sEGFR (C) and sEGFRvIII (D) in serum (20 vol%) and buffer. Data points represent 

three (10 for the blank samples without sEGFR) independent measurements. Error bars represent 

standard deviations (). The EGFR concentrations are those in the 50 µL sample. 

 

Interestingly, sEGFRvIII quantification (Figure 3.11D) is less sensitive than sEGFR 

quantification (Figure 3.11C), which can be explained by the reduced domain II of sEGFRvIII 

(only residues 273-311 are retained compared to sEGFR) [153] and the binding of NB1 in the 

cleft formed between domains II and III. Thus, despite the independent binding of NB1 to the 

target and QD (EGFR binding site at the opposite end of the His6 tag), the NB displacement 

assay performance is dependent on the NB-target binding position and affinity. To further 

investigate the influence of NB-target binding, we used NB2 instead of NB1. Although the 
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NB2-based displacement assay was functional, the assay curves showed significantly less 

sensitivity for sEGFR detection and serum fractions of more than 10 vol% resulted in only very 

weak sEGFR concentration dependence (Figure 3.12). Because the affinities of NB1 (~0.6 nM, 

Table 3.2) and NB2 (~0.7 nM, Table 3.2) for sEGFR are very similar, the different 

displacement behaviour can only be explained by the different binding sites (NB2 binds to 

domains I and II). The weak displacement of NB2 from the QDs also provides an explanation 

for the lowest sensitivity (smallest slope of calibration curve) of the NB2-H-QD625-CL4 

(compared to NB2-B-QD705-sAv and NB2-C-QD705-PEG) sandwich immunoassays (Figure 

3.4), even though the Tb-QD distance was shortest for the CL4 coated QDs. The NB2-H-

QD625-CL4 sandwich assay is most probably driven by a combination of displacement and 

sandwich formation, with a slight advantage of sandwich formation and thus, an increasing 

FRET-ratio with increasing sEGFR concentration. Tuning the displacement efficiency by the 

NB-target binding sites presents an important lever for optimizing NB-displacement assays and 

an extensive investigation with a large library of NBs and targets would be highly interesting 

to fully understand the potential of this novel type of assay. 

 

Figure 3.12. Influence of different NBs. (A) Relative FRET-ratios of the NB2+QD system against 

different sEGFR concentrations (0.05, 0.1, 0.5, 1, 3, 6 nM respectively) in 50 L buffer containing 

different amount of FBS (5%, 10%, 20%, 30%). (B) NB displacement FRET immunoassay calibration 

curves of assay mixtures containing 50 µL of different sEGFR concentrations (in 50 µL buffer 

containing 10 % FBS), 50 µL of 0.15 nM QD625-CL4, and 50 µL of 3 nM Tb-NB2-H. For all 

measurements, incubation time was 90 min. Data points represent the measurement of three independent 

samples. Error bars represent standard deviations. 
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Finally, we evaluated the specificity of the NB-displacement assays for sEGFR and the 

possibility of shortening the assay incubation time. Both NB1 and NB2 based assays did not 

show any significant FRET-ratio changes when the sHER2 was used instead of sEGFR (Figure 

3.13A). In addition, we showed the potential for further assay simplification by reducing the 

incubation time to only 15 to 30 minutes, which was found to be sufficient for sEGFR 

quantification (Figure 3.13B and C). Again, a more detailed study with many different targets 

and NBs would be necessary to fully assess specificity and simplicity optimization possibilities. 

 

Figure 3.13. (A) sEGFR-specificity evaluation of NB1 (black) and NB2 (blue) based displacement 

FRET assay against HER2. FRET-ratio signal changes for HER2 are negligible. Incubation time 

dependence of the NB displacement FRET assay with four different sEGFR concentrations (balck, red, 

blue, and pink are for 0, 0.05, 0.5, and 1 nM of sEGFR, respectively). Although the relative (B) and 

absolute (C) FRET ratios slightly change over time (which is not problematic because of the ratiometric 

analysis), incubation for 15 or 30 min is sufficient for quantifying EGFR concentration differences. 

 

3.4 Conclusions 

In conclusion, we developed a nanobody-tag toolkit for simple, versatile, and efficient 

bioconjugation to QDs with different surface coatings, sizes, and PL colors. The 

immunotargeting functionality of the NB-QD conjugates was demonstrated on homogeneous 

TG-FRET immunoassays against sEGFR, using two different, non-competing EGFR-specific 

NBs (NB1 functionalized with Tb and NB2-tag attached to QDs). Despite the differences of 

QD sizes and coatings and NB orientations on the QD surfaces, NB1-EGFR-NB2 sandwich 

complexes were formed for all NB-QD conjugates, which resulted in an sEGFR concentration-

dependent increase of Tb-to-QD FRET with subnanomolar LODs in low-volume (50 µL) 

samples and the best assay performance when using biotin-tagged NBs and sAv-coated QDs. 

QD-bioconjugation with His6 and biotin tagged NBs was significantly faster, simpler, and easier 

 

A                             B                            C 
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to quantify compared to Cys tagged NBs. A significantly simplified immunoassays format 

combined with improved analytical performance was realized by exploiting the displacement 

of His6-tagged Tb-NB1 from the QD surface. Despite the independent (non-competitive) 

binding of His6 to the QD surface and Tb-NB1 to sEGFR, NB-displacement was sEGFR 

concentration dependent. The displacement mechanism was further studied using a different 

target (sEGFRvIII) and a different NB (NB2), which showed that modification of the NB-target 

binding site can be used for tuning the displacement efficiency. The rapid, wash-free, and simple 

assay format (only on Tb-NB conjugate + unconjugated QDs) required 30-fold less QDs and 

afforded an LOD of 80±20 pM (16±4 ng/mL), which was 3-fold below the clinical cut-off level 

of sEGFR. The relevance of the NB-displacement assay for clinical diagnostics was further 

demonstrated by quantifying both sEGFR and sEGFRvIII in serum samples. Mix-and-measure 

NB-on-QD displacement FRET assays can significantly reduce assay development, production, 

and material costs, improve QD storage conditions in assay kits, and provide clinically relevant 

analytical performance for biomarker quantification, all of which are highly important benefits 

for translating QD-based biosensors into daily use in bioanalytical research and clinical 

diagnostics. 
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4. Tb-to-QD FRET-based temporal multiplexing of ssDNA 

4.1 Introduction 

With the rapid discovery of new biomolecules, biochemical interactions, and biological 

systems and pathways, multiplexed biosensing becomes increasingly important because it can 

provide a more comprehensive view to monitor, understand, and manipulate complicated 

biosystems, leading to advancements in disease diagnosis and treatment, environmental 

monitoring, and fundamental biological research. Arguably, photoluminescent (PL) detection 

is ideal for multiplexing due to its rapid response, high sensitivity, quantitative capabilities, and 

the wide range of available fluorophores with versatile photochemical and photophysical 

properties [12], [23], such as organic dyes [44], [140], [158]–[160], fluorescent proteins [161], 

quantum dots [162], [163], and lanthanides complexes or nanoparticles [163], [164]. Typically, 

PL multiplexing can be realized by quantifying multiple targets via the detection of distinct 

emission spectra of fluorophores in different spectral (or color) channels. However, this so-

called spectral multiplexing is facing the challenge of spectral overlap from the emission spectra 

of two or more PL probes that share common wavelengths, leading to reduced specificity and 

a limited number of available detection channels. 

For the purpose of improving PL multiplexing capabilities, PL lifetime-dependent 

measurements are a powerful tool to extend simultaneously multiplexing in the temporal 

dimension [165]–[170]. PL decay times could be tuned from tens of microseconds to a few 

milliseconds by varying the doping concentrations of different lanthanide ions in upconversion 

nanoparticles (UCNPs) [170] or tuning the distance between a luminescent lanthanide (Ln) 

complex donor and an organic dye acceptor in a Förster resonance energy transfer (FRET) pair 

[171]. Although the proofs-of-concept of multiplexing assays based on these UCNPs or the 

proposed FRET pair were successfully implemented in immunoassays and DNA analysis, 

several drawbacks need to be solved. Firstly, UCNPs usually possess very low PL quantum 

yields and multiexponential PL decays, which makes the assay require long acquisition times, 

and high materials’ concentration and limits the lifetime distinction efficiency, leading to a low 

sensitivity and selectivity. The Ln-to-dye FRET-based temporal multiplexing assays show 

improved capability for decay time distinction but its nanomolar target concentrations could 
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not meet the requirement of many biochemical and biomolecular studies, where extremely low 

concentrations (fM–pM) of various similar targets need to be specifically quantified [171]. It 

has been reported that rolling circle amplification (RCA) [71], hybridization chain reaction 

(HCR) [172], and catalytic hairpin assembly (CHA) [173] techniques are successfully used in 

FRET-based temporal multiplexing for ultra-sensitive detection of nucleic acids, but they 

usually require long incubation time, complex design, and specific thermal cycling, which is 

not favorable for rapid diagnostic applications. These limitations underscore the continued 

importance of developing sensitive, selective, simple, and rapid PL temporal multiplexing 

technologies. 

In this chapter, a temporal multiplexing strategy is presented for single-strand DNA 

(ssDNA) triplexing based on the time-gated (TG) PL measurement of a Lumi4-Tb complex 

(Tb)-to-QD FRET pair with temporally distinct PL decays tuned by the Tb-QD distance. As 

shown in Figure 4.1A, the Tb-to-QD FRET-based PL probes were prepared by conjugating 

QDs with peptide-cDNAs (cDNA is part of the complementary DNA of a specific target DNA), 

and another type of peptide-DNA linkers hybridized with different Tb-DNA to form Tb-QD 

FRET probes 1, 2, and 3 complexes with different Tb-QD distances (0 nucleotides (nt), 10 nt, 

and 14 nt distance between Tb and QD, respectively). The various Tb-QD distances result in 

different FRET efficiencies, which can be transduced to PL signals with different decay times. 

Another component of this multiplexing sensor are magnetic beads (MBs), which were 

conjugated with biotin-cDNAs (here, the biotin-cDNA contains another part of the 

complementary DNA of a specific target DNA). As shown in Figure 4.1B, with the presence 

of corresponding DNA targets, the FRET-based PL probes can be immobilized onto the MB 

surface through simple DNA hybridization (all the DNA sequences are displayed in Table 4.1 

in Section 4.2.1). After magnetic separation and resuspension, the background signal from free 

Tb-QD FRET probes can be suppressed, and the TG measurements of FRET-sensitized long-

decay-time QDs in distinct time windows after pulsed excitation can realize the 

autofluorescence-free and selective detection of multiple DNA targets. 
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Figure 4.1. Simultaneous quantification of multiple DNA targets based on Tb-QD FRET. (A) The designs of 

Tb-QD FRET-based PL probes, bioconjugates of molecular beacons (MBs) with complementary DNA 

(cDNA), and the three DNA targets. (B) The assay procedure of the simultaneous quantification of three 

DNA targets. 

 

4.2 Materials and methods 

4.2.1 Materials 

The luminescent terbium complex, Lumi4-Tb-NHS (Tb) was provided by Lumiphore Inc. 

625nm emitting organic Qdots (QD625, core-shell diameter of ~9.2 nm) [150] and Dynabeads 

MyOne Streptavidin T1 magnetic beads (MB, diameter of 1 μm) covalently coupled to 

streptavidin were purchased from Thermo Fisher Scientific. Peptide−oligonucleotides were 

synthesized by Biosynthesis. All other oligonucleotides were synthesized and purified by 

Eurogentec. All sequences and modifications of nucleic acids used in this work are summarized 

in Table 4.1. Tris(hydroxymethyl)-aminomethane, ethylenediaminetetraacetic acid (EDTA), 

hydrochloric acid (HCl), sodium hydroxide (NaOH), sodium tetraborate decahydrate 

(Na2B4O7·10H2O), sodium bicarbonate (NaHCO3), bovine serum albumin (BSA), and HEPES 

were purchased from Sigma-Aldrich. NaCl was purchased from Duchefa. Zeba Spin Desalting 

Columns (7 kDa MWCO) were purchased from Thermo Fisher Scientific. All chemicals were 

used as received. High-quality Milli-Q water with a resistivity of 18.2 MΩ cm was used for 

preparing solutions. 
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Table 4.1. Sequences and modifications of DNA probes and targets. 

Name Sequence (5’-3’) Modification 

peptide-DNA TAGCTCGACAAAGTGCTCATAGTGCAGGTAG 5’-H6SLGAAAGSGC-

SMCC-amino 

Tb-DNA1 (for 0 nt distance) CTACCTGCACTATGAGCACTTTGTCGAGCTA 3’-C3-NH2 

Tb-DNA2 (for 10 nt distance) CTACCTGCACTATGAGCACTT 3’-C3-NH2 

Tb-DNA3 (for 14 nt distance) CTACCTGCACTATGAGCACTTTGTCGA 5’-C3-NH2 

peptide-cDNA1 CCACAACTTCAACATCAGTCTGATAAGCTA 5’-Acetyl-H6SGK 

(maleimide-thiol); 3’-OH 

Target 1 CTGACCCATGCCCACCATCATAGCTTATCAGACTG

ATGTTGAAGTTGTGG 

 

Biotin-cDNA1 TGATGGTGGGCATGGGTCAGAAAAAAAAAA 3’-biotin 

peptide-cDNA2 AGTCTAGTGCGACACGACA 

 

5’-N-H6SLGAAAGSGC-

SMCC-amine 

Target 2 ACCAGAGTTAAAAGCAGCCCTTGTCGTGTCGCAC

TAGACT 

 

Biotin-cDNA2 AGGGCTGCTTTTAACTCTGGTAAAAAAAAAA 3’-biotin 

peptide-cDNA3 AGAACGGACTGAGCAGGAGAAAGATTTTCTATG

GA 

5’-N-H6SLGAAAGSGC-

SMCC-Amine 

Target 3 GTTTCAGCTTTGCAACCATACTCTCCATAGAAAAT

CTTTCTCCTGCTCAGTCCGTTCT 

 

Biotin-cDNA3 GAGTATGGTTGCAAAGCTGAAACAAAAAAAAAA 3’-biotin 

 

4.2.2 Tb-DNA conjugation 

Three different Tb-DNA conjugates were prepared by mixing Lumi4-Tb-NHS in 

concentration excess to three different amino-functionalized oligonucleotides (Tb-DNA1, 2 or 

3 as shown in Table 4.1) in 100 mM carbonate buffer at pH 9.0, respectively. The mixtures 

were incubated overnight at 4 ℃ and purified 3 times with HEPES buffer (100 mM, pH 7.4) 

by Zeba Spin Desalting Columns (7 kDa MWCO). Tb concentration of the conjugate was 

determined by measuring the absorbance at ca. 340 nm using a molar absorptivity of ca. 26,000 

M-1 𝑐𝑚-1 as provided by the manufacturer. DNA was quantified by absorbance measurements 

at ca. 260 nm. The conjugation ratio was determined to be higher than 0.9 Tb/DNA by a linear 

combination of the respective absorbance values of LTC and DNA within the conjugate. 

4.2.3 The preparation of Tb-to-QD FRET-based PL probes 

The prepared Tb-DNA conjugates were then used to form Tb-QD FRET configurations 

where the distance between Tb and QD differs due to the different lengths of the Tb-DNAs. 

Specific Tb-DNA conjugates were mixed with peptide-DNA linkers, QD625 and the 
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corresponding peptide-cDNAs (at a concentration ratio of 20:20:1:10) in Hybridization Buffer 

(20 mM Tris-Cl, 500 mM NaCl, 0.1 % BSA, pH 8.0), and incubated at room temperature for 

3h, followed by storage at 4℃ for long term use. During the incubation, histidine tags of 

peptide-DNA and peptide-cDNA were attached to the Zinc-rich QD625 surface via metal 

affinity self-assembly, which allows the Tb-DNA sequence to hybridize with peptide-DNA 

linker to form Tb-QD-peptide-cDNA probes. The functionalized Tb-QD FRET-based probes 

can not only generate PL signal but also recognize and bind with specific DNA targets. 

4.2.4 MB-cDNA conjugation 

The conjugates of biotin-cDNA with streptavidin magnetic beads (MB) were prepared 

according to the protocol from Thermo Fisher Scientific [174]. Firstly, MBs were washed 

according to the following steps: (i) Resuspend the beads in the vial (i.e., vortex for >30 sec, or 

tilt and rotate for 5 min). (ii) Transfer the desired volume of beads to a new tube. (iii) Add an 

equal volume (or at least 1 mL) of Washing Buffer (5 mM Tris-HCl, 0.5 mM EDTA, and 1M 

NaCl, pH 7.5) and resuspend. (iv) Place the tube on a magnet for 1 min and discard the 

supernatant. (v) Remove the tube from the magnet and resuspend the washed beads in 1mL 

Washing Buffer. (vi) Repeat steps iv–v twice, for a total of 3 washes. 

Then three different biotin-cDNAs (Biotin-cDNA1, 2, and3) were immobilized onto MBs 

respectively through biotin-streptavidin non-covalent binding according to the following steps: 

(i) Resuspend washed MBs in 2× Washing Buffer (10 mM Tris-HCl, 1 mM EDTA, and 2M 

NaCl, pH 7.5) to a final concentration of 5 µg/µL (half of the original concentration (10 

mg/mL)). (ii) Add an equal volume of biotinylated DNA (the binding ratio between DNA and 

MBs is 400 pmol cDNA per mg of MB). Optimal binding occurs when the NaCl concentration 

is reduced from 2 M to 1 M. (iii) Incubate for 15 min at room temperature using gentle rotation. 

(iv) Separate the biotinylated DNA or RNA-coated beads with a magnet for 2–3 min. (v) Wash 

the coated beads 2–3 times with 1X Washing Buffer. (vi) Resuspend the beads with the 

immobilized cDNAs in Hybridization Buffer for downstream applications. 

4.2.5 Spectroscopic characterization 

Absorption spectra (Cary 60 UV-Vis Spectrophotometer, Agilent) and emission spectra 

(Fluorolog-3, HORIBA) for Tb, and QD samples were recorded in HEPES (100 mM, pH 7.4) 
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and Na-tetraborate buffer (100 mM Na-tetraborate, 0.1 M NaCl, pH 8.5), respectively. 

4.2.6 Single and triple DNA targets sensing assays 

Single sensing assay 

All FRET assays were prepared in Hybridization Buffer (20 mM Tris-Cl, 500 mM NaCl, 

0.1% BSA, pH 8.0). For single target sensing, 50 μL of the corresponding Tb-QD-peptide-

cDNA probes and 50 μL of the corresponding MB-cDNAs at constant concentrations were 

mixed with 50 μL specific DNA target (at different concentrations). The mixtures was incubated 

at 37℃ for 30 min, then followed by cooling down to room temperature (20℃) for 30 min. 

After incubation, the mixtures were washed three times through magnetic separation according 

to the procedure in Section 4.2.4, and then resuspended with Hybridization Buffer. In the end, 

140 µL mixture was taken from the total reaction volume (150 µL) and measured in black 96-

well microtiter plates on a fluorescence lifetime plate reader (Edinburgh Instruments) using 

4000 detection bins of 2 μs integration time and pulsed nitrogen laser (MNL 100, LTB Berlin) 

excitation (337.1 nm, 20 Hz). The PL intensities of Tb donor and QD625 acceptor were 

measured by using optical bandpass filters with 494±12 nm (Semrock) for the donor channel 

(CHD) and 640±14 nm (Semrock) for the acceptor channel (CHA). 

The single target sensor assays contained 0.1 nM Tb-QD-cDNA probes (Concentration is 

determined by QDs, and the corresponding cDNA on QD is at 2 Nm.), 40 nM cDNA-MBs 

(concentration determined by cDNAs on MB), and increasing concentrations of DNA target 

(target1: 625 fM-8nM; target2: 2.5 pM-16nM; target3:6.25 pM-40nM). All samples were 

prepared three times except for the blank samples (target concentration is 0), which were 

prepared 10 times. 

Triplexing assay 

For triplexing, 50 μL mixed three types of Tb-QD-peptide-cDNA probes (Tb-QD-peptide-

cDNA1, Tb-QD-peptide-cDNA2, and Tb-QD-peptide-cDNA3) and 50 μL mixed three types of 

MB-cDNAs (MB-cDNA1, MB-cDNA2 and MB-cDNA3) at constant concentrations were 

mixed with 50 μL mixed three types of DNA targets at different concentrations. The mixtures 

were incubated at 37℃ for 30 min, then followed by cooling down to room temperature (20℃) 

for 30 min. After incubation, the mixtures were washed three times through magnetic separation 
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according to the procedure in Section 4.2.4, and resuspended with Hybridization Buffer. In the 

end, 140 µL mixture was taken from the total reaction volume (150 µL) and measured in black 

96-well microtiter plates on a fluorescence lifetime plate reader (Edinburgh Instruments) using 

4000 detection bins of 2 μs integration time and pulsed nitrogen laser (MNL 100, LTB Berlin) 

excitation (337.1 nm, 20 Hz). Temporal multiplexing assays used three TG PL detection 

windows (W1: 0.1 to 1.5 ms, W2: 1.5 to 3.0 ms, and W3: 3.0 to 8.0 ms) and PL intensity 

detection used optical bandpass filters with 494±12 nm (Semrock) for the Tb detection channel 

and 640±14 nm (Semrock) for the QD625 detection channel. 

For the triplexing and recovery rate experiments, the assays contained 0.1 nM Tb-QD-

cDNA1 probe, 0.1 nM Tb-QD-cDNA2 probe, 0.1 nM Tb-QD-cDNA3 probe, 40 nM MB-

cDNA1, 40 nM MB-cDNA2, 40 nM MB-cDNA3, and different concentrations of three DNA 

target (target1: 625 fM-8nM; target2: 2.5 pM-16nM; target3:6.25 pM-40nM). All samples were 

prepared three times except for the blank samples (target concentration is 0), which were 

prepared 10 times. 

 

4.3 Results and discussion 

4.3.1 Photophysical properties of Tb-QD625 FRET pair 

All the spectra of the Tb-QD625 FRET pair are shown in Figure 4.2. According to the 

FRET theory [22], energy transfer occurs when there is an energetic resonance between donor 

emission and acceptor absorption, as expressed by the spectral overlap integral: 

𝐽 = ∫ 𝐼𝐷̅(𝜆)𝜀𝐴(𝜆)𝜆
4 𝑑𝜆                      (4.1) 

where 𝐼𝐷̅  is the area-normalized (to unity) PL spectrum of donor, and 𝜀𝐴(𝜆)  is the molar 

absorption of acceptor (Figure 4.2). 

The Förster distance R0 (the donor-acceptor distance for which FRET is 50 % efficient) 

between Tb-QD625 FRET pair was calculated as R0 = 10.3±0.5 nm by using Equation 4.2. 

𝑅0 = 0.02108(𝜅2Φ𝐷𝑛−4𝐽(𝜆))
1

6                   (4.2) 

The orientation factor (𝜅2) was taken as 2/3, due to dynamic averaging as found for other 

Tb-QD or Tb-Cy dye donor-acceptor systems [23]. The refractive index n of the aqueous 
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solution was taken as 1.35. Φ𝐷 represents the quantum yield of FRET donors which was 

measured as 0.80 ± 0.05 for Tb in Lumi4-Tb complex. 

 

Figure 4.2. Emission (green solid line) and absorption (green dotted line) spectra of Tb (green), emission 

(orange solid line) and absorption (orange dotted line) spectra of QD625 (QD absorption is only shown 

until 450 nm) that partly overlaps with Tb emission, and filter transmission spectra (gray) used for Tb 

donor and QD acceptor time-resolved PL detection. 

 

4.3.2 The design of Tb-QD FRET probes 

In this work, three Tb-QD FRET configurations were designed as shown in Figure 4.3 

(top), where the distance between Tb and QD is determined by the peptide linker plus 0 nt, 10 

nt, and 14 nt, respectively. Notably, the 10 nt distance configurations have single-stranded 

(ss)DNA between Tb and peptide, whereas the 14 nt configuration has double-stranded 

(ds)DNA. In a previous study, we found that the extension of ssDNA on QDs corresponds to a 

distance of ~0.15 nm per nt, whereas dsDNA extended with ~0.31 nm per nt on QDs [150]. For 

all three configurations, the concentration ratio between Tb and QD625 is fixed as 20:1. 

Corresponding PL decay curves of FRET-quenched Tb donor and FRET-sensitized QD625 

acceptor of different configuration are also shown in Figure 4.3 (bottom). According to FRET 

theory, FRET efficiency (EFRET) is proportional to the inverse sixth power of the donor-acceptor 

distance, and the higher EFRET, the stronger the quenching of the donor PL decay time (τD) [175], 
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[23]. Thus, three different Tb-to-QD625 FRET probes designed in our work exhibit different 

FRET-quenched donor PL decay times (τDA). Owing to the big difference between the PL 

lifetimes of Tb (~ms) and QD625 (~ns), the FRET-sensitized lifetime of the QD625 acceptor 

(τAD) can be taken the same as the FRET-quenched lifetime of the Tb donor (τAD = τDA when τD 

⨠ τA) [16]. These relations between FRET efficiency, distance, and PL decay times are 

summarized in Equation 4.3 [16], [23], [175]. 

𝐸FRET =
𝑅0

6

𝑅0
6+𝑅6

= 1 −
𝜏DA

𝜏D
= 1 −

𝜏AD

𝜏D
                    (4.3) 

Therefore, the different distances between Tb and QD625 (0 nt, 10 nt, and 14 nt) result in 

different PL lifetimes and the PL decay curves of both donors and acceptors, with significantly 

distinguishable time-dependent PL intensities over the entire PL decay. The designed FRET 

configurations were then used as PL probes for the following temporal multiplexing assays. 

 

Figure 4.3. Distance-tuned FRET configurations with distinguishable PL decays for temporal 

multiplexing. (Top) Tb conjugated cDNAs with variable lengths or directions hybrid with peptide-DNA 

linkers on QD625, resulting in distinguishable PL decay curves of FRET-sensitized QD625 acceptors. 

(Bottom), and three separate detection windows were selected for the following temporal multiplexing 

(W1: 0.1 – 1.5 ms; W2: 1.5 – 3.0 ms; W3: 3.0 – 8.0 ms). 

 

4.3.3 PL decay fitting and distance calculations 

According to Equation 4.3, the FRET efficiencies and actual distance between Tb and 

QD625 in each PL probe can be determined based on the original PL decay time of Tb (τD) and 

FRET-quenched PL decay time (τDA) of Tb, or FRET-sensitized QD625 PL decay time τAD, 
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which can be achieved from multiexponential fitting of PL decay curves. 
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Figure 4.4. PL decay curves of Tb donor (left) and QD625 acceptor (right) used for PL decay time 

fitting and distance calculation in the Tb-QD FRET probe1, where there is 0 nt (plus peptide) between 

Tb and QD. Concentrations of Tb and QD are 10 nM and 0.5 nM, respectively. Blue and red curves are 

for Tb alone, and FRET probe1 respectively, and central black curves represent the fitting results from 

below. 

 

Fitting results (all decay times in µs) of decay curve of Tb-QD probe1 in donor channel 

(CHD) (3-exponential fit with a contribution of Tb at a constant PL decay time of 2870 µs, 

which was fixed, whereas all other fit parameters were variable): 

 

Fitting results (all decay times in µs) of decay curve of Tb-QD probe1 in acceptor channel 

(CHA) (4-exponential fit with a contribution of Tb at a constant PL decay time of 2848 µs, 

which was fixed, whereas all other fit parameters were variable): 

 

tD AD tDA1 ADA1 tDA2 ADA2 <tDA> EFRET

2780 2339 - - - - - -

2780 435 113 648 535 904 360 0.87

7.4 7.4distance R (nm)R 0 = 10.3 nm

tD AD tAD1 AAD1 tAD2 AAD2 tAD3 AAD3 <tAD> EFRET

2848 60

2848 85 35 5636 150 1503 442 2516 397 0.86

7.5 7.5R 0 = 10.3 nm distance R (nm)

D in the absence of A (mono-exponiential)QD background
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Figure 4.5. PL decay curves of Tb donor (left) and QD625 acceptor (right) used for PL decay time 

fitting and distance calculation in the Tb-QD FRET probe2, where there is 10 nt (plus peptide) between 

Tb and QD. Concentrations of Tb and QD are 10 nM and 0.5 nM, respectively. Blue and red curves are 

for Tb alone, and FRET probe2 respectively, and black lines represent the fit results from below. 

 

Fitting results (all decay times in µs) of decay curve of Tb-QD probe2 in CHD (3-

exponential fit with a contribution of Tb at a constant PL decay time of 2781 µs, which was 

fixed, whereas all other fit parameters were variable): 

 

Fitting results (all decay times in µs) of decay curve of Tb-QD probe2 in CHA (4-

exponential fit with a contribution of Tb at a constant PL decay time of 2698 µs, which was 

fixed, whereas all other fit parameters were variable): 

 

tD AD tDA1 ADA1 tDA2 ADA2 <tDA> EFRET

2781 1905 - - - - - -

2781 813 161 489 995 877 700 0.75

8.5 8.5distance R (nm)R 0 = 10.3 nm

tD AD tAD1 AAD1 tAD2 AAD2 tAD3 AAD3 <tAD> EFRET

2698 48

2698 123 30 6044 115 638 765 977 720 0.73

8.6 8.6R 0 = 10.3 nm distance R (nm)

D in the absence of A (mono-exponiential)QD background
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Figure 4.6. PL decay curves of Tb donor (left) and QD625 acceptor (right) used for PL decay time 

fitting and distance calculation in the Tb-QD FRET probe3, where there are 14 nt (plus peptide) between 

Tb and QD. Concentrations of Tb and QD are 10 nM and 0.5 nM, respectively. Blue and red curves are 

for Tb alone, and FRET probe3 respectively, and black lines represent the fit results from below. 

 

Fitting results (all decay times in µs) of decay curve of Tb-QD probe3 in CHD (2-

exponential fit with a contribution of Tb at a constant PL decay time of 2769 µs, which was 

fixed, whereas all other fit parameters were variable): 

 

Fitting results (all decay times in µs) of decay curve of Tb-QD probe1 in CHA (4-

exponential fit with a contribution of Tb at a constant PL decay time of 2781 µs, which was 

fixed, whereas all other fit parameters were variable): 

 

 

Time-resolved PL curves of Tb-QD625 FRET probes clearly showed different decay times 

caused by the different Tb-QD625 distances (Figure 4.3). Owing to the shorter distance (7.4 

nm), probe1 (0 nt) shows significantly faster decays of FRET-quenched donor (τDA1≈110 µs, 

τDA2≈540 µs, average τDA2≈360 µs) and higher EFRET (EFRET≈0.86). Comparably, due to the 

longer distance (8.5 nm), probe2 (10 nt) shows slower decays of quenched donor (τDA1≈160 µs, 

tD AD tDA1 ADA1 tDA2 ADA2 <tDA> EFRET

2769 2423 - - - - - -

2769 752 - - 1882 827 1880 0.32

11.6 11.6distance R (nm)R 0 = 10.3 nm

tD AD tAD1 AAD1 tAD2 AAD2 tAD3 AAD3 <tAD> EFRET

2781 514

2781 160 20 17525 - - 1879 2262 1856 0.33

11.5 11.5R 0 = 10.3 nm distance R (nm)

QD background D in the absence of A (mono-exponiential)
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τDA2≈1000 µs, average τDA2≈700 µs) and lower EFRET (EFRET≈0.75). Probe3 (14 nt) provides the 

longest distance (11.6 nm), and exhibits the slowest decay of quenched donor (τDA≈1900 µs) 

and lowest EFRET (EFRET≈0.32). Concerning that the QD625 has a radius of ~4.6 nm, (core-shell 

diameter of ~9.2 nm) [150], so the distance of the 7.4 nm for Tb-QD (0 nt) is also contributed 

by the amino acid sequence in the peptide-DNA linker, which is composed of a His6 tag 

appended to 10 additional amino acids (SLGAAAGSGC) and a succinimidyl 4-(N-

maleimidomethyl)cyclohexane-1-carbonate (SMCC) heterobifunctional cross-linker (see 

Figure 4.7A for chemical structure). The peptide fragment and SMCC linker also ensure that 

the DNA part is beyond the thin QD625 surface ligands coating (compact zwitterionic ligands 

CL4 as shown in Figure 4.7B) [100], such that the conformational change of the DNA strands 

remains free and flexible [108], [176]. Comparing the calculated R between 0 nt, 10 nt, and 14 

nt leads to a distance increase of ~0.11 nm ssDNA nt and ~0.3 nm per ds nt, which is in good 

agreement with our previous study [150]. More important than the exact distances are the 

distinguishable PL decay curves (PL lifetimes) because they determine the multiplexing 

capability. 

 

Figure 4.7. (A) Chemical structure of the SMCC heterobifunctional cross linker (MW: 334.42. Spacer 

Arm: 0.83 nm) that was used to connect the peptide with the DNA. (B) Chemical structures of the 

DHLA-based ligands on QD625. 

 

4.3.4 The principle of temporal triplexing of ssDNA 

The principle of the temporal triplexing of ssDNA based on TG measurement of tunable 

Tb-QD FRET probes is shown in Figure 4.8. Three Tb-QD FRET probes with distinct PL decay 

curves are labeled with three specific peptide-cDNAs which contain part of complementary 

sequences of corresponding DNA targets. The left part of the complementary sequences was 

modified with biotin and conjugated with streptavidin-MBs to form three MB-cDNA capture 

probes through biotin-streptavidin binding reactions. In the presence of target DNA, 
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corresponding Tb-QD FRET probe and MB probe can both partially hybridize to the target 

DNA, leading to the formation of Tb-QD-DNA-MB complexes (Figure 4.8 left). After 

magnetic separation and resuspension, free Tb-QD probes are removed and the TG PL 

measurement of target-induced Tb-QD-DNA-MB complexes from three time windows (W1, 

W2, and W3) can be used for the quantification of DNA targets (Figure 4.8 right). 

 

Figure 4.8. Schematic representation for temporal triplexing of DNAs based on Tb-QD FRET. (Left) In the 

presence of target DNAs, peptide-cDNA of Tb-to-QD FRET probes and cDNA on MBs will hybridize with 

target DNA to form the Tb-QD-DNA-MB complexes. (Right) After magnetic separation and resuspension, 

TG PL measurement from three time windows (W1, W2, and W3) of Tb-QD probes on MBs can realize the 

specific quantification of DNA targets. 

 

4.3.5 Calibration of single DNA sensing assays 

According to Section 4.2.6, three different Tb-QD probes were used to quantify three 

different DNA targets, respectively. As shown in Figure 4.9 (top), PL intensities of FRET-

sensitized QD625 are increasing with the concentration of target DNA increasing in each single 

sensing assay. Figure 4.9 (bottom) shows the PL intensity of each probe in CHA (integral 

intensity from 0.1 to 8 ms) as a function of target DNA concentrations. The linear dynamic 

range for target 1, 2, and 3 sensing are 0.625 pM to 0.375 nM, 2.5 pM to 0.5 nM, and 6.25 pM 

to 2nM, and the limits of detection (LOD) are 0.56 pM, 0.94 pM, and 10.3 pM, respectively 

(LOD = 3.3σ/slope; slope value is from the linear fitting of the calibration curve and σ is the 

standard deviation calculated from 10 blank samples). These sensitivities allow us to distinguish 

concentration differences of a few pM over the entire dynamic concentration range. 
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Figure 4.9. (top) PL decay curves of QD625 acceptor used in the single DNA target sensing (graphs 

from left to right present the sensing of targets 1, 2, and 3, respectively). With the increasing target 

concentrations, the PL intensity is increasing in each single assay. (Bottom) Calibration curves (graphs 

from left to right present the sensing of targets 1, 2, and 3, respectively) showed a linearly increasing PL 

intensities (intensity integrated from 0.1-8ms from the PL decay curves at top) over target concentration 

with LODs of 0.56 pM target 1, 0.94 pM target 2, and 10.3 pM target 3, respectively. Error bars present 

standard deviations from 10 measurements for blank samples ([target] = 0) and 3 measurements for all 

other concentrations. 

 

4.3.6 Calibration of DNA triplexing assay 

To realize the triplexing, three distinct time-gated detection windows (W1: 0.1-1.5 ms; W2: 

1.5-3.0 ms; W3: 3.0-8.0 ms) were selected to measure different FRET-sensitized QD625 PL 

intensities. As shown in Figure 4.10, the increasing concentration of targets 1, 2, and 3 in single 

sensing assays induce increasing PL intensities of QD probes. Due to the different decay times, 

the three probes show different intensity levels in distinct time windows. Since probe1 (0 nt) 

has fast decay (resulting from the shortest donor-acceptor distance and most efficient FRET), it 

exhibits the highest contribution in window 1. Due to the slower and slowest decay of probe2 

(10 nt) and probe3 (14 nt), they contribute more to window 2 and window 3, respectively. 
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Figure 4.10. FRET-sensitized PL decay curves of QD625 from Tb-QD625 probes used for single and 

triplexed DNA sensing with increasing concentrations of targets and constant concentrations of Tb-

QD625 probes (probes 1, 2, and 3 are all at 0.1 nM). (A) single sensing of target1: 625 fM to 8nM; (B) 

single sensing of target2: 2.5 pM to 16nM; (C) single sensing of target3: 6.25 pM to 40nM; (D) Target 

1, 2, 3 triplexing (concentrations of each target are the same as used in single sensing). 

 

For a triplexed detection, it is important that PL intensities increase linearly with increasing 

target concentration in all detection windows because that makes the calculation of temporal 

crosstalk (the contributions of each of the three decay curves to the three different detection 

windows) most simple. In addition, when the sum of the TG PL intensities from single target 

assays is equal to the TG PL intensities of the assay in which all three targets are present, the 

calibration curves of triplexing can be easily solved by linear fits. As shown in Figure 4.11, our 

system fulfills these requirements quite well. The three time windows show excellent agreement 

between the mathematical sum of the intensities from each single target and the intensity from 

all targets until target concentrations of circa 600 pM. At higher concentrations, the triplexed 

signal is slightly lower than the sum of the signals. This “earlier” signal saturation can most 
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probably be corrected by selecting higher probe concentrations. However, that would also lead 

to higher LODs because of increasing background signals. Because our aim was the 

quantification of low target concentrations, we were very satisfied with the current performance 

and did not apply any optimization toward higher target concentrations in the current study. The 

slopes of the 9 different liner calibration curves from three single sensing assays in the three 

windows were used as the S-values in the 3x3 matrix in Equation 4.4. 

[
𝐼W1

𝐼W2

𝐼W3

] = [

𝑐1

𝑐2

𝑐3

] [

𝑆𝑊1
𝑇1    𝑆𝑊1

𝑇2    𝑆𝑊1
𝑇3

𝑆𝑊2
𝑇1    𝑆𝑊2

𝑇2    𝑆𝑊2
𝑇3

𝑆𝑊3
𝑇1    𝑆𝑊3

𝑇2    𝑆𝑊3
𝑇3

]                     (4.4) 

In this simple linear equation, IW1, IW1, and IW1 are the PL intensities measured in the three 

TG detection windows for the multiplexed assay, and 𝑆𝑊1
𝑇1 , 𝑆𝑊1

𝑇2 , 𝑆𝑊1
𝑇3 , 𝑆𝑊2

𝑇1 , 𝑆𝑊2
𝑇2 , 𝑆𝑊2

𝑇3 ,

𝑆𝑊3
𝑇1 , 𝑆𝑊3

𝑇2 , 𝑆𝑊3
𝑇3  are the slopes of the calibration curves (I over concentration) of each single 

targets (T1, 2, and 3 represent target 1, 2 and 3) sensing in the three detection windows (W1, 2, 

and 3). Therefore, IW1, IW2, and IW3 are available from PL measurement and 𝑆𝑊1
𝑇1 , 𝑆𝑊1

𝑇2 , 𝑆𝑊1
𝑇3 ,

𝑆𝑊2
𝑇1 , 𝑆𝑊2

𝑇2 , 𝑆𝑊2
𝑇3 , 𝑆𝑊3

𝑇1 , 𝑆𝑊3
𝑇2 , 𝑆𝑊3

𝑇3   are known values (from the calibration curves). Then, 

Equation 4.4 can be solved for the unknown target concentrations (c1, c2, and c3 represent the 

concentrations of target 1, 2 and 3) by numerical inversion of the 3 × 3 matrix. Figure 4.12 

shows the successful application of this temporal multiplexing concept for selective, sensitive, 

and accurate recovery of the three different DNAs at varying low picomolar to nanomolar 

concentrations from eleven different samples. This proof-of-concept demonstration should be 

transferable to real-life nucleic acid biomarkers, which was out of the scope of the current study. 

 

Figure 4.11. TG PL intensities in the three detection windows (left: window 1; middle: window 2; right: 

window 3) as a function of target DNA concentrations. Black curves are for target 1. The red curves are 

for target 2, and the blue curves are for target 3. The green and purple points are the intensity from 

triplexing (three targets all present) and the simple sum of single sensing. The slopes of the linear fits of 
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each target DNA in each window provide the S-values for Equation 4.4. 

 

Figure 4.12. Recovery of varying low concentrations of targets 1, 2, and 3 from 11 different samples 

using temporal triplexing assay. Dotted lines represent known concentrations; data points represent the 

calculated concentrations from the triplexing assay. Error bars are from three repeats of each sample. 

 

4.4 Conclusions 

In this chapter, a single Tb-QD FRET pair-based multiplexing strategy was developed by 

designing Tb-to-QD FRET PL probes with temporally distinguishable PL decays tuned by the 

length of Tb-DNA on QD surface. The proposed method was successfully used for the 

quantification of different DNA targets at low picomolar concentrations from mixed samples 

with a single measurement. The temporal multiplexing does not need lifetime analysis but can 

be realized by a simple time-gated measurement of PL intensity from different time windows. 

The introduction of magnetic beads-based separation and TG measurements removed all the 

luminescent background from free probes and auto-fluorescence background from the sample 

matrix, resulting in very high sensitivity and accuracy. This work revealed the versatile and 

powerful diagnostic performance of TG-FRET and the high distance sensitivity of FRET shows 

the new possibility to design distinct PL probes without introducing more materials. 

Furthermore, temporal TG-FRET multiplexing can be combined with spectral, spatial, and 

intensity resolutions, paving the way for unprecedented multiplexing capabilities. 
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5. QD-based FRET assays for temperature/DNA dual 

sensing 

5.1 Introduction 

The development of analytical techniques for probing biomolecular interactions and 

detecting specific analytes in biological environments has shown increasing importance for life 

science, which emphasizes the request for more powerful and sensitive analytical devices and 

methods exhibiting high specificity and affinity for important biomolecules and components 

such as proteins, peptides, or nucleic acids. Optical biosensors are highly advantageous tools 

due to their ease of operation, rapid response, high sensitivity, and capability of multiplexing 

[177], [178]. Förster Resonance Energy Transfer (FRET), as a non-radiative energy transfer 

process between two fluorophores, is highly dependent on the proximity of the two entities (ca. 

1-10 nm), which makes it an ideal choice for probing nanoscale biomolecular interactions [179], 

[180]. 

Quantum dots (QDs) are one of the most favorable luminescent materials to be applied to 

FRET as both donors or acceptors due to their superior photophysical properties to conventional 

fluorophores, including strong and broad absorption, high brightness, chemo- and photo-

stability, color-tunable emissions via adjusting their size and component materials, and large 

surface for biomodifications. By now QD-based FRET has been used as a well-established 

technique in various bioanalytical application, such as biomolecular structural analysis, medical 

diagnostic, as well as bioimaging in cells and tissues [181], [182]. However, the 

abovementioned applications were performed at either room temperature or 37℃, and only a 

few studies have investigated the temperature effect on QD-based FRET systems [183], [184]. 

Since it has been reported that there are thermally activated changes in the photoluminescence 

(PL) of the QDs [185]–[188], it is interesting to investigate the temperature effects on the QD-

based FRET assays, which is important for the sensitivity, stability, and repeatability sensing of 

both temperature and biological targets. Therefore, the study focusing on the temperature 

responses of QDs luminescence and QD-based FRET is of practical importance in the 

development of biosensors, where different storage and/or application temperatures need to be 

considered. 
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In this work, the temperature response of widely used water-soluble CdSe/ZnS QDs (core–

shell QDs, functionalized with dihydrolipoic acid (DHLA)-based compact ligands) emitting at 

625 nm was analyzed by measuring their absorption and PL emission spectra under different 

temperatures. By using the QDs as both the nanoplatforms and FRET donors or acceptors, two 

prototypical FRET-based biosensing assays were developed as shown in Figure 5.1. In the two 

FRET systems, peptide-DNA is attached to the QD surface through metal-polyhistidine 

coordination. Cyanine 5 (Cy5) or Lumi4-Tb-NHS (Tb) labeled DNAs could specifically 

hybridize to the complementary DNA sequence in the peptide-DNA, such that QD-peptide-

dsDNA-Cy5/Tb FRET complexes were formed. The temperature response of QDs and its effect 

on the biosensing performances of the two assays were investigated by combining steady-state 

and time-resolved PL measurements of the QD-based FRET signals. Despite thermal quenching 

of QD, Cy5, and Tb PL, the ratiometric FRET assay format can eliminate the temperature 

dependence and retain effective sensing of peptide-DNA. The PL intensities measured from the 

acceptor or donor channel of QD, Cy5, or Tb alone, as well as QD-to-Cy5 or Tb-to-QD FRET 

systems with fixed concentration of peptide-DNA show temperature sensitivity, which can be 

used for the temperature sensing. Combining the ratiometric FRET format with PL intensity 

recording at various temperatures, the target/temperature dual sensing can be achieved. 

 
Figure 5.1. Principles of QD-based FRET. (A) Cy5-labeled DNA hybridizes to peptide-DNA attached 

to the QD625 surface, which leads to QD-to-Cy5 FRET. (B) In a similar design Tb-DNA hybridization 

to the peptide-DNA results in Tb-to-QD FRET. 
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5.2 Materials and methods 

5.2.1 Materials 

Lumi4-Tb-NHS (Tb) was provided by Lumiphore Inc. (Berkeley, CA, USA). CdSe/ZnS 

QDs emitting at 625 nm (QD625) were provided by Invitrogen by Life Technologies (Carlsbad, 

CA) and functionalized with DHLA-based compact ligands in-house. Peptide-oligonucleotides 

were synthesized by Biosynthesis (Lewisville, Texas, USA). All the other modified 

oligonucleotides were synthesized and purified with HPLC by Eurogentec (Liège, Belgium). 

The sequences and modifications of all the nucleic acids used in this study are listed in Table 

5.1. Tris(hydroxymethyl)-aminomethane, bovine serum albumin, HEPES, and NaCl were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). All chemicals were used as received. 

Water was purified by MAXIMA (USF Elga, UK). Zeba Spin Desalting Columns (7 kDa 

MWCO) were purchased from Thermo Fisher Scientific (Illkirch-Graffenstaden, France). 

Tb-DNA conjugate was prepared according to the same procedure in Section 4.2.2: 

Lumi4-Tb-NHS (at an excess concentration) was mixed with amino-functionalized 

oligonucleotide in 100 mM carbonate buffer at pH 9.0 and incubated overnight at 4 ℃. Then 

the conjugate was purified 3 times with HEPES buffer (100 mM, pH 7.4) by Zeba Spin 

Desalting Columns (7 kDa MWCO). The conjugation ratio was determined to be higher than 

0.9 Tb/DNA by a linear combination of the respective absorbance values of Tb (ca. 340 nm 

using a molar absorptivity of ca. 26,000 M-1 𝑐𝑚-1) and DNA (at ca. 260 nm) within the conjugate. 

 

Table 5.1. Sequences and modifications of peptide-DNA target and DNA probes. 

Name Sequence (5’-3’) Modification 

Peptide-DNA TAGCTCGACAAAGTGCTCATAGTGCAGGTAG 5’-H6SLGAAAGSGC-

SMCC-amino 

Tb-DNA CTACCTGCACTATGAGCACTTTGTCGAGCTA 3’-C6-NH2 

Cy5-DNA CTACCTGCACTATGAGCACTTTGTCGAGCTA 3’-Cy5 

 



CHAPTER 5 

88 
 

5.2.2 Optical characterization 

Absorption spectra (Cary 60 UV-Vis Spectrophotometer, Agilent) and emission spectra 

(Fluorolog-3, HORIBA) for QDs, and Tb and Cy5 functionalized with DNA were recorded in 

TRIS-Cl buffer (20 mM, pH 8.0). All the spectra are shown in Figure 5.1. According to FRET 

theory, it can be defined as an energy transfer process via dipole-dipole interaction between 

oscillating donor and acceptor in proximity (ca. 1-10 nm) [23], [175], [189]. So, FRET needs 

the energetic resonance between donor and acceptor, as expressed by the spectral overlap 

integral between donor emission and acceptor absorption: 

𝐽 = ∫ 𝐼𝐷̅(𝜆)𝜀𝐴(𝜆)𝜆
4 𝑑𝜆                     (5.1) 

where 𝐼𝐷̅ is the area-normalized (to unity) PL spectrum of donor, and 𝜀𝐴(𝜆) is the molar 

absorption of acceptor (Figure 5.2). Distance (R), orientation (𝜅2), and energetic resonance (𝐽) 

in combination with PL parameters of the donor (PL quantum yield (Φ𝐷) and PL lifetime (τ𝐷)), 

the refractive index of the surrounding medium (n), and Avogadro's number (NAV) are used to 

define the FRET rate: 

𝑘𝐹𝑅𝐸𝑇 =
9(𝑙𝑛 10)𝜅2𝛷𝐷

128𝜋5𝑁𝐴𝑣𝑛4𝜏𝐷𝑅6 𝐽                            (5.2) 

Förster distance R0 (the donor-acceptor distance for which FRET is 50% efficient) was 

calculated by using Equation 5.3. 

𝑅0 = 0.02108(𝜅2Φ𝐷𝑛−4𝐽(𝜆))
1

6 (in nm)                (5.3) 

The orientation factor of 𝜅2 was taken as 2/3 due to dynamic averaging as found for other 

Tb-QD or Tb-Cy dye donor-acceptor systems [23]. The refractive index n of the aqueous 

solution was taken as 1.35. Φ𝐷 represents the quantum yield of FRET donors, measured as 0.41 

± 0.01 and 0.80 ± 0.05 for QD625 and Tb respectively. Förster distance R0 of the FRET pairs 

was calculated as R0(QD625/Cy5) = 7.9  0.4 nm and R0(Tb/QD625) = 10.3  0.5 nm. 
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Figure 5.2. Absorption and emission spectra of the FRET pairs. (A) QD-to-Cy5 FRET pair: spectra of 

QD625 emission and absorption (orange solid line and orange dotted line), Cy5 emission (red solid line), 

and absorption (red dotted line) that partly overlaps with the emission of QD625. (B) Tb-to-QD FRET 

pair: emission (green solid line) and absorption (green dotted line) spectra of Tb (green), emission 

(orange solid line), and absorption (orange dotted line) spectra of QD625 that partly overlaps with Tb 

emission. 

 

5.2.3 Temperature-dependent absorption and PL spectra of QDs 

For temperature-dependent absorption and PL measurements, the water-soluble QDs were 

diluted to 3 nM with TRIS-Cl buffer (pH 8.0) and transferred into quartz cuvettes. Absorption 

spectra at different temperatures were measured by a Cary 5000 UV-Vis-NIR 

spectrophotometer with a Peltier-based temperature control. PL spectra at different 

temperatures were measured under excitation at 405 nm by a FluoTime 300 fluorescence 

spectrometer (PicoQuant) equipped with a Xenon arc lamp and an external thermostat for 

temperature control of the cuvette holder. At each temperature, the PL measurements were made 

after at least 15 min of thermal equilibration.  

5.2.4 QD-based temperature/peptide-DNA duplexed FRET assays 

FRET assays were prepared in DNA hybridization buffer (20 mM Tris-Cl, 500 mM NaCl, 

0.1% BSA, pH 8.0). In each sample, 50 μL QD625 (0.5 nM in the final 150 μL mixture) was 

mixed with 50 μL Tb-DNA or Cy5-DNA (both at 10 nM in the final 150 μL mixture), to which 

50 μL of peptide-DNA at different concentrations (from 0 nM to 10 nM in the final 150 μL 

mixture) was added. All samples were prepared three times and incubated for 2 h at room 

temperature (25°C). After incubation, the samples were transferred into black 96-well 
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microtiter plates and measured by a Tecan SPARK plate reader (Spark, TECAN, Switzerland) 

under different temperatures. For the QD-to-Cy5 FRET assay, the steady-state PL spectra and 

intensity were measured by exciting the samples at 405±10 nm, and collecting the signal of the 

QD625 donor and Cy5 acceptor at 625±5 nm and 668±5 nm, respectively. For the Tb-to-QD 

FRET system, the TG PL emission spectra and intensity measurements were under the 

excitation of 337±10 nm, and emission at 494±5 nm and 640±10 nm were measured for Tb and 

QD625, respectively. TG measurement was performed with a lag time of 100 s and an 

integration time of 1500 s. FRET ratio was used as the detection signal of DNA hybridization 

assays, which is calculated by Equation 5.4. Calibration curves show the increasing FRET 

ratios with increasing concentrations of peptide-DNA. 

𝐹𝑅𝐸𝑇 𝑟𝑎𝑡𝑖𝑜 =
𝐼A

𝐼D
                            (5.4) 

Here IA and ID present the respective PL intensity of acceptor (A) and donor (D) in the 

FRET assays. 

 

5.3 Results and discussion 

5.3.1 Temperature sensitivity of the water-soluble CdSe/ZnS QDs 

Firstly, the spectral measurements of water-soluble CdSe/ZnS QD625 in TRIS buffer were 

performed when the temperature changed from 10 to 80°C as shown in Figure 5.3. The 

absorption spectra show few features (exciton peaks around 620 and 560 nm are still well 

visible) suggesting that the QDs in this sample are of various diameters and may also be 

agglomerated into small clusters. With the temperature increasing from 10 to 50°C, the 

absorption spectra did not significantly change (Figure 5.3 A). However, when the QDs were 

heated from 60 to 80°C, there was an increase in the extinction and the spectra shape became 

more featureless, which was probably caused by the formation of additional QD aggregates 

whose sizes were sufficient to significantly scatter the incident light. It has been reported that 

the aggregation of colloidal QDs is most often related to the disturbance in surface charges and 

thus depends on the nature and structure of surface ligands [94], [108], [190]. In our case, the 

DHLA-anchored carboxylic-acid-terminated ligands might show desorption of thiolate ligand 
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from the QD surface and the acidic groups' protonation at high temperatures, thus leading to 

the aggregation of QDs [94], [100]. Whereas the redshift with increasing temperature is not very 

obvious in the broad absorption spectra, it can clearly be observed in the PL spectra (Figure 

5.3 B). This shift was most probably caused by increasing exciton carrier transfer between the 

QDs at higher temperatures and the thermal activation of emission from lower energy trap states 

[186], [188], [191]. 

 

Figure 5.3. Spectra of temperature-dependent water-soluble CdSe/ZnS QDs. (A) Absorption spectra at 

indicated temperatures. (B) PL spectra at indicated temperatures. 

 

The strong temperature dependence of the QD PL intensity was measured in different 

heating processes and is depicted in Figure 5.4. The results show that PL quenching of QDs at 

80 °C recovered well after cooling down to 25°C in five heating-cooling cycles between these 

two temperature points (Figure 5.4A). After continuous heating from 10°C to 80°C, QD PL 

could only partly recover when cooled back to 10°C (Figure 5.4B). This partly irreversible 

quenching was probably caused by the QD surface oxidation, as well as aggregation and 

precipitation-induced quenching at high temperatures [185], [187]. Despite the partly 

irreversible quenching, relative quenching of QD PL intensity was found to be the same for all 

heating cycles (Figure 5.4C), which makes the PL intensity change applicable to temperature 

sensing. The relative PL intensity change over temperature was found to be -1.210.02% per °C 

(Figure 5.4D). 
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Figure 5.4. The effects of increasing temperature on water-soluble CdSe/ZnS QDs. (A) PL intensity of 

QDs in five cycles of heating and cooling between 25 °C and 80 °C. (B) PL intensity of QDs in five 

continuous heating and cooling cycles from 10 °C to 80 °C. (C) Normalized PL intensity of QDs in five 

continuous heating and cooling cycles. (D) Variation in normalized PL intensity of QDs with 

temperature in the range of 10°C to 80°C. 

 

5.3.2 Temperature-dependent DNA sensing using the QD-Cy5 FRET assay 

Investigating the temperature-dependent quenching behavior of QDs is not only relevant 

for developing temperature sensors. It is also of practical importance for evaluating their 

performance in biosensing and bioimaging applications that are usually performed at various 

different temperatures between ~20 °C and ~40 °C. Here, we scrutinized two representative 

FRET biosensing systems, in which QDs were used as FRET donors and acceptors, respectively. 

The QD-to-Cy5 FRET system (Figure 5.1A) consisted of a QD625 donor probe and a 

Cy5-DNA acceptor probe, which are separated beyond FRET distances when freely floating in 

solution. The addition of a prototypical DNA target, which consisted of a 31 nt DNA sequence 
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appended by a hexa histidine (His6)-containing peptide (cf. Table 5.1) for self-assembly to the 

QD surface, resulted in Cy5-DNA-DNA-peptide hybridization and the formation of QD-

peptide-dsDNA-Cy5 complexes, in which QD donor and Cy5 acceptor were sufficiently close 

for FRET when excited at 405 nm (primarily QD625 excitation). We selected the peptide-DNA 

(and not the Cy5-DNA) as a prototypical target because of three main reasons. First, our second 

FRET system (vide infra) used Tb-DNA as the donor probe and QD625 as the acceptor probe. 

Thus, using exactly the same peptide-DNA as the target (instead of Cy5-DNA and Tb-DNA) 

provided a better comparison. Second, we wanted to use a purely biological target without a 

directly labeled fluorescent probe. Third, we wanted to evaluate if peptide-DNA and QD can 

be added separately and if His6-QD attachment would be functional in parallel to DNA-DNA 

hybridization. Such a separation would be highly beneficial for storage and assay kit preparation 

because the QD would be an independent component without prior bioconjugation. We 

acknowledge that our prototypical FRET system is not an actual hybridization assay for 

quantifying independent (label-free) targets. However, for evaluation purposes and 

optimization, such prototypical FRET systems provide ideal platforms that can be easily 

translated into actual target detection (e.g., microRNA) [19] once a clinically relevant target is 

identified. 

As expected, increasing concentrations of peptide-DNA resulted in decreasing QD and 

increasing Cy5 PL intensities due to QD-to-Cy5 FRET (Figure 5.5). Thus, we transferred the 

QD-to-Cy5 FRET assay to an endpoint measurement with the benchtop fluorescence plate 

reader, to validate the temperature dependence of the QD PL and the Cy5/QD PL ratio (FRET-

ratio, Equation 5.4). Despite a relatively narrow temperature range of ~15 °C, the QD PL 

intensities showed a clear temperature dependence (increased PL quenching with increasing 

temperature) for all target concentrations (Figure 5.6A). Whereas both increasing temperatures 

and increasing target concentrations resulted in QD donor PL quenching, the Cy5 acceptor PL 

intensity increased with increasing target concentration but decreased with increasing 

temperatures (Figure 5.6B). The Cy5 PL intensity without target was not temperature 

dependent because there was no FRET sensitization from QDs and PL from directly excited 

Cy5 or QD at 665 nm was negligible. Thus, the signal was mainly composed of background. 

The FRET-ratio profited from approximately the same temperature dependence of the QD 
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donor and Cy5 acceptor PL and removed almost completely the temperature dependence 

(Figure 5.6C). A typical linear increase with peptide-DNA concentration ranging from 0 to ~8 

nM followed by saturation at higher concentrations was found and the assay sensitivities (slopes 

of the linearly increasing parts) were approximately independent of the temperature. 

 

Figure 5.5. Peptide-DNA target concentration-dependent PL spectra of the QD625-Cy5 FRET sensor at 

25 °C. 

 

 

Figure 5.6. (A) Temperature and target concentration-dependent quenching of QD donor PL measured 

at 6255 nm. (B) Temperature-dependent quenching combined with target concentration-dependent 

FRET sensitization of Cy5 acceptor PL measured at 6685 nm. (C) The FRET-ratio assay calibration 

curves show strongly reduced temperature dependence and a typical linear increase with peptide-DNA 

concentration ranging from 0 to ~8 nM. 

 

 

550 600 650 700 750 800

0

5000

10000

15000

20000

       Cy5 

sensitization

P
L

 i
n

te
n

s
it

y
 (

a
.u

.)

Wavelength (nm)

 QD625

 Cy5

 QD-Cy5-target (0 nM)

 QD-Cy5-target (2 nM)

 QD-Cy5-target (4 nM)

 QD-Cy5-target (6 nM)

 QD-Cy5-target (8 nM)

 QD-Cy5-target (10 nM)

QD quenching

0 2 4 6 8 10
0

5000

10000

15000

20000

25000

0 2 4 6 8 10
0

2000

4000

6000

0 2 4 6 8 10

0.0

0.5

1.0

1.5

P
L

 i
n

te
n

s
it

y
 (

C
h

D
)

[peptide-DNA] (nM)

 25.2 °C

 29.8 °C

 35.1 °C

 37.3 °C

 40 °C

A

P
L

 i
n

te
n

s
it

y
 (

C
h

A
)

[peptide-DNA] (nM)

 25.2 °C

 29.8 °C

 35.1 °C

 37.3 °C

 40 °C

B  25.2 °C

 29.8 °C

 35.1 °C

 37.3 °C

 40 °C

F
R

E
T

 r
a

ti
o

[peptide-DNA] (nM)

C



CHAPTER 5 

95 
 

5.3.3 Temperature-dependent DNA sensing using the Tb-QD FRET assay 

The Tb-to-QD FRET system (Figure 5.1A) consisted of Tb-DNA donor probes and 

QD625 acceptors, which are separated beyond FRET distances in the absence of target peptide-

DNA. The addition of the His6-containing peptide-DNA target (cf. Table 5.1), which can self-

assembly to the QD surface, resulted in Tb-DNA-DNA-peptide hybridization and the formation 

of QD-peptide-dsDNA-Tb complexes, in which Tb donor and QD acceptor were sufficiently 

close for FRET to happen upon the excitation at 337 nm. Due to the exceptionally broad 

absorption of QDs, they are directly excited at the same time. Thus, the time-gated (TG) 

measurements were applied to suppress the PL emission background from QDs. As shown in 

Figure 5.7, the increasing concentration of peptide-DNA will induce the FRET-quenching of 

Tb and FRET-sensitization of QD. To investigate the temperature effect on this Tb-QD FRET 

assay, the FRET-sensitized QD PL and the QD/Tb PL ratio (FRET-ratio, Equation 5.4) were 

measured under different temperatures. As shown in Figure 5.8A, the PL intensity of the Tb 

donor is decreasing due to both FRET-quenching and increasing temperature, while the PL 

intensity of QD acceptor shows an increase from FRET-sensitization with increasing target 

concentration and thermal quenching with elevating temperature (Figure 5.8B). The ratiometric 

format of the FRET assay can eliminate the temperature dependence of Tb and QD PL intensity 

when we focus on the target sensing. As shown in Figure 5.8C, the FRET-ratio linearly 

increases with target concentrations increasing from 0 to 8 nM, which is in agreement with the 

QD-to-Cy FRET assay. 
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Figure 5.7. Peptide-DNA target concentration-dependent PL spectra of the Tb-QD625 FRET sensor at 

25.1 °C from TG measurement with a lag time of 100 s. 

 

 
Figure 5.8. (A) Temperature and target concentration-dependent quenching of Tb donor PL measured 

at 49410 nm with a time-gate of 100-1500 s. (B) Temperature-dependent quenching combined with 

target concentration-dependent FRET sensitization of QD625 acceptor PL measured at 64010 nm with 

a time-gate of 100-1500 s. (C) The FRET-ratio (TG PL intensity ratio between QD625 and Tb), shows 

a linear increase with peptide-DNA concentration increasing, and the increasing temperature has 

negligible effect on it. 

 

5.3.4 Simultaneous DNA/temperature sensing using QD-Cy5 and Tb-QD 

FRET assays 

Considering that DNA target sensing via the FRET ratio is approximately independent of 

temperature but the QD PL intensity is temperature dependent, we can design a dual 

DNA/temperature sensor. The FRET ratios are used for target quantification (Figures 5.6C and 
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5.8C) whereas the QD PL intensities from the same experiments are used for temperature 

quantification (Figure 5.9). As shown in Figure 5.9A, the PL intensity of QD625 in QD-to-

Cy5 FRET assay decreases both with temperature increasing and with target concentration 

increasing, and the relative PL intensity of QD625 in QD-Cy5 complex with fixed peptide-

DNA concentration show similar temperature sensitivity as the QD625 alone, which can be 

used for temperature sensing (Figure 5.9B). In the Tb-QD FRET assay, FRET-sensitized PL 

intensity of QD625 (measured with a time-gate of 100-1500 s) shows linearly quenching with 

increasing temperature (Figure 5.9C). By using the relative TG PL intensity for each Tb-QD 

complex with fixed peptide-DNA concentration, the QD-based temperature sensing can be 

realized (Figure 5.9D). Such dual DNA/temperature sensors realized via a single FRET probe 

(QD-Cy5 or Tb-QD) would be very interesting in investigating temperature-dependent 

biological binding inside cells or finding optimal temperatures for DNA hybridization or DNA 

amplification assays without the need for distinct experiments for temperature and 

hybridization optimization. We believe that our proof-of-concept demonstration is an important 

step toward such cellular probes and DNA assays and our future work will aim for the 

development of such dual DNA/temperature biosensors. 
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Figure 5.9. Temperature sensing by FRET assays. (A) The PL intensity of QD625 in QD-to-Cy5 FRET 

assay decreases both with temperature increasing and with target concentration increasing. (B) Relative 

PL intensity of QD625 in QD-to-Cy5 FRET assay decreases linearly with temperature increasing, the 

temperature sensitivity is approximately independent of target concentration. (C) FRET-sensitized PL 

intensity of QD625 in Tb-to-QD FRET (measured with a time-gate of 100-1500 s) is quenched by 

increased temperature. (D) Relative TG PL intensity of FRET-sensitized QD shows a linearly decreasing 

with temperature increasing from 25 to 40 °C. 

 

5.4 Conclusions and outlook 

We showed that temperature significantly affected the PL intensity and stability of 

CdSe/ZnS-based (the exact composition is not disclosed by Thermo Fisher) core-shell QDs in 

aqueous solution. Results show that the PL intensity of QDs declines with the emission peak 

position shifting towards the red as temperature increases from 10 to 80 °C, which shows good 

reversibility. Continuous heating treatment induces partly irreversible PL quenching of QDs 

due to the surface oxidation reaction and particle precipitation and aggregation (when the 

temperature is over 60 °C). The temperature effect on QD-based assays can be eliminated by 

using a ratiometric FRET format (FRET ratio as the signal), which allows to remain efficient 

and temperature independent (between circa 25 and 40° C) sensing of DNA. The PL intensities 

of QD donors or acceptors within the same FRET assays show a temperature dependence, which 

can be used for simultaneous temperature sensing during DNA quantification. Our results 

emphasized the importance of temperature control for QD-based PL assays and that ratiometric 

FRET detection can remove the temperature dependence. Whereas our results are only a proof-

of-concept demonstration of dual DNA/temperature sensing, we are planning to translate the 

concept into actual intracellular sensing and temperature-dependent hybridization analysis. We 

will also extend our study to other QDs (materials and sizes) to verify if the temperature 

dependence is a general issue and if this dependence is different for different QDs. Extension 

to protein-based assays (e.g., immunoassays) and combination with temperature-independent 

fluorophores for ratiometric temperature sensing are other routes to explore in the future. 
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6. Summary and outlook 

In summary, the thesis investigated three Tb-to-QD FRET-based bioassays for nano-

surface biomolecular interactions probing and temperature/bio-target dual sensing. The unique 

photophysical properties of luminescent lanthanide-based materials and QDs provided 

extraordinary advantages to the developed biosensing methods. Firstly, the relatively large 

surface and good biocompatibility of water-soluble QDs enables the bioconjugation of various 

functional biomolecules (e.g., antibodies and peptide-DNA), which enables the nano-surface 

immunoassays (sandwich and displacement immunoassay) and DNA hybridization probing. 

Secondly, the long PL lifetime of Tb complex donors combined with TG measurements can 

efficiently suppress the auto-fluorescence background of the sample matrix, the emission of 

direct excited acceptors (QDs), and the light scattering from the excitation source, improving 

the sensitivity, accuracy, and reliability of the sensing methods. Apart from this, by controlling 

the donor-acceptor distance, the TG measurements of the same FRET pair (Tb-to-QD625) with 

distinct PL decay times were successfully applied for DNA multiplexing, which increased the 

working efficiency and reduced the time and reagent cost of the sensing method. Besides, the 

ratiometric format FRET assays (ratio between PL intensities of acceptor and donor) can 

eliminate or reduce the environmental effect (e.g., temperature) on the photophysical properties 

of FRET pairs, further offering the possibility of bio-target/temperature dual-sensing, which is 

conducive to expanding the application of FRET strategies in both biological interactions 

probing and medium environmental monitoring. 

When looking ahead to future work, the displacement immunoassay format proposed in 

the first study offers a promising new concept for homogeneous immuno-sensing technology 

and can be further investigated and generalized. Firstly, the displacement efficiency has the 

potential to be improved by modifying the antibody-antigen binding site. Additionally, by 

integrating non-traditional antibodies (such as single-chain antibodies, nanobodies, and heavy-

chain antibodies, etc.) of varying sizes into the FRET-based displacement immunoassays, a new 

approach to homogeneous multiplexing can be achieved. In the second study, the multiplexing 

capacity of the proposed method could be improved by introducing spectral multiplexing, and 

the idea of using distinct Ln-to-QD FRET configurations as PL probes opens up more 
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possibilities for biosensing and imaging. In the third study, the proof-of-concept of 

DNA/temperature dual sensing is undeniably intriguing, but our current work only provided 

preliminary results. Its application and performance in practical biological substrates need to 

be tested and evaluated (in vivo and in vitro), and the monitoring of more complex 

environmental factors is also of great significance. 
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7. Abbreviations 

BSA bovine serum albumin 

CB conduction band 

cDNA complementary DNA 

Cy5 cyanine 5 

Cys cysteine 

DHLA dihydrolipoic acid 

DMF N,N-dimethylformamide 

dsDNA double-strand DNA 

EGFR epidermal growth factor receptor 

ELISA enzyme-linked immunosorbent assay 

ET energy transfer 

FBS fetal bovine serum 

FRET Förster resonance energy transfer 

FWHM full-width at half-maximum 

HER2 human epidermal growth factor receptor 2 

His6 hexahistidine 

IR infrared 

LLC luminescent lanthanide complex 

Ln lanthanide 

LOD limit of detection 

LTC luminescent Tb complex 

MB magnetic bead 

NB nanobody 

NHS N-hydroxy-succinimide 

NIR near-infrared 

NP nanoparticle 

PEG amino-polyethylene-glycol 

PL photoluminescence 
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QD quantum dot 

R0 Förster distance 

RCA rolling circle amplification 

sAv streptavidin 

sEGFR soluble epidermal growth factor receptor 

sEGFRvIII soluble epidermal growth factor receptor variant III 

SMCC succinimidyl 4-N-maleimidomethyl cyclohexane-1-carboxylate 

sulfo-EMCS N-ε-maleimidocaproyl-oxysulfosuccinimide ester 

TCEP tris(2-carboxyethyl)phospine hydrochloride 

TG time-gated 

TR time-resolved 

UCNP upconversion nanoparticle 

UV ultraviolet 

VB valence band 

Vis visible 
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9. Panorama du sujet en français 

Le Prix Nobel de Chimie en 2023 a été décerné à Moungi G. Bawendi, Louis E. Brus et 

Alexei I. Ekimov, qui ont apporté d'importantes contributions à la découverte et à la synthèse 

des points quantiques (QDs) et ont "added colour to nanotechnology" [1]. Ces nanoparticules 

de de taille réduite, fluorescents et uniques offrent des applications innovantes dans divers 

domaines et jouent un rôle crucial dans le développement de la science des matériaux, de la 

photonique, des technologies de l'énergie et des sciences de la vie. 

En raison de l'effet de confinement quantique, les QDs présentent des propriétés 

photophysiques exceptionnelles supérieures aux colorants organiques conventionnels [2], 

notamment ils possèdent des coéfficients d’extinction élevés, des pics d'émission 

photoluminescence (PL) étroits et symétriques, et des longueurs d'onde d'émission PL qui 

dépendent de la taille, etc., ce qui en fait des alternatives préférées aux colorants traditionnels 

pour la biosensibilité et l'imagerie [3], [4]. Outre le remplacement des fluorophores organiques, 

les QDs ont également suscité un intéret croissant en tant que candidats polyvalents de transfert 

d'énergie (TE) (donneurs ou accepteurs) dans les milieux biologique à l'échelle nanométrique 

[5]. En raison du ratio surface-volume élevé des QDs, des biomolécules fonctionnelles (par 

exemple, des protéines, des anticorps, des ADN à brin unique) et/ou des matériaux luminescents 

(donneurs ou accepteurs de TE) peuvent être conjugués aux QD, ce qui permet une detection à 

l'échelle nanométrique du milieu biologique [5], [6]. 

Dans les essais basés sur le TE, le Förster resonance energy transfer (FRET) est devenu 

l'une des techniques les plus prometteuses pour la biosensibilité en raison de sa grande 

sensibilité à la distance à l'échelle de l'interaction biomoléculaire (environ 1-20 nm) [7]. Les 

QDs se sont démontrés être d'excellents donneurs FRET pour une grande variété de 

fluorophores organiques, de protéines fluorescentes, de polymères et de nanoparticules 

métalliques (NPs) [8]–[10]. Cependant, les fluorophores organiques et les protéines 

fluorescentes souffrent souvent d'une faible photostabilité, de l'auto-quenching,  et de 

l'influence de l’auto fluorescencede fond. Pour surmonter ces inconvénients, des paires de 

FRET constituées de composés à base de lanthanides ou de donneurs de nanoparticules et de 

QD accepteurs ont été proposées et développées [11], [12]. Par rapport aux colorants organiques 
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et aux protéines fluorescentes, les QDs présentent une grande photostabilité, une luminosité 

élevée. De plus les donneurs à base de lanthanides possèdent des durée de vie PL extrêmement 

longue (jusqu'aux milisecondes) [13], [14], ce qui permet la détection à résolution temporelle 

(TR) ou la détection temporellement retardée (TG) supprimant ainsi toute auto-fluorescence 

defond (à l'échelle des ns). En effet, la durée de vie de la photoluminescence des donneurs 

FRET non luminescents ou des accepteurs FRET sensibilisés peut être ajustée en fonction des 

efficacités FRET, ce qui offre un grand potentiel pour le multiplexage temporel. [15]. Par 

ailleurs, les sondes lanthanides et les QDs ont des pics d'émission étroits et distincts, ce qui 

offre la possibilité d'un multiplexage spectral en utilisant différents QDs comme accepteurs 

multiples. [16]. 

Plusieurs concepts sophistiqués de biosensibilité luminescente à base de lanthanides et de 

QDs ou de sondages multiples ont été présentés [17]–[19]. Bien que les tests de concept aient 

montré des caractéristiques très prometteuses pour des applications de détection avancées, leur 

optimisation, simplification et adaptation à une utilisation quotidienne dans un large éventail 

d'applications sont des défis qui restent à relever. De plus, l'influence des changements des 

conditions (par exemple, la température) et des interactions biologiques sur les propriétés 

photophysiques et de transfert d'énergie des lanthanides à la surface des nanoparticules a été 

largement sous-exploitée. Par conséquent, l'objectif de cette thèse est d'étudier les interactions 

biomoléculaires (en prenant les réactions des protéines et l'hybridation de l'ADN comme cas 

représentatifs) à la surface des QDs par des essais FRET de Lanthanide-to-QD (un complexe 

de terbium a été utilisé comme composé typique à base de lanthanides) et l'effet de la 

température sur les systèmes de FRET à base de QD. 

La thèse se compose deneuf chapitres. L’introduction (Chapitre 1), est suivie d’une 

présentation du contexte scientifique de la recherche (Chapitre 2) d’une description de la 

théorie de FRET, les applications de FRET, les lanthanides et les QDs. Les Chapitres 3, 4 et 5 

abordent trois études individuelles, comprenant une introduction, des matériaux et des 

méthodes, des résultats et des discussions, ainsi que des conclusions. Le résumé et les 

perspectives de l'ensemble du travail sont abordés au Chapitre 6, suivi des abréviations, de la 

bibliographie et de le panorama du sujet.  

Dans la première étude, les interactions des protéines à la surface des QD basées sur le 
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FRET du complexe terbium-QD ont été étudiées en prenant le récepteur du facteur de 

croissance épidermique (EGFR, un biomarqueur important pour divers types de cancers 

humains) [20], [21], comme modèle de protéine. Deux nano-anticorps ingénieux de petite taille 

(NB1 et NB2) dirigés contre l'EGFR ont été produits avec différentes marquages C-terminales 

(marqueurs de hexahistidine (His6), biotine, et cystéine (Cys)). Nous montrons qu'ils peuvent 

être efficacement attachés à trois des QDs biocompatibles les plus couramment utilisés avec 

trois coatings de surface courants, à savoir des ligands zwitterioniques compacts (CL4), le 

polyéthylène-glycol amino (PEG) et la streptavidine (sAv), respectivement. Pour démontrer la 

fonctionnalité de biosensibilité de cet outil polyvalent de bioconjuguaison, trois immunoessais 

sandwich FRET sans rinçage et rapides pour la quantification de l'EGFR ont été développés. 

Comme le montre la Figure 1.1A, les NB2 sont marqués avec des marquage d'His6 (NB2-H), 

de Cys (NB2-C) et de biotine (NB2-B), respectivement, tandis que le NB1 est marqué avec le 

complexe Lumi4-Tb (Tb-NB1). Ensuite, les NB2-H, NB2-B et NB2-C sont respectivement 

attachés sur QD625-CL4, QD705-sAv et QD705-PEG, pour former les conjugués NB2-H-

QD625-CL4, NB2-B-QD705-sAv et NB2-C-QD705-PEG. Étant donné que le NB1 et le NB2 

se fixent à différents domaines de l'EGFR de manière non compétitive, leurs conjugués ont été 

utilisés avec succès pour détecter le récepteur du facteur de croissance épidermique soluble 

(sEGFR, un biomarqueur pronostique et prédictif du cancer du sein métastatique) dans des 

essais immunologiques en sandwich, avec des limites de détection (LOD) similaires de 0,5 ± 

0,2 nM (NB2-C-QD705-PEG), 0,7 ± 0,2 nM (NB2-B-QD705-sAv) et 0,8 ± 0,2 nM (NB2-H-

QD625-CL4) pour le sEGFR, respectivement. Nous avons ensuite développé un nouveau 

concept de biosensibilité (Figure 1.1B), dans lequel les nanocorps marqués His6 (NB1-H) ont 

été déplacés de la surface des QD par la liaison non compétitive du NB1 à l'EGFR. Ce nouveau 

modèle d'essai, qui ne nécessitait qu'un seul type de nanocorps et aucune bioconjugaison des 

QD, a été utilisé pour la quantification du sEGFR et de la variante soluble du récepteur du 

facteur de croissance épidermique III (sEGFRvIII, un biomarqueur pronostique pour le 

glioblastome). La limite de détection de 80 ± 20 pM (16 ± 4 ng/mL) était trois fois inférieure à 

la concentration seuil en clinique du sEGFR et jusqu'à 10 fois inférieure par rapport aux trois 

essais FRET en sandwich conventionnels mentionnés ci-dessus qui nécessitaient une paire de 

nanocorps différents. L'essai de déplacement de nanocorps réduit considérablement les coûts et 
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le main-doeuvre (pour le criblage et la production d'anticorps et la bioconjugaison), facilite 

grandement l'assemblage et le stockage des kits d'essai (uniquement un type de conjugué Tb-

NB et un type de QD non marqué), offre une analyse rapide (mélanger et mesurer) et peut 

quantifier des biomarqueurs pertinents à des concentrations cliniquement pertinentes. 

Ma contribution à cette étude inclut la conception expérimentale, la préparation des 

conjugués NB-Tb, l'optimisation des conditions de réaction, la réalisation des expériences 

d'essai de déplacement, l'analyse des données et leur interprétation, ainsi que la rédaction du 

manuscrit. Dr. Yu-tang Wu a contribué à la préparation des conjugués NB-QD et aux 

expériences d'essai en sandwich. Sofia Doulkeridou a préparé les nanocorps. Prof. Dr. Xue Qiu 

a aidé à la conception des études. Dr. Kimihiro Susumu a préparé les QD625-CL4. Tous les 

auteurs ont contribué à la rédaction et à la révision du manuscrit et ont approuvé sa version 

finale pour la revue (Ruifang Su, Yu-Tang Wu, Sofia Doulkeridou, Xue Qiu, Thomas Just 

Sørensen, Kimihiro Susumu, Igor L. Medintz, Paul M. P. van Bergen en Henegouwen, and Niko 

Hildebrandt. A Nanobody-on-Quantum Dot Displacement Assay for Rapid and Sensitive 

Quantification of the Epidermal Growth Factor Receptor (EGFR). Angewandte Chemie 

International Edition 2022, 61(33), e202207797. Article 4 dans la liste des publications 

originales). 

 

Figure 1.1. Représentation schématique des immunoessais pour la détection de l'EGFR. (A) Principe 

des immunoessais sandwich FRET basés sur les nanocorps (NB) Tb-to-QD. (B) En haut : Principe des 

immunoessais de déplacement de nanocorps Tb-to-QD FRET. En bas : Courbes de calibration des 
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immunoessais FRET de déplacement de nanocorps avec une limite de détection (LOD) de 0,08 ± 0,02 

nM de sEGFR. 

 

Dans la deuxième étude, une stratégie de multiplexage temporel est présentée pour la 

détection des cibles d'ADN basée sur la mesure PL TG de trois différentes sondes FRET 

(Lumi4-Tb) Tb-QD avec des décroissances PL temporellement distinctes réglées par la distance 

Tb-QD. Différentes sondes FRET Tb-QD ont été fonctionnalisées avec différentes séquences 

peptide-cADN (partie de la séquence complémentaire de l'ADN cible spécifique) et utilisées 

comme sondes PL distinctes. Des microbilles magnétiques (MB) ont été fonctionnalisées avec 

d'autres séquences cADN (une autre partie de la séquence complémentaire de l'ADN cible 

spécifique) via la réaction biotine-streptavidine. En présence des ADN cibles correspondants, 

différentes sondes Tb-QD peuvent être immobilisées sur les MB par hybridation d'ADN entre 

la séquence peptide-cADN, l'ADN cible et l'ADN cible sur les MB (Figure 1.2 gauche). Après 

séparation magnétique et resuspension, tout le signal de fond des sondes FRET Tb-QD-peptide-

cADN libres peut être éliminé, et les mesures TG des sondes Tb-QD sur les MB dans des 

fenêtres temporelles distinctes après excitation pulsée permettent une détection sans 

autofluorescence, sensible et sélective des différentes cibles d'ADN (Figure 1.2 droite). Les 

résultats montrent que les intensités PL des différentes sondes FRET dans les différentes 

fenêtres temporelles augmentent avec la concentration croissante de l'ADN cible dans chaque 

essai de détection individuel. Les courbes d'étalonnage des essais ont été obtenues en traçant 

l'intensité PL TG du QD accepteur sensibilisé par FRET de chaque sonde en fonction des 

concentrations cibles correspondantes. Les plages de concentration de détection linéaire des 

ADN cibles 1, 2 et 3 sont de 0,625 pM à 0,375 nM, de 2,5 pM à 0,5 nM et de 6,25 pM à 2 nM, 

et les LODs sont respectivement de 0,56 pM, 0,94 pM et 10,3 pM. Ces sensibilités permettent 

de distinguer des différences de concentration de quelques pM sur toute la plage de 

concentrations dynamiques. Le concept de multiplexage temporel a été utilisé avec succès pour 

la récupération sélective, sensible et précise des trois ADN différents à des concentrations allant 

de faibles picomolaires à nanomolaires à partir de onze échantillons différents. 

Ma contribution à cette étude comprend la conception et la réalisation des expériences, 

l'analyse des données et la rédaction du manuscrit. Dr. Kimihiro Susumu a préparé les QD625 
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(modifiés avec des ligands CL4). Tous les autres auteurs ont contribué à la conception des 

expériences et ont fourni des conseils. Le manuscrit est actuellement en préparation. (Ruifang 

Su, Kimihiro Susumu, Igor L. Medintz, Thomas Just Sørensen, and Niko Hildebrandt, 

Multiplexed picomolar nucleic acid sensing using time-resolved terbium-to-quantum dot FRET. 

Article 2 dans la liste des publications originales). 

 

Figure 1.2. Représentation schématique du triplexage temporel de l'ADN basé sur la FRET Tb-QD. À 

gauche: En présence d'ADN cible, les sondes de FRET Tb-vers-QD composées de peptides-ADNc et 

les ADNc sur les billes magnétiques vont s'hybrider avec l'ADN cible pour former les complexes Tb-

QD-ADN-MB. À droite: Après séparation magnétique et resuspension, la mesure de PL TG à partir de 

trois fenêtres temporelles (W1, W2 et W3) des sondes Tb-QD sur les billes magnétiques permet de 

réaliser la quantification spécifique des cibles d'ADN. 

 

Dans la troisième étude, la réponse à la température des QDs largement utilisés et 

dispersible en milieu aqueux (QDs core-shell à base de CdSe/ZnS, fonctionnalisés avec des 

ligands compacts à base d'acide dihydrolipoïque (DHLA)) a été analysée en mesurant leurs 

spectres d'absorption et d'émission PL à différentes températures. En utilisant les QDs à la fois 

comme nanoplateformes et donneurs ou accepteurs de FRET, deux essais prototypiques de 

détection basés sur le FRET ont été développés comme illustré dans la Figure 1.3. Dans les 

deux systèmes de FRET, des peptides-ADN étaient attachés à la surface des QDs grâce à une 

coordination métal-polyhistidine. Les ADN marqués au Cyanine 5 (Cy5) ou au Lumi4-Tb-NHS 

(Tb) pouvaient s'hybrider spécifiquement avec la séquence d'ADN dans le peptide-ADN, créant 

ainsi des complexes de FRET QD-peptide-dsDNA-Cy5/Tb. La réponse à la température des 

QDs et son effet sur les performances des deux essais de détection ont été étudiés en combinant 

des mesures PL en régime stationnaire et en régime TR des signaux de FRET basés sur les QDs. 

Les résultats montrent que l'intensité PL des QDs diminue et que la position du pic d'émission 
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se déplace vers le rouge avec l’augmentation de la température de 10 à 80 °C, ce qui démontre 

une excellente réversibilité. Un traitement thermique continu induit une extinction partielle 

irréversible de la PL des QDs en raison de la réaction d'oxydation de la surface,de la 

précipitation et de l'agrégation des particules (lorsque la température dépasse 60 °C). L'effet de 

la température sur les essais basés sur les QDs peut être éliminé en utilisant un format de FRET 

ratiométrique (le FRET ratio comme signal), ce qui permetune détection efficace des cibles 

d'ADN indépendamment de la température. L'intensité PL des donneurs ou accepteurs de QD 

dans les essais de FRET reste sensible à la température, ce qui peut être utilisé pour une 

détection simultanée de la température pendant la quantification de l'ADN. En combinant le 

format d'essai de FRET ratiométrique avec la capacité de détection de la température des QDs, 

il est possible réaliser une double détection de cible et de la températureLes résultats mettent 

en évidence l'importance du contrôle de la température pour les essais PL basés sur les QDs et 

fournissent des informations importantes pour leur application dans le domaine des sciences de 

la vie. Le développement de la stratégie de détection double cible/température biologique est 

propice à l'expansion des applications des systèmes de FRET dans les domaines biomédicaux 

et à nano-surfaces. 

Ma contribution à cette étude inclut la conception et la réalisation des expériences, 

l'analyse des données et la rédaction du manuscrit. Dr. Kimihiro Susumu a préparé les QD625 

(modifiés avec des ligands CL4). Tous les autres auteurs ont contribué à la conception de 

l'expérience et ont fourni des conseils. Le manuscrit est actuellement en préparation. (Ruifang 

Su, Nicolaj Kofod, Kimihiro Susumu, Igor L. Medintz, Niko Hildebrandt, and Thomas Just 

Sørensen. Quantum dot-based FRET assays for simultaneous temperature-DNA sensing. 

Article 1 dans la liste des publications originales). 
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Figure 1.3. Principes du FRET basé sur les QD. (A) L'ADN marqué au Cy5 s'hybride à l'ADN du 

peptide fixé à la surface des QD625, ce qui entraîne le FRET QD-vers-Cy5. (B) Dans une conception 

similaire, l'hybridation de l'ADN-Tb à l'ADN du peptide entraîne le FRET Tb-vers-QD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

                                   
 

Exploration des interactions nanosurface-biologiques/environnementales par Förster 

resonance energy transfer des complexes de lanthanides vers les points quantiques 

Mots-clés: points quantiques, terbium, FRET, assai immunologique, multiplexage, détection 

de la température 

Résumé: En raison des propriétés photophysiques uniques des points quantiques (QD) et des 

matériaux de lanthanides (Ln), leur application dans le Förster resonance energy transfer (FRET) 

suscite un intérêt particulier pour la détection les interactions biologiques à l'échelle 

nanométrique et la détection de milieux biochimiques. Cette thèse se concentre sur le 

développement de biosenseurs pour les interactions biomoléculaires et la détection des 

changements de conditions basés sur le FRET de Ln vers les QD. Pour la détection 

représentative des cibles de protéines, un kit de bibliothèque de conjugués nanocorps-

marqueurs-QD a été développée, et un essai immunologique de déplacement simplifié et 

sensible a été établi. La détection simultanée de plusieurs cibles étant très demandée, une 

méthode de multiplexage par division temporelle basée sur la FRET déclenchée en fonction du 

temps a été mise au point en utilisant des ADN comme analytes représentatifs. De plus, en 

combinant le format d'essai FRET ratiométrique avec la sensibilité à la température des QDs, 

un concept de détection double ADN/température a été démontré. Les découvertes de ce travail 

sont propices à l'extension des stratégies de FRET de Ln vers les QDs dans le multiplexage 

d'ordre supérieur des interactions biologiques/environnementales en sciences de la vie. 

 

Probing nanosurface-biological/environment interactions by Förster resonance energy 

transfer from lanthanide complexes to quantum dots 

Keywords: quantum dots, terbium, FRET, immunoassay, multiplexing, temperature sensing 

Abstract: Due to the unique photophysical properties of quantum dots (QDs) and lanthanide 

(Ln) materials, their application in Förster resonance energy transfer (FRET) is of particular 

interest for nanoscale biological interactions and environmental sensing. This thesis focuses on 

the development of biosensors for biomolecular interactions and environmental change probing 

based on Ln-to-QD FRET. For representative protein target sensing, a nanobody-tag-QD 

conjugate toolkit was developed and a simplified and sensitive displacement immunoassay was 

established. Since the simultaneous detection of multiple targets is highly demanded, a time-

gated FRET-based temporal multiplexing method was then developed by taking DNA as the 

representative analytes. Moreover, by combining the ratiometric FRET assay format with the 

temperature sensitivity of QDs, a DNA/temperature dual sensing concept was demonstrated. 

The discoveries of this work are conducive to expanding the Ln-to-QD-based FRET strategies 

into higher-order multiplexing of biological/environmental interactions in the life sciences. 


