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Resumen 

I 

Resumen 

Apoyada por la habilidad de confinar partículas en el foco de un haz láser y por las 

propiedades de detección térmica de nanopartículas de “upconversion” (UCNPs), la 

combinación de pinzas ópticas (OT) con UCNPs permite la imagen térmica 

tridimensional en alta resolución mediante el escaneado de partículas individuales en 

3D y la adquisición simultánea de su espectro de emisión “upconversion”. La 

detección térmica 3D posibilitada por “upconversion” ha sido demostrada por el 

atrapamiento óptico de micropartículas. Sin embargo, al cambiar de la micro- a la 

nano-escala, la capacidad de las OT se vuelve limitada dado que el reducido tamaño 

de las partículas conlleva potenciales de atrapamiento óptico comparables con la 

energía térmica. Adicionalmente, las perturbaciones críticas causada por el 

movimiento térmico juegan un papel importante en debilitar la estabilidad de la 

trampa óptica. 

Con el objetivo de desarrollar la nano-termometría hacia la alta resolución y 

sensibilidad y de lograr atrapamiento óptico estable de UCNPs más pequeñas en el 

rango de temperaturas fisiológicas (10-50 ºC), en esta tesis se ha estudiado el 

comportamiento de UCNPs atrapadas a alta temperatura. Para ello se ha empleado el 

método de arrastre, que permite entender cómo afecta la temperatura a la estabilidad 

de atrapamiento. Entonces, se han propuesto dos métodos efectivos para compensar 

las perturbaciones inducidas por la temperatura y mejorar la estabilidad de 

atrapamiento a altas temperaturas: El “nanojet” fotónico y la modificación superficial, 

basados en la reducción del tamaño del foco láser y en la modulación de la 

polarizabilidad de la UCNP, respectivamente. En ambos métodos se ha conseguido 

el aumento de la fuerza óptica en un orden de 3 y 16 veces, acompañado por la 

amplificación de la luminiscencia. El resultado final es la posibilidad de atrapar 

nanopartículas de 8 nm de forma estable en el rango de temperaturas de 20-90 ºC. 

Por lo tanto, este trabajo abre la puerta al escáner óptico de UCNPs individuales para 

imagen térmica intracelular y de organelos. 

Palabras clave: pinzas ópticas, atrapamiento óptico, fuerza óptica, conversión 

ascendente, nanotermometría de luminiscencia, movimiento browniano, 



Universidad Autónoma de Madrid 

II 

nanopartícula única, estabilidad de atrapamiento, nanojet fotónico, modificación de 

superficie, sensibilidad térmica 
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Abstract 

Supported by the ability to confine particles in laser beam focus and the temperature 

sensing properties of upconverting nanoparticles (UCNPs), the combination of 

optical tweezers (OT) and UCNPs enables high-resolution 3D thermal imaging by 

scanning individual particles in 3D while recording their emission spectrum. 

Upconversion-enabled 3D thermal sensing has been demonstrated with optical 

trapping of microparticles. Yet, moving from the micro- to the nanoscale the 3D 

scanning capability of optical tweezers becomes limited, because its reduced size 

leads to optical trap potentials comparable to thermal energy. Furthermore, the 

dramatic disturbance caused by thermal motion will play a major role in weakening 

trapping stability.  

In order to develop nanothermometry towards high resolution and high sensitivity 

and achieve stable optical trapping of smaller UCNPs at physiological temperature 

range (10-50 °C), in this thesis, the behavior of trapped UCNPs at high temperature 

was studied by using the drag method to understand how temperature affects the 

trapping stability. Then, two effective methods, based on reducing the focus size or 

tuning the polarizability of UCNP, were proposed to overcome temperature-induced 

disturbances and enhance the trapping stability at high temperatures: photonic 

nanojet and surface modification. In both methods, the optical force is enhanced 3 

times or 16 times, respectively, accompanied by amplification of the luminescence 

detection signal. The result is that 8 nm-nanoparticles can be stably trapped in the 

temperature range of 20-90 °C. This work paves the way for optical scanning of 

individual UCNPs for thermal imaging of intracellular or organelles. 

Keywords: optical tweezers, optical trapping, optical force, upconversion, 

luminescence nanothermometry, Brownian motion, single nanoparticle, trapping 

stability, photonic nanojet, surface modification, thermal sensitivity 
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Abbreviations 

OT Optical tweezers or optical trapping 

NPs Nanoparticles 

NF Nanofluid 

UC Upconversion 

UCPs Upconverting particle 

UCNPs Upconverting nanoparticles 

GSA Ground state absorption 

ESA Excited-state absorption 

ETU Energy transfer upconversion 

CR Cross relaxation 

PA Photon avalanche 

TEM Transmission electron microscopy 

NIR Near-infrared 

UV Ultraviolet 

QPD Quadrant photodiode 

PSD Power spectrum density 

NA Numerical aperture 

MSD Mean squared displacement 

Ln Lanthanide 

FIR Fluorescence intensity ratio 

PNIPAM Poly(N-isopropylacrylamide) 

DLS Dynamic light scattering 

CCD Charge-Coupled Device 

LDL Low density liquid 

HDL High density liquid 

PNJ Photonic nanojet 

COT Conventional optical tweezers 

VPT Volume phase transition 

VPTT Volume phase transition temperature 
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1 Introduction 

1.1 Optical tweezers 

Since optical tweezers or optical trapping (OT) were invented by Ashkin in 1986 [1], 

they have become an important tool and are widely used in various fields such as 

physics, chemistry and biology[2-5]. Optical tweezers, as the name suggests, is a tool 

that uses light to grasp objects. For traditional mechanical tweezers are used to clamp 

objects, the tip of the tweezers must be brought into contact with the object and a 

certain amount of pressure must be applied, so that the object will be clamped, and 

then the target can be moved. Unlike mechanical tweezers, OT is a remote gentle 

non-contact method to accomplish trapping and manipulating the object by moving 

the light beam. OT is generated by focusing a laser beam at a diffraction-limited spot 

with a radius of 𝑤0 using a high numerical aperture (NA) objective lens [1](Figure 

1.1). The laser spot acts as an attractive potential well for a particle whose refractive 

index is higher than that of its surrounding medium. Once surrounding particles are 

close to this area, they tend to be attracted toward the center of the laser spot 

(equilibrium position), just like a floating object sucked into a vortex or a flying 

object disappearing into a black hole, thus OT is also called optical trap. When the 

trapped particles are displaced from this equilibrium position caused by external 

disturbance or their Brownian motion, they will experiences an attractive force back 

towards it. If there is no external drag acting on, or the kinetic energy of the particles 

is not enough to overcome the barrier, they will continue to stay in the trap. 
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Figure 1.1 schematic diagram of single-beam optical tweezers. 

The ability of light to generate a force on objects has been recognized as early as 

1619 when Kepler first described the deflection of comet tails by the rays of the 

sun[6]. In the late nineteenth century, Maxwell first proposed that light as an 

electromagnetic wave carries momentum[7]. When light is absorbed or reflected by 

an object, the momentum carried by light would be transferred to the illuminated 

objects, resulting in a force pushing it in the direction of propagation, which is known 

as radiation pressure. However, in our daily life, we cannot perceive the existence of 

light pressure due to its minuteness. According to Maxwell's electromagnetic theory, 

the pressure generated by solar radiation normal incident on the earth (assuming that 

the light is completely absorbed by the ground) is 4.5 µPa, i.e., exerting a force of 

4.5 newtons on a 1 square kilometer panel, which is extreme minuteness that we can 

put them beyond consideration in terrestrial affairs. In 1901, Lebedev[8] performed 

the first measurement of the radiation pressure of light on a macroscopic body, as 

predicted by Maxwell’s theory of electromagnetism. In this experiment, a deflection 

of the torsion balance was detected when the light of an arc lamp was focused onto a 

mirror attached to a torsion balance. In 1936, Beth[9] succeeded in rotating the wave 

plate by guiding circularly polarized light passing through, which is the first detection 

and measurement of the angular momentum of light. Until the advent of lasers 

(1960)[10], laser light with high power density makes this microscopic force 

significant.  

In 1970, Ashkin reported the first observation of acceleration of freely suspended 

microsized particles using the radiation pressure from continuous wavelength (CW) 
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visible laser light[11]. A simple analysis of optical forces induced by laser light was 

implemented: 

“a power P =1 W of cw argon laser light at 𝜆= 0.5145 µm focused on a lossless 

dielectric sphere of radius 𝑟 = 𝜆. and density =1 gm/cc gives a radiation pressure 

force 𝐹𝑟𝑎𝑑 =
2𝑞𝑃

𝑐
= 6.6٠10−5dyn, where 𝑞, the fraction of light effectively reflected 

back, is assumed to be of order 0.1. The acceleration 1.2٠108cm/sec2 ≅ 105 times 

the acceleration of gravity.”  

This is a quite large force, making it possible to alter the motion of micro-sized 

particles. Based on radiation pressure alone, the first true optical potential well 

capable of stable trapping high index objects was constructed by two counter-

propagating Gaussian beams (Figure 1.2)[12], where the radial component of 

radiation pressure is inward toward the higher light intensity. In 1978, Ashkin used a 

similar optical trap achieving optically trapping and cooling of atoms[13].  

 

Figure 1.2 the first optical potential produced by two counter-propagating focused 

beams 

In 1986, Ashkin reported the observation of single-beam gradient force for 

submicrometer Rayleigh particles whose diameter is much less than the trapping 

wavelength, which is pointing to the direction of intensity gradient and dominates the 

axial stability[1] (Figure 1.3). Using a high NA objective to generate a single beam 

trap, the optical trapping of particles can be extended to as small as 25 nm. Since then, 

many attempts have been made to capture various microscopic particles, such as 

silica/polystyrene beads[14-16], rare-earth doped particles[17-19], metallic 

nanoparticles[20-23], quantum dots[24-26], fluorescence dye microdroplets[27], 

cells or even intracellular organelles[28]. OT, as the link between the macro world 

and the micro world, gradually spreads a wonderful microscopic world in front of us. 
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Figure 1.3 the first single-beam optical tweezer produced by Arthur Ashkin 

1.2 Optical trapping of objectives 

In 1987, Ashkin et al.[29-30] showed that Individual tobacco mosaic viruses were 

trapped in an aqueous solution with no apparent damage using 120 mW of argon laser 

power. Optical damage to a variety of living cells could be significantly reduced by 

using an infrared laser: trapping yeast cells for several hours and observing their 

division and multiplication inside the optical trap. In 1995, Bronkhorst[31] studied 

the shape recovery of a single red blood cell by deforming the cell into a parachute 

shape using three optical traps. For the sake of compact configurations, and flexible 

manipulation capabilities, fiber OT[32-34] has been developed since 1993. Li et al. 

showed the assembly, separation, and delivery of cells or intracellular organelle using 

an abruptly tapered fiber probe [35-36]. By trapping a yeast or human cell at the end 

of a tapered fiber[37], which serves as a natural biolens to refocus the output light 

forming a spot beyond the diffraction limit, real-time detection and manipulation of 

the labeled pathogenic bacteria, such as Escherichia coli and Staphylococcus aureus, 

were successfully achieved (Figure 1.4). Lately, they realized in situ single-cell 

microsurgery and intracellular organelle manipulation via a thermoplastics combined 

fiber trapping technique[38].  
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Figure 1.4 Representative studies on optical trapping of different kinds of particles. 

(a) Optically trapping of a singe red blood cell as bio-microlenses. Optical 

microscope images showing a single E. coli was trapped by a fiber probe with a 

human red blood cell (RBC) as a bio-microlens in a human blood solution with a pH 

of 7.4 and 7.2. 3D views schematically show the RBCs have discal and spherical 

shapes in a human blood solution with a pH of 7.4 and 7.2, respectively. Reproduced 

with permission from [37]. Copyright 2017, American Chemical Society. (b) 

Optically trapping of a single microsphere as a force transducer for single-molecule 

force spectroscopy. Optical-tweezers experimental setting for the mechanical 

unfolding of the protein. A double cysteine mutant is covalently attached to two 

dsDNA handles. The system is held between two polystyrene beads coated with 

either streptavidin (SA) or anti-digoxigenin antibodies (Anti-Dig). Reproduced with 

permission from [39]. Copyright 2020, Springer Nature (c) Optically trapping a 

single gold particle. Heat is radiated from an optically trapped gold nanoparticle 

moving slowly toward the giant unilamellar vesicles. The black dashed line indicates 

the shell around the trapped gold nanoparticle at which the lipid phase transition 

temperature (33 °C) is reached. At the phase transition temperature, the GUV 

becomes leaky and green Alexa Hydrazide diffuses out. Reproduced with permission 

from [40]. Copyright 2011, American Chemical Society (d) Schematic illustration of 

the motor controlled by optical force. Left: 3D illustration, where the central light 
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beam shows the optical trap for chlamydomonas reinhardtii trapping, whereas the 

gradually varied beams on the cell boundary and the curved red arrow show the 

annular scanning trap to control the rotation of the motor. Right: 2D illustration, 

where the red spots indicate the optical trap, and the flagella work as two arms. 

Reproduced with permission from [28], Copyright 2020, American Chemical Society. 

In 1993, Ghislain and Webb[41] extended the capabilities of OT by optically trapping 

of microsphere as a force-sensing probe with the capability of measuring forces in 

the range from femtonewtons (10−15 N) to piconewtons (10−12 N). The trapped 

microspheres are treated as spring oscillators, the optical force acting on 

microspheres is equal to 𝐹 =  𝜅𝑥, where 𝜅 is trap constant, 𝑥 is the displacement 

from the equilibrium trapping position that is detected through a quadrant 

photodiode(QPD), permitting direct measurement of nanometer-scale motion. 

Attaching the studied target to the trapped microsphere, optical trapping enables the 

study of subcellular entities such as DNA or molecular motors in vitro. In 1994, 

Finner et al. [42] studied the motional dynamics of a single myosin molecule walking 

along a single suspended actin filament in vitro, discrete stepwise movements 

averaging 11 nm and single force transients averaging 3-4 pN were determined. In 

1997, Wang et al.[43] study the elasticity of DNA with one end tethered to a 

coverglass surface and the other end linked to a trapped micro-bead. Mechanical 

unzipping forces for single DNA molecules were first measured by attaching one 

strand to a surface and pulling on the other strand using OT as a force transducer. In 

the same year, Kellermayer et al.[44] studied folding-unfolding transitions in single 

titin molecules with OT, and revealed that titin behaves as a highly nonlinear entropic 

spring. For more in-depth research, Hao et al.[39, 45] used OT and molecular 

dynamics to dissect changes in the folding energy landscape associated with cAMP-

binding signals transduced between the two CNB domains of protein kinase A. A 

trapped microsphere in liquid undergoes Brownian motion in trap volume. In the 

diffusion region (at longer times, roughly above 10-8 s), the dynamics of the 

microsphere are determined by the drag force stemming from the solvent viscosity, 

thus, trapped microspheres can act as tracers for intracellular viscosity sensing[46-

48]. Furthermore, thanks to improvements in position detector technology for 

optically trapped particles (the temporal and special resolution can reach as small as 
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10 ns and 20 pm, respectively), the Brownian motion of particles in the trap can be 

resolved in a shorter time scale[49-50]. The full transition from ballistic to diffusive 

Brownian motion in a liquid was directly observed by tracking the trapped 

microsphere[51].  

The unique size-dependent properties of metal nanoparticles (GNPs) make optically 

trapping of GNPs widely used in many fields from biology to electronics[23, 52-54]. 

The trapping efficiency of GNPs is demonstrated to be 7 fold better than a similar-

sized latex particle due to its high polarizability compared to dielectric particles[55]. 

This property makes the metallic nanoparticles a very good candidate for OT-based 

manipulation. But optical trapping of gold particles with diameters of 0.5-3μm has 

been restricted to two dimensions since the high extinction of the particles. Optical 

trapping of 36 nm gold nanoparticles in three dimensions was first reported in 

1994[55]. Later, the optical trapping of gold nanoparticles has been expanded from 

18 to 254 nm in diameter when the laser beam was only expanded to slightly overfill 

the aperture of the objective[56]. By minimizing spherical aberrations at the focus, 

the lower limit can be further optimized, and the stable 3-D trapping of 9.5-nm-GNPs 

was reported using substantially decreased laser power (415 mV)[57]. Dramatic 

heating (266 °C/W for 1064 nm laser[58]) at such a laser power induced by gold’s 

nonnegligible absorption could be a severe problem, such as causing damage to 

biological samples. Thus, Gold Nanoparticles can serve as light-to-heat converters. 

Optical trapping combined with plasmonic heating of AuNPs has been used to locally 

melt membranes and study the permeability of lipid membranes near the gel to a fluid 

phase transition[40, 59]. By controlling the produced heating, plasmonic 

photothermal effects have promising applications in photothermal cancer therapy and 

targeted drug delivery[60-61]. In addition, the trapping efficiency has been greatly 

improved by combining gold particles and silica microsphere[62], due to plasmon-

enhanced optical force induced by the gold component.  

1.3 Optical trapping of upconverting particles  

Among a variety of trapped particles, upconverting particles (UCPs) attract broad 

interest in both fundamental research and biological application because of their 
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biocompatibility, photostability, multicolor narrowband emissions, and tunable 

lifetime [63-66](Figure 1.5).  

1.3.1 Upconverting particles 

This general concept was first recognized and formulated independently by Auzel, 

Ovsyankin, and Feofilov in the mid-1960s[67]. It was not until the late 2000s, when 

nanocrystal research became prevalent in the scientific community. Upconversion 

refers to nonlinear optical processes featured by the successive absorption of two or 

more pump photons via intermediate long-lived energy states of trivalent lanthanide 

ions embedded in an appropriate inorganic host lattice followed by the emission of 

the output radiation at a shorter wavelength than the pump wavelength. Thanks to the 

high absorption cross section of Yb3+ in the near-infrared (NIR) range (975 nm), Yb3+ 

ions act as efficient sensitizers (light-harvesting ions), which can be excited by 

commercially available InGaAs diode laser (980 nm). They transfer the excitation 

energy to the neighboring emitting ions, for example, Er3+, Ho3+, Tm3+ [68-

70](luminescence activators), pumping their excited states via energy transfer 

upconversion (ETU) processes and emitting visible (blue, green, red) light or 

ultraviolet (UV) light.  
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Figure 1.5 The biological applications of UCNPs. Bioimaging - In vivo wavelength-

encoded multiplexed lymphangiography with UCNPs: Reproduced with permission 

form [71]. Copyright 2010, Springer Nature. Upconversion can also be encoded by 

lifetime, extending the freedom of existing wavelength-encoded upconversion 

multiplexing. Photodynamic therapy- Representative design of upconversion 

nanoparticle-based PDT for the treatment of a tumor cell. The design is composed of 

a nanoparticle core and a porous silica or polymer shell impregnated with 

photosensitizers. The shell is also modified with functional groups for targeting a 

specific tumor cell. Bioassay - Schematic illustration of typical homogeneous assays 

based on UCNPs. Assays utilizing a sandwich-type structure. These systems involve 

the use of UCNPs as energy donors and strong-absorbing materials as energy 

acceptors. The donors and acceptors are brought into close proximity by analytes. 

Nanothermometer - Schematic illustration of temperature sensing in the cell based 

on fluorescence intensity ratio or lifetime. 
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The upconversion technique utilizes NIR excitation, thereby significantly 

minimizing background autofluorescence to biological specimens and allowing in 

vivo observation with substantially high spatial resolution, and offering remarkable 

sample penetration depths. Furthermore, upconversion photoluminescence can be 

used to kill tumors by exciting phototriggered chemical drugs (photosensitizers) to 

produce singlet oxygen (O2) or stimulate deep brain neurons for the treatment of 

neurological disorders[72-73]. The upconversion photoluminescence arises from the 

4f−4f orbital electronic transitions of doped lanthanide[74-75], the shielding of 4f 

electrons by the outer complete 5s and 5p shells results in line-like sharp emissions, 

which exhibit high resistance to photobleaching, and photochemical degradation, 

Several independent studies have revealed that the luminescence properties of 

lanthanide-doped nanoparticles remain essentially unaltered after continuous 

irradiation by UV lamp or NIR laser for hours[76-77]. The primary forbidden nature 

of the 4f−4f transition yields very long lifetimes (up to tens of milliseconds) for 

energy levels of lanthanide ions, thus favoring the occurrence of sequential 

excitations in the excited states of a single lanthanide ion as well as permitting 

favorable ion−ion interactions in the excited states to allow energy transfers between 

two or more lanthanide ions. UCPs-based biosensing and bioassays take advantage 

of the distance-dependent energy transfer between an energy donor (UCPs) and a 

nearby acceptor molecule to detect analytes in the solution[78-81]. Thanks to the 

continuous optimization of synthesis methods and procedures, micro- or nanocrystals 

with high crystallinity and narrow size distribution can be synthesized, and one can 

tailor the crystal size[82-83], morphology[84-85], chemical composition[86-87], 

surface functionalization [63, 88] and optical properties[89-91]. Tunable lifetime for 

UCPs from microseconds to milliseconds have been demonstrated by adjusting the 

particle size or changing the relative concentrations of sensitizers and activators[91-

93], which can be exploited to optical time-domain multiplexed imaging in vivo, 

extending the freedom of existing wavelength-encoded upconversion multiplexing. 

Moreover, UCPs exhibit temperature-dependent luminescence features (i.e. emission 

intensity, peak position, emission intensity ratio or lifetime), leading them to be good 

candidates for remote temperature sensing[94-97].  



Chapter 1-Introduction 

11 

1.3.2 Thermal imaging 

The growing demand for remote local temperature monitoring in applications like 

micro/nano-electronics, integrated photonics, and biomedicine has stimulated the 

development of luminescence nanothermometry[94, 98-100]. Especially in the field 

of biomedicine, remote sensing of temperature at the cellular level could have 

valuable repercussions leading to novel insight about its pathology and physiology, 

in turn, contributing to novel treatment and diagnoses. It has been reported that some 

diseases, including inflammatory processes or the development of malignant tumors, 

bring about temperature singularities so thermometry can be used as an early 

diagnosis tool[101-103]. Moreover, temperature monitoring and control are essential 

in thermal therapy of cancer, which aims to achieve tumor damage and/or ablation 

by means of controlled heating to destroy the cancer cells while causing minimum 

damage to the surrounding healthy tissue. An alternative approach is to use 

lanthanide-doped fluorescent materials, which have shown the ability to act as 

thermal probes. For example, Er3+,Yb3+-doped UCPs are popular luminescence 

nanothermometry based on two thermally coupled energy levels of Er3+ ion (2H11/2 

and 4S3/2)[104-105]. Small temperature changes cause relevant electron population 

redistribution and, hence, noticeable changes in the intensity ratio between the 

corresponding emission lines can be used to deduce absolute temperature. It is the 

so-called Fluorescence intensity ratio (FIR) method for temperature sensing. Due to 

its relatively high resistance to environmental interference, temperature sensing 

based on FIR is prevalent in scientific research[106]. In 2010, Vetronee et al.[100] 

first performed UCPs as thermal probes on biological systems, they measured the 

internal temperature of HeLa cancer cells with the FIR method. Subsequently, Ana 

R. N. Bastos et al.[107] measured the thermal conductivity of the lipid bilayer using 

a LiYF4:Er3+/Yb3+ UCNP as a temperature probe that was encapsulated within a 

conformal supported lipid bilayer. Zhu et al.[108] extended this method of 

temperature measurement in vivo. They used temperature-feedback UCNPs 

combined with photothermal material enabling real-time monitoring of microscopic 

temperature in photothermal therapy of mice. Alternatively, the lifetime of long-lived 

luminescent UCPs is adopted as a temperature-dependent variable due to thermally 

favored non-radiative processes. Lifetime characterizes the decay process of 
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nanoprobe luminescence, which is not affected by nanoprobe concentration and 

optoelectronic drifts of the excitation source. Importantly, lifetime is independent of 

detected intensity after passing through varying thickness biological tissues, enabling 

in vivo thermometry with high-temperature resolution. For instance, Liu et al.[109] 

reported fast-shot of thermal imaging in wide-field using lifetime encoded green or 

red luminescence of core/shell NaGdF4:Er3+,Yb3+/NaGdF4 UCNPs, where the 

lifetime of green light linearly reduced from 490 to 440 µs as temperature raised from 

20 to 45 °C. Tan et al.[110] reported tunable thermal sensitivity of luminescence 

lifetime by designing a class of ternary domain NaYF4@ NaYF4:Yb3+, Nd3+@CaF2 

nanoprobes whose lifetime at 1000 nm (from Yb3+) is sensitive to temperature. An 

increase in temperature from 10 to 64 °C results in a decrease of lifetime from 898 to 

450 μs, leading to an accurate thermographic mapping of temperature distribution in 

vivo. 

In order to obtain intracellular temperature distribution with high spatial 

resolution[111], a large amount of UCNPs with biocompatible surfaces dispersed in 

a liquid (i.e., water or buffer), termed nanofluid (NF), required to be delivered to into 

cells by endocytosis, chemical diffusion or microinjection[112-114]. However, such 

a massive invasion of extraneous UCNPs could have adverse effects and interference 

within biological systems[115-116]. Moreover, the interaction of UCNP-UCNP or 

interaction of UCNP-fluid in NF would induce spectral distortions of overall NFs, 

inevitably, leading to erroneous temperature readings based on FIR. For example, 

emission spectra generated by a single UCNP and an assembly of UCNPs are clearly 

different due to the interparticle interactions[19]. This interaction has also been found 

among different UCNPs[117-118]. When a mixture containing the same amount of 

BaLuF5:Tm3+ and BaLuF5:Yb3+ nanocrystals in toluene was excited by 980nm laser, 

characteristic upconverting emission of Tm3+ ions was observed, indicating the 

existence of interparticle energy transfer. Recently, the rapid development of single-

particle spectroscopic techniques[119-122] results in a gradual shift in the 

investigation of upconverting materials from ensemble optical performance to a 

single particle level and enables luminescence spectroscopic analysis of a single 

UCNP. As scanning probe microscopy matures[123-124], scanning thermal imaging 

can be performed by precisely manipulating a single UCNP acting as a probe in 3D. 
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This strategy avoids massive incorporation of UCNPs and interactions of UCNP-

UCNP, but still requires new strategies to allow their remote manipulation.  

Optical tweezers have become a minimally invasive, contactless and highly-sensitive 

technique for 3D control over single microscale objects using a tightly focused laser 

beam[3, 5, 125-127]. Thanks to the large optical force (the trap stiffness can reach as 

much as 4000pNµm-1W-1)[128-130], micron-scale particles can be stably trapped and 

manipulated. 3D thermal imaging at the cellular level has been demonstrated with 

optical trapping of upconverting microparticles (β-NaYF4:Er3+,Yb3+)[11]. OT 

(tightly focused laser beam) not only generates optical forces on particles for 

translational manipulation but also generates optical torques to rotate asymmetrical 

or birefringent particles[18, 131-132]. The appearance of optical torques during 

optical trapping of the hexagonal β-NaYF4:Er3+,Yb3+ microcrystal induces a stable 

orientation in the trap with its optical axis parallel to the laser polarization, which can 

be elucidated by single-particle polarized spectroscopy[18]. Not only that, a sample 

analysis of time-resolved single-particle polarized spectroscopy allowed for the 

determination of the dynamic viscosity of the medium in which the upconverting 

particle is suspended[133]. Using circularly polarized or elliptically polarized 

trapping lasers instead of a linear polarized laser, the stable trapped hexagonal β-

NaYF4:Er3+,Yb3+ was found to rotate continuously with spinning rates larger than 45 

Hz for pump powers as low as 0.12 W[125]. By recording the angular frequency of 

β-NaYF4:Er3+,Yb3+ in liquid, the local fluid viscosity and its corresponding 

temperature around the particle can be probed. Upconverting microspinners were 

also applied for fast single-cell detection, enabling simultaneous real-time thermal 

sensing. Laser refrigeration by around 7 K is evidenced and evaluated by an analysis 

of the rotation dynamics of a single NaYF4:Er3+ microparticle trapped by a circularly 

polarized laser beam[134]. In short, in addition to the luminescence method, OT can 

induce the translation or rotation of the trapped particle against temperature-related 

friction resistance, and local temperature can be read based on the variations in 

rotation rate or escape frequency (see Figure 1.6). However, due to the diffraction 

limit and the difficulty of optically trapping small particles, these methods are still 

only applicable to upconversion microparticles. Relevant applications for UCNPs 

remain to be explored. 
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Figure 1.6 The feasible temperature measurement method using optical trapping of 

upconverting microparticles. (a) luminescence method, the luminescence signal is 

detected by a spectrometer (b) rotation rate method, the rotation frequency can be 

calibrated by analyzing video, position information from QPD, or orientation-

sensitive spectrum (c) trap constant method. It is worth noting that the selection of 

suitable doping rare-earth ions can achieve heating or cooling of the trap volume. 

1.4 Motivation 

With the development of nanothermometry towards high resolution and high 

sensitivity, the ability to enable stable optical trapping of smaller and smaller UCNPs 

at physiological temperature range (10-50 °C) become more and more significant. 

However, when applied to trap sub-100 nanoparticles for sub-micrometric spatial 
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resolution, the optical trapping force becomes insufficient because the optical force 

falls dramatically with the particle size.[4, 135-136] (Table 1.1). 

Table 1.1 Trap stiffness of different sizes of dielectric particles 

Material Medium Size/nm 
Trap stiffness* 

(pN/µm) 
Ref. 

NaYF4:Er3+, Yb3+ Water 2000 10 [137] 

NaYF4:Er3+, Yb3+ Water 2000 2.86 [11] 

NaYF4:Er3+, Yb3+ Water 26 0.1 [17] 

QDs(CdSe/ZnS) Water 26 0.16 [26] 

SrF2:Er3+, Yb3+ Deuteroxide 8 0.001 [19] 

SrF2:Er3+, Yb3+ Deuteroxide 8 0.033 [138] 

 *Laser power set at 100 mW 

 

Figure 1.7 The Brownian motion dynamic simulation of microparticles with a 

diameter of 2 µm and nanoparticles with a diameter of 10 nm at given trap stiffnesses 

of 10 pN/µm and 0.01 pN/µm, respectively, which were generated by Brownian 

Disks Lab (BDL) software at 293K. Comparison of simulated two-dimensional (2D) 

position distributions of a single microparticle and nanoparticle optically trapped by 

the same focused laser beam. The red circle indicates the spot size of the optical beam 

with a radius of 700 nm (
0.6𝜆

𝑁𝐴
, 980 nm laser beam focused by a 0.85 NA objective).  

Indeed, the optical trapping force acting on sub-100 nm UCNPs is typically below 

0.01 pN[17, 19, 139]. This low optical force is insufficient to overcome the drag force 
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generated by the surrounding medium. Furthermore, for UCNPs, the trap potential is 

comparable to the thermal energy[140]. UCNPs undergoing Brownian motion can 

move over a wide range, even beyond the trap boundary (Figure 1.7). The result is 

that a slight increment of temperature can cause the release of the UCNP from the 

trap. To find effective strategies for enhancing optical force and achieving stable 

optical trapping at high temperatures, in this thesis, the effects of Brownian motion 

(temperature) on trapping stability were exploited. And then simple and effective 

strategies are proposed and evaluated.  

Therefore, this thesis is structured as follows: 

In Chapter 2, a brief introduction to optical trapping theory and Brownian motion 

inside trap, and the upconversion mechanism and its application were given.  

In Chapter 3, the synthesis and characterization of upconverting nanoparticles, the 

optical tweezers setup, and the experimental method for single particle experiment, 

were introduced.  

In Chapter 4, the drag method was used to calibrate the optical force of upconverting 

nanoparticles at different temperatures. Temperature effects on trapping stability 

were studied. In addition, a single UCNP acts as a force transducer to explore the 

thermally induced phase transition of water in a short range. 

In Chapter 5, a so-called photonic nanojet as an effective strategy, which was 

generated by optically trapping a silica microsphere, was performed to enhance the 

optical force and trapping stability of a single 8 nm-UCNP in the range of 20–90 °C. 

In Chapter 6, a thermoresponsive polymer (poly(N-isopropylacrylamide, PNIPAM) 

was coated on the surface of 30 nm-UCNPs, designed to enhance its trapping stability 

at high temperatures, as well as to improve the lower thermal sensitivity of typical 

upconversion nanothermometers (NaYF4:Er3+, Yb3+). 

In Chapter 7, based on the issues raised at the beginning, the results of three targeted 

experiments were evaluated. A couple of conclusions are drawn and the shortcomings 

in my works are summarized, and future work has prospected.
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2 Background 

2.1 Theory of optical tweezers 

An optical trap is formed by focusing a laser beam, typically Gaussian, to a 

diffraction-limited spot with a high NA objective lens. A dielectric particle near this 

focus feels an optical force, which can be resolved into two components: a scattering 

force in the propagation direction and a gradient force that acts in the direction of the 

spatial light gradient, attracting the object toward the highest intensity region (focal 

point)[5, 132, 141-144]. To achieve stable trapping in three-dimensional space, the 

axial gradient force pulling the particle towards the focal point must exceed the 

scattering force pushing it away from that point, so a high NA objective lens is 

necessary to sharply focus the trapping laser beam to a diffraction-limited spot and 

produce a very steep gradient in the light. As a result of this balance between the 

gradient force and the scattering force, the axial equilibrium position of a trapped 

particle slightly deviates from the focal position point.  

The focused laser beam acts as an attractive potential well for a particle with a 

refractive index higher than that of its surrounding medium. When the object is 

displaced from this equilibrium position, an attractive force with restoring nature 

emerges, pulling the object back towards it. This restoring force is, to a first 

approximation, proportional to the displacement. This means that the optical forces 

along each direction can be described by Hooke’s law, i.e. 

 {

𝐹𝑥 = 𝜅𝑥(𝑥 − 𝑥𝑒𝑞)

𝐹𝑦 = 𝜅𝑦(𝑦 − 𝑦𝑒𝑞)

𝐹𝑧 = 𝑘𝑧(𝑧 − 𝑧𝑒𝑞)

} (2.1) 

where [x, y, z] is the particle’s position, [𝑥𝑒𝑞, 𝑦𝑒𝑞, 𝑧𝑒𝑞] is the equilibrium position, 

and 𝜅𝑥 , 𝜅𝑦  and 𝜅𝑧  are the optical trap spring constants along the x-, y- and z-

directions, usually referred to as trap constant, i.e. the applied optical force per unit 

of distance and laser power. Therefore, OT creates a three-dimensional potential well 

that can be approximated with three independent harmonic oscillators, one for each 

direction. If the optical system is well aligned, then for spherical microparticles, 
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which are commonly used in OT, 𝜅𝑥  and 𝜅𝑦  are roughly equal, whereas 𝜅𝑧  is 

typically smaller by a factor between 2 and 10. In practice, the strength of the optical 

trap can be characterized by the trap constant, 𝜅𝑥, 𝜅𝑦 and 𝜅𝑧. 

Generally, optical force is a consequence of the transfer of momentum carried by 

incident photons after passing through the trapped particles. As every photon carries 

energy ℎ𝑛 and momentum ℎ𝑛/𝑐, where ℎ is the Planck constant and 𝑐 is the speed 

of light in a vacuum, 𝑛  is the refractive index of the surrounding medium. The 

momentum transferred from a light beam of power P, leads to a reaction force F on 

the object, given by[142, 145] 

 𝐹 = 𝑄
𝑛𝑚𝑃

𝑐
 (2.2) 

The efficiency of any particular optical configuration can then be described in terms 

of a dimensionless quantity 𝑄. For plane waves incident on a perfectly absorbing 

particle, 𝑄 = 1[146]. In the case of small dielectric or metallic particles, 𝑄 ranges 

from 0.03 to 0.1[142].  

With the deepening of research, the generation mechanism of optical force has 

become well-defined. Approximations that depend on the size of the particle with 

respect to trapping wavelength have been used to describe optical force.  

2.1.1 Optical force 

When the trapped sphere is much larger than the wavelength of the trapping laser, 

i.e., the radius 𝑅 ≫  𝜆, the conditions for Mie scattering are satisfied, and optical 

forces can be computed from simple ray optics. To understand the forces that act on 

a trapped microparticle, a minimalistic model is presented in Figure 2.1: a single ray 

𝑟𝑖 of power 𝑃𝑖 hitting a dielectric sphere at an angle of incidence 휃𝑖, once 𝑟𝑖 hits the 

surface, part of it is reflected (𝑟𝑟,0) and part transmitted (𝑟𝑡,0), the corresponding 

reflection angle (휃𝑟,0) or transmission angle (휃𝑡,0) can be determined by Snell’s law, 

respectively. The distribution of power between the reflected and transmitted rays 

can be calculated using Maxwell’s laws. The result depends on the polarization of 

the incoming ray and is expressed by Fresnel’s equations. The ray 𝑟𝑟,0 undergoes 
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another scattering event as soon as it crosses the sphere and reaches the opposite 

surface, and the process continues until all light has escaped from the sphere. 

According to the law of conservation of momentum, the total force acting on the 

sphere can be given by: 

 𝐹𝑟𝑎𝑦 =
𝑛𝑚𝑃𝑖
𝑐

�̂�𝑖 −
𝑛𝑚𝑃𝑖
𝑐

�̂�𝑟,0 −∑
𝑛𝑚𝑃𝑡,𝑛
𝑐

+∞

𝑛=1

�̂�𝑡,𝑛 (2.3) 

where �̂�𝑖, �̂�𝑟,0 and �̂�𝑡,𝑛 are unit vectors representing the direction of the incident ray 

and the nth reflected and transmitted rays, respectively. We can notice that the beam 

momentum inside the sphere does not affect the final calculation result. And most of 

the contributions to the optical forces are caused by the first two scattering events. 

The total optical force can be broken into scattering force 𝐹𝑟𝑎𝑦,𝑠  that pushes the 

particle in the direction of the incoming ray (�̂�𝑖) and the gradient force 𝐹𝑟𝑎𝑦,𝑠 that pulls 

the particle in a direction perpendicular to that of the incoming ray (�̂�𝑖⊥). Ashkin 

(1992)[146] derived the theoretical formulas for the corresponding trapping 

efficiencies of a circularly polarised ray on a sphere with an angle of incidence 휃𝑖. 

 𝐹𝑟𝑎𝑦,𝑠 =
𝑛𝑚𝑃𝑖
𝑐

𝑄𝑟𝑎𝑦,𝑠 (2.4) 

 𝐹𝑟𝑎𝑦,𝑔 =
𝑛𝑚𝑃𝑖
𝑐

𝑄𝑟𝑎𝑦,𝑔 (2.5) 

Where the 𝑄𝑟𝑎𝑦,𝑠 and 𝑄𝑟𝑎𝑦,𝑔 are trapping efficiencies associated with the scattering 

and gradient forces. 

 𝑄𝑟𝑎𝑦,𝑠 = 1 + 𝑅𝑐𝑜𝑠2휃𝑖 − 𝑇
2
cos(2휃𝑖 − 2휃𝑡) + 𝑅 cos 2휃𝑖

1 + 𝑅2 + 2𝑅𝑐𝑜𝑠2휃𝑡
 (2.6) 

 𝑄𝑟𝑎𝑦,𝑔 = 𝑅 sin 2휃𝑖 − 𝑇
2
sin(2휃𝑖 − 2휃𝑡) + 𝑅 sin 2휃𝑖
1 + 𝑅2 + 2𝑅 cos 2휃𝑡

 (2.7) 

Where R and T are Fresnel’s reflection and transmission coefficients and 휃𝑡 is the 

angle of transmission of the incident beam into the sphere.  
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Figure 2.1 Multiple scattering of a light ray impinging on a sphere visualized in the 

plane of incidence 

When the trapped sphere is much smaller than the wavelength of the trapping laser, 

i.e., R ≪λ, the conditions for Rayleigh scattering are satisfied and optical forces can 

be calculated by treating the particle as a point dipole. If a neutral atom is placed in 

an electric field, the negative electron cloud surrounding the positive nucleus will be 

displaced, leading to a separation between the centers of mass of the positive and 

negative charge distributions. The same phenomenon occurs when a nanoparticle is 

placed in an electric field, as illustrated in Figure 2.2. The induced dipole can 

experience electrostatic forces, i.e., 𝐹𝑔𝑟𝑎𝑑, pointing in the direction of the gradient 

electromagnetic field, which arises from the interaction between the inhomogeneous 

electromagnetic field and the induced particle’s dipole moment. If the external 

electric field is not too strong, the induced polarization P of the nanoparticle is 

proportional to the inducing electric field 𝐸𝑖: 

 𝑷 = α𝑬𝒊 (2.8) 

Where the proportionality coefficient 𝛼 is the polarisability of the nanoparticle. The 

gradient force is given by[147]: 
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 𝐹𝑔𝑟𝑎𝑑 =
1

4
𝛼′∇|𝐸𝑖|

2 (2.9) 

Where 𝛼′ = 𝑅𝑒 {𝛼}; α =
𝛼𝐶𝑀

1−
𝜀𝑁𝑃−𝜀𝑚
𝜀𝑁𝑃+2𝜀𝑚

[(𝑘0𝑅)
2+

2𝑖

3
(𝑘0𝑅)

3]
, 𝑘0 =

2𝜋

𝜆
, 휀𝑁𝑃, 휀𝑚 are the electric 

permittivity of the nanoparticle and surrounding medium. 𝛼𝐶𝑀 = 4𝜋휀𝑚𝑅
3 𝜀𝑁𝑃−𝜀𝑚

𝜀𝑁𝑃+2𝜀𝑚
. 

The scattering force arising from the transfer of momentum from the field to the 

particle as a result of the scattering and absorption processes points in  the direction 

of the Poynting vector Si (𝐒𝒊 =
1

2
𝑅𝑒{𝑬𝒊 × 𝑯𝒊

∗}), i.e., in the direction of the field 

propagation, which can be written by: 

 𝑭𝑠𝑐𝑎𝑡 =
𝜎𝑒𝑥𝑡 
𝑐
𝐒𝒊 (2.10) 

Where 𝜎𝑒𝑥𝑡 = 𝑘0𝛼
′′/휀𝑚 is the extinction cross-section, 𝛼′′ = 𝐼𝑚 {𝛼}, 𝑐 is the speed 

of light in a vacuum.  

 

Figure 2.2 A dielectric sphere. In turn, the presence of the polarisation charges 

contributes to the overall electric field inside the dielectric material, reducing it 

relative to the total external field by the relative dielectric permittivity εr. 

When the trapped sphere is comparable to the wavelength of trapping light (R~λ), a 

full electromagnetic solution to the problem is required. The radiation forces are then 
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evaluated from the conservation of linear and angular momentum in the light-matter 

interaction through the time-averaged Maxwell tensor ⟨TM⟩, given for 

monochromatic radiation by[148-149]: 

 𝐹 = ∮ (〈𝑇𝑀〉 ∙ 𝑛)
𝑆

𝑑𝑆 (2.11) 

Where the integration is performed over the surface of the trapped sphere, n is the 

unit vector, and ⟨TM⟩ is given by: 

 
〈𝑇𝑀〉 =

1

2
𝑅𝑒(휀𝑁𝑃휀𝑚𝐸⨂𝐸

∗ + 𝜇𝑁𝑃𝜇𝑚𝐻⨂𝐻
∗) −

1

2
(휀𝑁𝑃휀𝑚𝐸 ∙ 𝐸

∗

+ 𝜇𝑁𝑃𝜇𝑚𝐻 ∙ 𝐻
∗) 

(2.12) 

where ⨂ represents the dyadic product, 𝐼 is the unit dyadic, 𝐸 is the electric field, 

and 𝐻  is the magnetic field. The constants 휀𝑁𝑃 ,  휀𝑚  and 𝜇𝑁𝑃 , 𝜇𝑚 are the 

nanoparticle’s or medium’s permittivity and permeability, respectively.  

2.1.2 Brownian motion in the trap 

A single particle dispersed in a medium is confined by a harmonic optical trap and 

undergoes Brownian motion (BM) inside the trapping volume. Considering only one 

dimension, for small displacements from the equilibrium position, the force acting 

on a colloidal particle positioned at 𝑥 within a trap centered at 𝑥𝑒𝑞 is 

 𝐹𝑥 = 𝜅𝑥(𝑥 − 𝑥𝑒𝑞) (2.13) 

The resulting trapping potential is harmonic: 

 U = ∫ 𝐹𝑥𝑑𝑥
𝑥

𝑥𝑒𝑞

=
1

2
𝜅𝑥(𝑥 − 𝑥𝑒𝑞)

2 (2.14) 

The particle keeps on moving in the trap due to the presence of Brownian fluctuations. 

Therefore, an optically trapped particle is in a dynamic equilibrium, where the 

thermal noise continuously pushes it out of the trap center and the optical forces drive 

it towards the equilibrium position. For the particle to remain within the optical trap, 

the optical potential well must be sufficiently deep. The depth of the optical potential 
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is typically characterized by units of the thermal energy 𝑘𝐵𝑇 , where 𝑘𝐵  is the 

Boltzmann constant and T is the absolute temperature. This quantity gives a 

characteristic energy scale for mesoscopic phenomena. The potential well of OT 

should be at least a few 𝑘𝐵𝑇 deep to be able to confine a particle in the trap.  

The optical forces need to be strong enough to overcome the random thermal motion 

or Brownian motion. For microparticles in optical traps, the BM is used for 

calibrating the trapping force. However, the trapping of nanoparticles is much more 

difficult because the optical force falls dramatically with the particle size while BM 

becomes more significant. The motion of an optically trapped Brownian particle in 

one dimension can be modeled by the Langevin equation[150]: 

 
𝑚�̈�(𝑡)⏟  
𝑖𝑛𝑒𝑟𝑡𝑖𝑎

= 𝐹𝐻⏟
𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛

− 𝜅𝑥(𝑡)⏟  
𝑟𝑒𝑠𝑡𝑜𝑟𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒

+ 𝛽√2𝑑𝐷/𝑑𝑡𝒏⏟        
𝑠𝑡𝑜𝑐ℎ𝑎𝑠𝑡𝑖𝑐 𝑓𝑜𝑟𝑐𝑒

 
(2.15) 

Where 𝑥 is the particle position, 𝑚 is its mass, 𝛽 is the friction coefficient, 𝜅 is the 

trap constant, β√2𝑑𝐷/𝑑𝑡𝒏 is the stochastic force or Brownian force due to random 

collision from the many neighboring fluid molecules: 𝐷 =
𝑘𝐵𝑇

𝛽
 is the diffusion 

constant, given by the Einstein–Smoluchowski relation; 𝑑 is the dimension (here 𝑑 =

1) and 𝑑𝑡 will be the time step in the simulations; A random vector 𝒏 with values in 

the interval [−1, 1] generated by the Box-Muller transformation was used to 

implement this force.  

Because the Reynolds number (𝑅𝑒 = 𝜌𝑣𝑅/휂) is low enough, for a bead of radius 𝑅 

immersed in a fluid of viscosity 휂, allowing us to neglect hydrodynamic interactions 

(inertial term) when the experimental time-scale is in the order of the microsecond. 

Therefore, the hydrodynamic contribution is reduced to 𝐹𝐻 = −𝛽�̇�(𝑡) , i.e., the 

Stokes drag of an isolated spherical particle, where 𝛽 = 6𝜋휂𝑅  is the friction 

coefficient. can be simplified to: 

 �̇�(𝑡) = −
𝜅

𝛽
𝑥(𝑡) + √2𝑑𝐷/𝑑𝑡𝒏 (2.16) 

The solution of the complete set of Langevin equations for a spherical particle in 

harmonic potentials enables distinguishing between different timescales[51, 151] that 



Universidad Autónoma de Madrid 

24 

determine the particle behavior (see Figure 2.3): 𝜏𝑝  = 𝑚
∗/𝛽, 𝜏𝑓 = 𝜌𝑓𝑎

2/휂, 𝜏𝑘 =

𝛽/𝜅. 𝜌𝑓 and 휂 are the density and viscosity of the fluid, respectively, and 𝑚∗ = 𝑚 +

𝑚𝑓 is a modified mass influenced by hydrodynamics, where 𝑚𝑓 is the mass of the 

displaced fluid. The first two values are related to fluid vortex propagation and 

inertial timescales, whereas 𝜏𝑘  measures the ratio between the Stokes friction 

coefficient and the optical trap stiffness. For timescales much shorter than 𝜏𝑘, the BM 

is considered to be free, i.e. perpetual and random movement of particles suspended 

in a fluid. Normally, 𝜏𝑝 is smaller than 𝜏𝑓, while 𝜏𝑓 could be larger or smaller than 

𝜏𝑘 depending on the magnitude of the trap constant. The most widely used statistic 

in BM analysis is Mean Squared Displacement (MSD), given by: 

 MSD(t) ≡ 〈[𝛥𝑥(𝑡 + 𝜏) − 𝛥𝑥(𝑡)]2〉 (2.17) 

The first formal solution of the Langevin Equation (2.15) is given by: 

 MSD(t) =
2𝑘𝐵𝑇

𝜅
(1 − 𝑒−𝑡/𝜏𝑘) (2.18) 

When 𝑡 ≪ 𝜏𝑘 , optical binding effect on BM can be neglected. Depending on the 

timescale, the quantitative description theory of BM will be different. For 

𝜏𝑓 < 𝑡 ≪ 𝜏𝑘 , the particle exhibits free diffusion, with MSD = 2𝐷𝑡  according to 

Einstein relation; At an intermediate timescale (𝜏𝑝 < 𝑡 < 𝜏𝑓); the particle movement 

is subjected to the hydrodynamic memory effect of the liquid; At a very short 

timescale (𝑡 ≪ 𝜏𝑝), the BM of the particle is in the so-called ballistic regime, and 

thus dominated by the particle mass and MSD = (𝑘𝐵𝑇 ∕ 𝑚
∗)𝑡2. When 𝑡 ≫ 𝜏𝑘, the 

optical trap is dominant, and the MSD shows a plateau with MSD(𝑡) = 2𝑘𝐵𝑇/𝜅 

[152]. We recover 
1

2
𝜅〈[𝛥𝑥(𝑡 + 𝜏) − 𝛥𝑥(𝑡)]2〉 = 𝑘𝐵𝑇 , which restates that particle 

position distribution in the trap is corrected to thermal energy 𝑘𝐵𝑇. 
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Figure 2.3 Schematic characteristic timescales of Brownian motion in different 

regimes 

2.1.3 Force calibration method 

Optical trapping of microparticles can be used as force transducers, the restoring 

force is proportional to the displacement of the optically trapped particle from the 

center of the optical trap. For this purpose, the trap stiffness must be calibrated. The 

trap constant calibration methods can be classified into active or passive methods[147, 

153-157]. Passive methods use information about the Brownian trajectory of a 

particle trapped in static OT. Active methods analyze the response of the particle to 

a known time-dependent perturbation to the optical trap exerted by an external force, 

e.g., the drag method. 

1). Potential Analysis 

For a conservative force, 𝐹𝑥 = −
𝑑𝑈(𝑥)

𝑑(𝑥)
, where 𝑈(𝑥) is the equilibrium potential, and 

the probability of finding the particle at a given position follows the Maxwell–

Boltzmann distribution: 

 𝜌(𝑥) = 𝜌0𝑒
−
𝑈(𝑥)
𝑘𝐵𝑇  (2.19) 

where 𝜌0 is a normalization factor ensuring that ∫𝜌(𝑥)𝑑𝑥 = 1. The potential 𝑈(𝑥) 

can then be given by 
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 U(x) = −𝑘𝐵𝑇 ln
𝜌(𝑥)

𝜌0
 (2.20) 

If the potential is harmonic, the potential is given by  

 U(x) =
1

2
𝑘𝑥(𝑥 − 𝑥𝑒𝑞)

2 (2.21) 

Combining the expression for harmonic potential in Equation (2.21) and the 

experimental position distribution based on the trajectory of trapped particles, the 

parameters 𝑘𝑥, 𝑥𝑒𝑞 can be estimated. This method does not rely on knowledge of the 

viscosity and the radius of the particle, however, it requires an accurate position 

calibration, and the number of measurements needs to be large enough. 

2). Equipartition Method 

The equipartition method is a particular case of the potential method where the 

potential is harmonic, so the particle position distribution corresponds to the Gaussian 

distribution 

 ρ(x) = √
𝜅𝑥

2𝜋𝑘𝐵𝑇
exp {−

𝜅𝑥
2𝑘𝐵𝑇

(𝑥 − 𝑥𝑒𝑞)
2} (2.22) 

Thus, the thermal average of the potential is  

 〈𝑈(𝑥)〉 =
1

2
𝜅𝑥〈(𝑥 − 𝑥𝑒𝑞)

2〉 =
𝜅𝑥
2
∫ 𝜌(𝑥)(𝑥 − 𝑥𝑒𝑞)

2
𝑑𝑥 =

1

2

∞

−∞

𝑘𝐵𝑇 (2.23) 

This is a restatement of the equipartition theorem, imposing that the energy 

associated with the harmonic potential degree of freedom is equal to 
1

2
𝑘𝐵𝑇. This 

provides a direct method to estimate 𝜅𝑥 as 

 𝜅𝑥 =
𝑘𝐵𝑇

〈(𝑥 − 𝑥𝑒𝑞)
2
〉
 (2.24) 
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Where we can estimate the equilibrium average 〈(𝑥 − 𝑥𝑒𝑞)
2
〉. This method doesn’t 

depend on the information of viscosity and the radius of the particle, but it requires 

an accurate position calibration, as is the case for the Boltzmann statistics method. 

3). Mean Squared Displacement Analysis 

Differently from the previous two methods, the mean squared displacement (MSD) 

analysis takes advantage of the time-correlated properties of the motion of the 

Brownian particle in the harmonic potential. By measuring MSD(t) experimentally, 

we can estimate the trap constant from a nonlinear fit to Equation (2.18). There are 

several aspects to consider when using MSD to calibrate the trap constant. First, since 

the experimental is time-correlated, time resolution Δt < 𝜏𝜅  is required. Second, 

since the MSD shows two distinct time regimes, we must ensure a good balance of 

points between both regimes to avoid overweighting one relative to the other. In 

addition to estimating trap constants, MSD analysis also infers dynamic properties, 

i.e., the friction coefficient. This method only requires an accurate position 

calibration. 

4). Power Spectral Density  

The power spectrum density (PSD) method analyses the BM of the trapped particle 

in the frequency domain. Performing a Fourier transform with the Langevin Equation 

(2.16), one obtains the PSD, which has a Lorentzian form and is the expected value 

of the average energy in the frequency domain: 

 p(f) = 〈|�̃�(𝑓)|2〉 =
1

2𝜋2
𝐷

𝑓𝑐,𝑥
2 + 𝑓2

 (2.25) 

where �̃�(𝑓) is  

 �̃�(𝑓) =
1

√𝑇
∫ 𝑥(𝑡)𝑒−𝑖2𝜋𝑓𝑡𝑑𝑡
𝑇

0

 (2.26) 

𝑓𝑐,𝑥 =
𝜅𝑥

2𝜋𝛽
 is the corner frequency, above which the motion is purely diffusive. In this 

case, knowledge about 𝛽 is needed, however, a position calibration is not necessary 
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since the power spectrum could be obtained by back focal plane interferometry. 

5) Drag method 

In the drag method, the optical force was calibrated against a known drag force by 

inducing a relative motion of a trapped particle moving inside a fluid. This force is 

proportional to the drag coefficient 𝛽 and the relative velocity 𝑣 between the particle 

and the surrounding medium: 

 𝐹𝑑𝑟𝑎𝑔 = 𝛽𝑣 (2.27) 

𝛽 is not a constant, depending on the shape and size of the particle, and the viscosity 

of the fluid. For low velocities, 𝛽 is given by the Stokes law. For a spherical particle 

moving in a fluid of viscosity 휂, the drag coefficient is given by 𝛽 = 6𝜋휂𝑅. If the 

particle is nonsphere or moves near the chamber wall, surface proximity corrections 

should be implemented for the determination of 𝛽 [158]. 

When a linear relative motion between trapped particle and fluid is induced by 

translating microchamber or using fluid microchamber. The particle would be 

displaced away from the center by a distance 𝑥  if the magnitude of the relative 

velocity 𝑣 is appropriate (the particle remains in the trap and the displacement is 

detectable). An experimental dataset (𝑣𝑖, 𝑥𝑖, 𝑖=1, 2, … N) was obtained by adjusting 

the relative velocity 𝑣. Trap constant 𝜅𝑥 can be estimated from a linear fit to 𝐹𝑑𝑟𝑎𝑔 =

𝛽𝑣𝑖 = 𝐹𝑥 = 𝜅𝑥𝑥𝑖 . This method needs a position calibration to obtain the 

displacement for each velocity. Alternatively, the relative motion velocity is 

continuously increased until the trapped particle escapes from the trap, the so-called 

escaping approach. The smallest relative velocity at which the particle is about to 

escape from the trap is recorded as (𝑣𝑖
𝑒𝑠𝑐𝑎𝑝𝑒

, 𝑖=1, 2, … N). Trap constant  𝜅𝑥 =

𝛽〈𝑣𝑖
𝑒𝑠𝑐𝑎𝑝𝑒

〉

𝑟𝑡
, 𝑟𝑡 is the radius of the optical trap. Thus no position calibration is needed in 

this method. 
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2.2 Lanthanide doped upconverting nanoparticles 

Upconversion (UC) utilizes successive absorption of multiple photons through 

intermediate long-lived and real ladder-like energy levels of trivalent lanthanide ions 

doped in an appropriate inorganic host lattice to produce anti-Stokes luminescence. 

Thereby, it can convert two or more low-energy excitation photons (e.g., 

commercially available laser 808 nm, 980 nm, 1064 nm) into high-energy emissions 

(e.g., NIR, visible, and UV). As opposed to simultaneous multiphoton absorption in 

organic dyes or QDs induced by ultrashort pulsed lasers, the higher efficiency of a 

UC process enables UC to be produced by a low-cost continuous-wave diode 

laser[159]. Furthermore, UCNPs exhibit high resistance to photobleaching, and 

photochemical degradation, significantly minimizing background autofluorescence 

and photodamage to biological specimens, multicolor narrowband emission and 

tunable lifetime, triggering their application used as fluorescent labels in multiple 

applications, including biological assays, biomedical imaging, cell tracking, and 

temperature monitoring of drug release or photothermal therapy[88, 160-169]. 

2.2.1  Lanthanide ions 

In most cases, inorganic crystals do not have UC luminescence, therefore, carefully 

selected lanthanide ions as luminescence centers doped in appropriate host materials 

are required. Lanthanides are members of the 15 naturally occurring metallic 

chemical elements, whose atomic numbers fall between 57 (Lanthanum) and 71 

(Lutetium). They essentially exist in their most stable oxidation state as trivalent 

lanthanide ions (Ln3+). The electronic configuration of Ln3+ can be represented as  

4𝑓𝑥5𝑑𝑦6𝑠2, where 𝑥 ranges from 0 to 14, 𝑦 ranges from 0 to 1. Benefiting from 

abundant energy levels of unfilled 4f configurations, Ln3+ can display luminescence 

covering the full spectral range from ultraviolet light to infrared light. The shielding 

of 4f electrons by the outer complete 5s and 5p shells results in atom-like sharp 

emissions, which exhibit high photostability without photobleaching and 

photoblinking. The forbidden nature of the 4f−4f transition results in low transition 

probabilities and substantially long-lived excited states (up to 0.1 s)[67], thus 

favoring the occurrence of sequential excitations in the excited states of a single 

lanthanide ion and permitting favorable energy transfers between two or more 
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lanthanide ions. Benefiting from these resulting features of Ln3+, most lanthanide ions 

can be expected to generate UC emissions. Er3+, Tm3+, and Ho3+, Nd3+ are frequently 

used activators, which can be excited by commercially available diode lasers (at 

∼975 and/or 808 nm). Interestingly, these lanthanide ions can be efficiently 

sensitized by the Yb3+ ion whose absorption around 975 nm is much stronger, 

therefore, Yb3+ is the most common sensitizer, which allows a single wavelength  

excitation of UCNPs doped with these lanthanide ions or their various combination 

for multicolor emission 

2.2.2 Host material 

Selection of appropriate host materials is also essential for high-efficiency UC 

emissions, the host lattice can affect the UC efficiency in two ways by the phonon 

dynamics, and the local crystal field. The phonon-induced nonradiative process is the 

main energy loss for UC emissions. The nonradiative multiphonon-assisted 

relaxations between two energy levels whose differences are divided into many 

lattice phonons are strongly dependent on the magnitude of the phonon energy of the 

host lattice[170]. Generally, the larger the number of phonons needed to convert the 

excitation energy into phonon energy, the lower the efficiency of the nonradiative 

process. Therefore, the desirable host material requires low phonons energy.  

Many efforts have been devoted to synthesizing nanophosphors with various host-

dopants combinations, such as co-precipitation[171],[172-174], thermal 

decomposition[175-178], hydro(solvo)thermal synthesis[179-182], sol–gel[183-185] 

and microwave-assisted synthesis[186-188]. As a result, a series of compounds 

including oxides ( Y2O3[189], ZrO2[185] and Yb3Al5O12[190]), fluorides (for 

example, CaF2[69], NaYF4 and KMnF3[191]), vanadates (YVO4[192]), oxysulfide 

(Y2O2S [193] ) have been synthesized and studied as host materials, among which 

hexagonal-phase NaYF4 was acknowledged to be one of the most efficient UC hosts 

due to its low phonon energy. 

2.2.3 Upconversion mechanisms 

UCNPs consist of a crystalline host and lanthanide dopants in the host lattice with 

low concentrations. lanthanide dopants are usually present in the form of local 



Chapter 2-Background 

31 

luminescence centers, which can be divided into sensitizers and activators. 

Sensitizers due to their larger absorption cross-section absorb the excitation light and 

donate to the activators through energy transfer, resulting in UC luminescence upon 

the activator’s population on the upper excited state.  

there are four basic UC mechanisms including: a) excited state absorption 

(GAS/ESA), b) energy transfer upconversion (ETU), c) crossover relaxation (CR), d) 

photon avalanche (PA)[194-196]. Among them, the GAS/ESA, ETU and CR play 

significant roles in the upconverting process. The occurrence of PA requires strict 

conditions, such as above threshold excitation power and sufficiently high activator 

doping concentration. The upconversion mechanisms of GSA/ESA, ETU, CR and 

PA are illustrated in a simple three-level system (in Figure 2.4). 

 

Figure 2.4. Schematic diagram of the upconversion mechanism: Excited state 

absorption (GSA/ESA), Energy transfer upconversion (ETU), cross relaxation (CR) 

and photon avalanche (PA). 

In the case of GSA/ESA, excitation takes the form of successive absorption of pump 

photons by a single ion (Figure 2.4a). GSA refers to a process of populating 

metastable level E1 from ground state G after a phonon absorption. Due to the long 

lifetime of E1 state, a second pump photon has a high possibility of promoting the 

ion from E1 to higher-lying state E2, corresponding to ESA process. Consequently, 

the E2-G optical transition emits UC luminescence. The occurrence of GSA/ESA 

requires a ladder-like arrangement of energy states of lanthanide. However, only a 
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few lanthanide ions ( Er3+， Ho3+, Tm3+ and Nd3+) have such energy level structures, 

and UC efficiency is low due to the small absorption cross-section.  

ETU in Figure 2.4b is diffident from GSA/ESA since the excitation in ETU involves 

two neighboring ions while the GSA/ESA is achieved in a single lanthanide ion. In 

an ETU process, each of two neighboring ions can absorb a pump phonon of the same 

energy, thereby populating the metastable level E1. A non-radiative energy transfer 

process promotes one of the ions to the upper emitting state E2 while the other ion 

relaxes back to ground state G. The dopant concentration that determines the average 

distance between the neighboring dopant ions has a strong influence on the UC 

efficiency of an ETU process. 

CR in Figure 2.4c is an energy transfer process that can occur between the same or 

different ions. The ion-ion interactions result in the energy transfer from ion 1 to ion 

2 through a process of  

E2 (ion 1) +  G (ion 2) → E1 (ion 1) +  E1 (ion 2) 

In the same cases, ion 2 can be in its excited state. Its efficiency is dependent on the 

dopant concentration. It is the main reason for the well-known “concentration 

quenching” of emissions. But it can also be used to produce efficient PA, see below. 

The phenomenon of PA was first discovered by Chivian and co-workers in Pr3+-based 

infrared quantum counters[197]. PA-induced UC features an unusual pump 

mechanism that requires a pump intensity above a certain threshold value. The PA 

process starts with a population of level E1 by non-resonant weak GSA, followed by 

resonant ESA to populate upper visible-emitting level E2 (Fig. 2.4d). After the 

metastable level population is established, CR energy transfer occurs between the 

excited ion and a neighboring ground-state ion, resulting in both ions occupying the 

intermediate level E1. The two ions readily populate level E2 to further initiate cross-

relaxation and exponentially increase level E2 population by ESA, producing strong 

UC emission as an avalanche process. 

The UC luminescent efficiency in these three processes varies considerably. ESA is 

the least efficient UC process. Efficient UC is possible in PA with metastable, 
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intermediate levels that can act as a storage reservoir for pump energy. However, the 

PA process suffers from many drawbacks, including pump power dependence and 

slow response to excitation (up to several seconds) due to numerous looping cycles 

of ESA and cross-relaxation processes. In contrast, ETU is instant and pump power 

independent, and thus has been widely used to offer highly efficient UC (two orders 

of magnitude higher than ESA) over the past decade[67]. 

2.2.4 Upconversion luminescence and its application 

As shown in Figure 2.5, the room temperature emission spectra of α-NaYF4:Yb/Er 

(18/2 mol%) under excitation of 980 nm[70]. The spectrum includes three primary 

emissions in the blue, green and red regions, which can be attributed to 2H9/2→4I15/2, 

(2H11/2, 4S3/2)→4I15/2 and 4F9/2→4I15/2 transitions of Er3+. As one can see in the energy 

levels diagram of Yb3+ – Er3+, Yb3+ is first excited from 2F5/2  to 2F7/2 by absorbing a 

pump photon, then its energy is transferred to Er3+, exciting Er3+ from 4I15/2 to 4I13/2 

while itself relaxes back to ground state. Similar energy transfer processes can 

simultaneously happen to excite Er3+ from 4I11/2 to 4F7/2 or 4I13/2 to 4F9/2, realizing the 

population of activator Er3+ on the upper energy level. After a series of radiation-free 

relaxation, Er3+ finally returns to the ground state with corresponding radiative 

luminescence.  
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Figure 2.5 (a) The emission spectrum of 𝜶-NaYF4:Yb/Er under excitation of 980 nm, 

(b) Upconverting process shown by energy level diagram of Er3+ and Yb3+ 

Reproduced with permission from [70]. Copyright 2008, American Chemical Society. 

Recent developments in nanochemistry have permitted elaborate design of complex 

UCNPs, regarding the control of nanoparticle size[198-199], morphology[178, 200], 

hierarchical structure[76, 93, 201], doping concentration [196, 202] and surface 

modification for a specific application[203-204]. Furthermore, the UC emission of 

lanthanide-doped nanocrystals can be precisely controlled accordingly, in terms of 

emission color and lifetime. For example, Wang et al. reported on a general and 

versatile approach to fine-tune the UC emission in a broad range of color output by 

a single wavelength excitation at 980 nm. In such a dopant system of NaYF4: 

xYb/yEr/zTm, by selecting appropriate dopant combinations and controlling dopant 

concentration, the output color can be tuned from blue to NIR[70]. Not only that, the 

tunable lifetime can be obtained by controlling dopant concentration. Lu et al.[91] 

demonstrated that distinct lifetimes in the blue emission band ranging from 48 ms (4 

mol% Tm) to 668 ms (0.2 mol% Tm) can be generated by tuning the doping 

concentration of Tm in 40 nm NaYF4:20%molYb/xTm under the excitation of 980 

nm. Subsequently, Li et al. [93] designed a tetradomain core/shell/shell/shell 

NaYF4@NaYbF4@NaYF4:xYb3+/Tm3+@NaYF4 nanostructure to manipulate the 

NIR UC luminescence lifetime at 808 nm. Simple control of the dopant concentration 

of Yb3+ ions incorporated in the second shell layer of NaYF4:xYb3+/Tm3+ allows the 

modulation of a lifetime from 1282 to 2157 µs. In addition, multicolor emission and 
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a tunable lifetime can also be achieved by using size- and shape-induced surface 

effects or ligand effects. The ability to tune UC color output and the lifetime of 

UCNPs is particularly important for their applications in multiplexed biological 

imaging and multiplexed assays[63-64, 92, 167, 205-206]. Both multicolor and 

tunable luminescent lifetimes can be exploited to code individual UC nanocrystals so 

that more than 10,000 distinguishable codes can be carried via a combination of color, 

intensity, and lifetime, which liberates the hidden potential of UC luminescence as a 

powerful analytical technique able to cope with the complexity challenges in 

biomedicine. 

Imaging  

Lanthanide-based UCNPs, with their ability to convert low-energy photons into 

higher-energy ones, have emerged as a new generation of promising bioimaging 

nanomaterials because of their photostability, minimized background 

autofluorescence[88], and deeper light penetration by NIR excitation, low toxicity, 

multicolor narrowband emissions, and tunable lifetime[64, 66, 82, 207-208].  

Lim et al.[161] have demonstrated that Y2O3:Yb/Er nanoparticles in the size range of 

50–150 nm into live nematode C. elegans and imaged in the digestive system of the 

worms. Liu et al.[209] utilized three different kinds of UCNPs with multicolor 

emissions (blue, green, and red) for multiplexed lymphangiography of three groups 

of lymph nodes. Yet, the strong absorption and scattering of visible UC luminescence 

in tissues result in extremely limited imaging depth. To perform in vivo deep-tissue 

imaging, the required NIR emission wavelengths can be achieved by incorporating 

Tm3+ ions. The first NIR bioimaging in vivo using the 980–800 nm UC emission of 

Yb, Tm-codoped UCNPs NIR contrast agents was demonstrated by Prasad’s 

group[210]. Subsequently, Li’s group reported on the use of NIR-to-NIR amine-

functionalized LaF3:Yb3+/Tm3+ or NaLuF4:Yb3+/Tm3+ UCNPs for the lymphatic 

bioimaging of a mouse with high signal to noise ratio [211-213]. Although, High 

contrast PL imaging with NIR-NIR UCNPs is strongly dependent on the detected 

fluorescence intensity, which is limited by lower UC quantum yield[214-215].  
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Recently, Li’s group proposed an approach to accomplish multiplexed UC in vivo 

imaging through time-domain discrimination of NIR luminescence at 808 nm coded 

with a multitude of distinct lifetimes[216]. Since lifetime is independent of 

fluorescence intensity, scattering or absorption of tissue and tissue thickness in the 

fluorescence detectable range, UCNPs with tunable lifetime enable high-sensitivity, 

high-contrast biological time-gated imaging. 

Temperature sensing 

UCNPs are popular luminescence nanothermometry, whose emission spectrum could 

be modified by varying temperatures in terms of intensity, band shape, polarization 

and lifetime[94, 96, 98]. The temperature-dependent variations of the luminescence 

spectra were mainly induced by the thermal quenching effect or thermal coupling 

between immediately adjacent energy levels[95, 97]. Among these temperature 

indicators, the fluorescence intensity ratio (FIR) based on thermally coupled energy 

levels and the lifetime method is much more reliable since temperature reading is not 

affected by optoelectronic drifts of excitation source and detectors[110, 163]. 

Nevertheless, real-time temperature sensing through decay time measurements 

requires more sophisticated equipment, when compared to the faster, easier and 

cheaper FIR readout. Therefore, FIR is the method commonly used in practical 

applications[92, 109]. 

FIR method is based on thermally induced population re-distribution among 

thermally coupled energy levels[104-106]. Some activators in UCNPs own a pair of 

energy levels with an energy gap around 200-2000 cm-1, such as Er3+: 2H11/2 and 4S3/2; 

Tm3+:3F2,3 and 3H4; Ho3+:5S2 and 5F4; Nd3+:4F5/2 and 4F3/2 and so on. The two energy 

levels are termed thermally coupled energy levels. The FIR arising from radiation 

transitions of two thermally coupled energy levels is strongly temperature-dependent, 

which can be used for local temperature sensing. With the increase of temperature, 

the number of populations in the upper energy level of thermal coupling increases, 

and the number of the population in the lower energy level decreases. The 

populations between thermally coupled energy levels approximately follow the 

Boltzmann distribution law under steady-state excitations[217-218]: 
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𝑁3
𝑁2
=
𝑔3
𝑔2
exp (−

∆𝐸32
𝑘𝐵𝑇

) (2.28) 

Where 𝑁3, 𝑁2 are the population of thermally coupled upper and lower energy levels, 

respectively. 𝑔3 and 𝑔2 correspond to the energy level degeneracy of the upper and 

lower energy levels. ∆𝐸32  is the energy difference between the upper and lower 

energy levels, and 𝑘𝐵 is the Boltzmann constant.  

Since the luminescence intensity is proportional to the population of particles at the 

corresponding energy level, the FIR of the thermally coupled energy levels 

transitioning to a certain energy level j can be expressed as: 

 

FIR =
𝐼3𝑗
𝐼2𝑗
=
𝜎3𝑗𝜔3𝑗𝑁3𝑗
𝜎2𝑗𝜔2𝑗𝑁2𝑗

=
𝜎3𝑗𝜔3𝑗𝑔3𝑗
𝜎2𝑗𝜔2𝑗𝑔2𝑗

𝑒𝑥𝑝 (−
∆𝐸32
𝑘𝐵𝑇

)

= 𝐴exp (−
∆𝐸32
𝑘𝐵𝑇

) 

(2.29) 

Where 𝐴 =
𝜎3𝑗𝜔3𝑗𝑔3𝑗

𝜎2𝑗𝜔2𝑗𝑔2𝑗
, 𝐼3𝑗 , 𝐼3𝑗  respectively represent the emission cross-sections of 

the radiative transition of the upper and lower energy levels. 𝜔3𝑗 , 𝜔3𝑗  denote the 

angular frequencies of the radiative transitions of the upper and lower energy levels, 

respectively. Therefore, the ratio will increase as temperature increases, which is very 

valuable for temperature evaluation.  

To allow comparison between the sensitivities obtained from different thermally 

coupled levels, the relative sensitivity SR is defined as[219]: 

 𝑆𝑅 =
1

𝐹𝐼𝑅

𝛿𝐹𝐼𝑅

𝛿𝑇
=

∆𝐸

𝑘𝐵𝑇
2
 (2.30) 

It can be found from the above formula that the larger the energy gap ∆𝐸, the higher 

the relative thermal sensitivity, making it more difficult for an electron to populate 

on the upper energy level of the thermal coupling energy level from the lower one; 

and the smaller the energy gap ∆𝐸, the corresponding spectrum are prone to overlap, 

leading to increased measurement errors. For Er3+, the energy difference between 

2H11/2 and 4S3/2 is around 780cm-1, close to the middle value of 200-2000cm-1. The use 

of Er3+ for temperature measurement has high-temperature measurement sensitivity 
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and no overlap of radiation transition spectra; at the same time, it does not lead to 

large measurement errors. Therefore, this thermal coupling energy level is suitable 

for FIR thermometry, and it is also the most used thermal coupling energy level for 

Er3+ doped nanothemometers.
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3 Experimental 

3.1 Upconverting Nanoparticles 

3.1.1 Synthesis 

This thesis involves three kinds of nanoparticles, β-NaYF4:20Yb3+, 2%Er3+ 

nanoparticles (257 nm), SrF2:20%Yb3+, 2%Er3+ nanoparticle (8 nm) and 250 nm 

NaYF4:20%Yb, 2%Er@PNIPAM nanocomposites (230 nm), which are produced by 

three typical synthesis methods, thermal decomposition[175-176], hydrothermal 

[179, 220] and co-precipitation [172, 221] combined with surface modification, 

respectively. It is necessary to clarify that we obtain these materials from our 

collaborators. Next, the specific synthesis process is briefly described below. 

β-NaYF4:20%Yb3+,2%Er3+ nanoparticles 

Chemicals. Yttrium (III) oxide (99.99%), ytterbium (III) oxide (99.99%), erbium (III) 

oxide (99.99%), sodium trifluoroacetate (99.0%), trifluoroacetic acid (99%), 1-

octadecene (90%) and oleic acid (90%) were purchased from Sigma Aldrich. 

Hydrochloric acid (35-38%) was purchased from Stanlab (Poland). Ethanol, acetone 

and chloroform were purchased from POCH (Poland). 

β-NaYF4:20%Yb3+,2%Er3+ nanoparticles were synthesized using thermal 

decomposition reported previously [178], with some modifications. First, 2.60 mmol 

of yttrium (III) oxide, 0.68 of ytterbium (III) oxide and 0.068 of erbium (III) oxide 

were mixed with 10 mL of trifluoroacetic acid (50%) at 100 °C in a three-necked 100 

mL round-bottom flask. Then, the solution was dried on a hot plate at 120 °C. In the 

next step 5.62 mmol of sodium trifluoroacetate, 15 mL of 1-octadecene and 15 mL 

of oleic acid were added to a flask with dried lanthanide precursor. The solution was 

then heated to 100 °C under a vacuum with rigorous stirring and kept at this 

temperature for 1 h. To remove residual amounts of water and oxygen, the flask was 

purged with dry nitrogen at about 5-10 min intervals. Next, the yellow solution was 

heated to 330 °C under a nitrogen atmosphere and maintained at this temperature for 

25 min. Subsequently, the mixture was cooled down to room temperature and then 
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the obtained NaYF4:20%Yb3+,2%Er3+ UCNPs were precipitated by the addition of 

ethanol and collected by centrifugation at 10,000 rpm for 10 min. The nanoparticles 

were dispersed in 5 mL of chloroform. 

To transfer obtained nanoparticles into distilled water, the ligand removal procedure 

was used. First, 0.5 mL of nanoparticles dispersed in chloroform were mixed with 10 

mL of distilled water, whereas the pH of the mixture was changed to 4 using 0.2 M 

hydrochloric acid. After 2 h of rigorous stirring, the solution was extracted with an 

excess of chloroform to remove oleic acid molecules. Finally, ligand-free 

nanoparticles were collected by centrifugation at 10,000 rpm for 10 min and 

redispersed in 5 mL of distilled water. 

SrF2:20%Yb3+, 2%Er3+ nanoparticles 

The SrF2:20%Yb3+, 2%Ho3+ UCNPs were prepared by the hydrothermal method 

developed by Pedroni et al.[182]. In a 50 mL Teflon vessel, stoichiometric quantities 

of SrCl2٠6H2O (Carlo Erba, >99%), YbCl3٠6H2O (Aldrich, 99.99%), HoCl3٠6H2O 

(Aldrich, 99.9%) (Total cations amount of 3.5 x 10-3 mol) were dissolved in 7 mL of 

deionized water. 20 mL of 1 M solution of sodium citrate dihydrate (Fluka, ≥ 99%) 

was added under stirring for a few minutes. A solution of ammonium fluoride (Baker, 

99%) was added to the previous solution. The obtained clear solution was put in a 

Teflon lined autoclave (DAB-2, Berghof) and treated at 190 °C for 6 h. After cooling 

to room temperature, the nanoparticles were precipitated with acetone and washed 

with a solution of water and acetone. The nanoparticles can be easily dispersed in 

D2O for further experiments.  

NaYF4:20%Yb, 2%Er@PNIPAM nanocomposite 

Chemicals. Erbium(III) chloride hexahydrate (99.9%), ytterbium(III) chloride 

hexahydrate (99.9%), yttrium(III) chloride hexahydrate (99.99%), 1-octadecene 

(80%), oleic acid (90%), sodium hydroxide (98%), ammonium fluoride (98%), 

methanol (99.9%),n-hexane (95%), was purchased from Sigma-Aldrich. The 

monomer N-isopropyl-acrylamide, the cross-linker N,N- methylene-bis-acrylamide 

Hexadecyltrimethylammonium chloride (CTAC, ≥99%) was supplied by Fluka and 
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2,2′-Azobis(2-methylpropionamidine) dihydrochloride (V50, 99%) was supplied by 

Acros Organics. 10-methacryloyldecylphosphate (MDP, 99%) was purchased from 

LGC Group. 

1) Synthesis of upconverting nanoparticles. 

The synthesis of monodisperse UCNPs with a composition of NaYF4:20%Yb3+, 

2%Er3+ was performed by using the controlled thermal co-precipitation method [222]. 

Briefly, 15 mL of 1-octadecene (ODE) and 6 mL of oleic acid (OA) were mixed in a 

100 mL round bottom flask with three necks. 233 mg of YCl3·6H2O (0.78 mmol), 78 

mg of YbCl3·6H2O (0.2 mmol), and 7.9 mg of ErCl3·6H2O (0.02 mmol) were added 

to the previous solvent mixture and heated up at 140 °C for 1h under a constant 

magnetic stirring and N2 flow to ensure the complete formation of rare-earth-oleates 

and obtain a transparent solution with a yellowish color. Subsequently, the solution 

was cooled down to room temperature and a solution of 100 mg of NaOH (2.5 mmol) 

and 148 mg of NH4F (4 mmol) in 10 mL of methanol was added dropwise to the rare-

earth-oleate solution, stirring for 30 min at room temperature under N2 flow. The 

temperature was then raised to 110 °C under a constant N2 flow, kept for 15 min at 

this temperature and for another 10 min under vacuum to ensure the complete 

evaporation of methanol and water. The temperature of the resulting solution was 

then raised to 330 °C and kept at this temperature for 1h. After this time, the reaction 

was quickly cooled down to room temperature. The UCNPs were separated by 

centrifugation: the product was split into four centrifuge tubes, followed by the 

addition of 5mL of a 1:1 mixture of H2O: ethanol, and centrifugation at 6434 g for 

10 min. The supernatant was discarded, and the UCNPs were resuspended in 0.5 mL 

of hexane and then reprecipitated with ethanol and centrifuged again at 6434 g for 10 

min. Lastly, the UCNPs were resuspended in 10 mL of CHCl3 at a concentration of 

approximately 12 mg/mL and stored at 8 °C for further experiments. 

2) Surface modification of UCNPs. 

With the aim of using the NaYF4:20%Yb3+, 2%Er3+ UCNPs as cores and Poly(N-

isopropylacrylamide) (PNIPAM) as a shell of the hybrid UCNP@PNIPAM 

nanoparticles, they were functionalized with 10-(methacryloyloxydecyl) phosphonic 
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acid (DMP). To do that, 21 mg of DMP (0.065 mmol) was dissolved in 10 mL of 

CHCl3 and poured into 10 mL of CHCl3 containing the previously synthesized 

UCNPs at a concentration of 12 mg/mL. The mixture was stirred overnight to allow 

the ligand exchange reaction to proceed. After that, the DMP functionalized UCNPs 

nanoparticles were collected by centrifugation at 10,000 g for 10 min and redispersed 

in 10 mL of CHCl3, this centrifugation process was repeated twice to remove excess 

DMP. Lastly, the DMP-modified UCNPs were redispersed in 10 mL of CHCl3 and 

stored at 8 °C for further use. 

3) Synthesis of UCNP@PNIPAM 

In a typical synthesis, 200 μL of the previously synthesized dispersion of DMP-

modified UCNPs in CHCl3 were poured into a small round bottom flask containing 

1 mL of an aqueous solution of cetyltrimethylammonium chloride (CTAC) at a 

concentration of 50 mM. The mixture was sonicated for 5 min until observing the 

formation of a white o/w emulsion. Subsequently, the emulsion was stirred under a 

mild vacuum to remove the CHCl3. The evaporation of CHCl3 results in a completely 

transparent mixture. This procedure yields, as a result, naked water dispersable 

nanoparticles used as a control in the experiments. Furthermore, the now water-

dispersed UCNPs were centrifuged for 1 h at 10,000 g and the supernatant was 

discarded. The precipitate was redispersed and centrifuged again to remove excess 

surfactant. Subsequently, the UCNPs were redispersed in 5 mL of an aqueous 

dispersion of N-isopropylacrylamide (113 mg, 1 mmol) and N,N’ 

methylenebisacrylamide (15 mg, 0.1 mmol). The mixture was heated up to 75 °C 

under N2 atmosphere and once the temperature was reached, the polymerization 

reaction was started by adding 2.7 mg (0.01 mmol) of the initiator (2,2'-Azobis(2-

methylpropionamidine)-dihydrochloride) into the mixture. This reaction was allowed 

to proceed for 1 h, obtaining after this period a turbid dispersion of the hybrid 

microgels. Finally, the reaction was cooled down naturally and the hybrid 

UCNP@PNIPAM nanoparticles were collected by centrifugation at 1,000 g for 30 

min, at 20 °C, and finally redispersed in distilled water at a concentration of 5 mg/mL. 

The sample was stored at 8 °C for further use. In addition, TGA experiments carried 

out on the resulting hybrid nanoparticles indicate an inorganic content of 54% w/w. 
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4) Surface treatment of the microscope slides. 

In this work, the UCNP@PNIPAM nanoparticles were dispersed in water. The ζ-

potential of UCNP@PNIPAM dispersion is +16.9 mV at 20 °C (Figure 6.4, in 

Chapter 6). In order to observe and trap nanocomposites under a microscope 

objective, the particle’s dispersion should be contained in a microchamber and put 

on the sample stage. However, UCNP@PNIPAM nanoparticles tend to adsorb on the 

surface of the glass slide because the negative charge featured by the substrate in 

water[171]. To avoid this, a surface treatment of the microscope slides is required. 

Firstly, the glass slides were immersed in a base bath cleaning solution for 2 h, which 

consists of 50 mL deionized water, 200 mL ethanol, and 15 g of potassium hydroxide. 

After soaking them in the basic solution, the glass slides were rinsed with deionized 

water and immersed in an aqueous solution of 0.2 wt% polyethylenimine overnight. 

Lastly, the slides were rinsed with water and dried for further use. 

3.1.2 Characterization 

TEM morphology 

Transmission electron microscopes (TEM) are microscopes that use a particle beam 

of electrons to visualize specimens and generate a highly-magnified image. The size 

dimensions and morphology of synthesized UCNPs utilized in this thesis were 

characterized by the TEM microscopy technology. 

TEMs employ a high-voltage electron beam to create an image. An electron gun at 

the top of a TEM emits electrons that travel through the microscope’s vacuum tube. 

This beam then passes through the specimen, which is very thin, and the electrons 

either scatter or hit a fluorescent screen at the bottom of the microscope. An image 

of the specimen with its assorted parts shown in different shades according to its 

density appears on the screen (See Figure 3.1). This image can be then studied 

directly within the TEM or photographed. The TEM equipment used in this thesis 

was a FEI Tecnai G2 20 X-TWIN transmission electron microscope. Samples were 

prepared by placing one drop of diluted suspension of nanoparticles in water onto a 
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carbon-coated copper grid, and drying at room temperature. The size distribution of 

nanoparticles was obtained using ImageJ software.  

 

Figure 3.1 Representative TEM images of β-NaYF4:20Yb3+, 2%Er3+ nanoparticles 

(257 nm) at different magnifications. The white scale bars represent 500 nm. 

Dynamic light scattering and Zeta potential 

Zeta potential and hydrodynamic diameter are two important properties of 

nanoparticle dispersions. These two measurements were performed on Zetasizer 

Ultra Instrument (Malvern Panalytical, Ltd) equipped with a 10 mW He-Ne laser at 

632.8 nm. 

When nanoparticles are dispersed in an aqueous solution, surface ionization and the 

adsorption of cations or anions will happen resulting in the generation of the surface 

charge and electric potential. For example, when the ligand-free lanthanide-doped 

UCNPs are dispersed in water, their surface is generally covered by hydroxyl groups 

and carries positive charges: 

 Ln + H2O → Ln − OH + H+ (3.1) 

Due to the adsorption of ions and solvent molecules, the hydrodynamic diameter 

measured by the dynamic light scattering (DLS) technique is usually bigger than the 

size obtained by TEM. Thus, the hydrodynamic diameter of UCNPs is regarded as 

an effective size to calculate the viscosity force acting on a UCNP.  
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Figure 3.2 Explaining zeta potential theory. 

When a positively charged particle is suspended in a liquid, ions carrying opposite 

charges will be attracted to the surface of the suspended particle (in Figure 3.2). Ions 

close to the surface of the particle are strongly bound. Ions that are further away will 

be loosely bound, forming what is called a diffuse layer. Within the diffuse layer is a 

notional boundary called a slipping plane. Ions within this boundary will move with 

the particle as it moves within the liquid. Any ions outside this boundary will be left 

behind. An electric potential exists between the particle surface and the dispersing 

liquid. This varies with distance from the particle surface. This potential at the 

slipping plane is called the Zeta potential. The magnitude of the zeta potential of 

particles in a colloidal system indicates system stability. Particles with a large zeta 

potential (positive or negative) repel each other, which makes agglomeration less 

likely and the system more stable. Zeta potential is measured using a combination of 

Electrophoresis and Laser Doppler Velocimetry. 

1) Size optical configuration 

A typical DLS system comprises six main components (in Figure 3.3). First of all, a 

632.8 nm laser  is used to provide a light source to illuminate the sample particles 

within a cell . Most of the laser beam passes straight through the sample, but some 

are scattered by the particles within the sample. Detectors  are used to measure the 

intensity of the scattered light at an angle of 173° (backscatter). The intensity of the 
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scattered light must be within a specific range for the detector to successfully measure 

it. An attenuator  assembled right after the laser automatically adjusts to reduce the 

laser intensity according to the feedback of the detector. The scattering intensity 

signal for the detector is passed to a digital signal processing board called a correlator 

. The correlator compares the scattering intensity at successive time intervals to 

derive the rate at which the intensity is varying. This correlator information is then 

passed to a computer , where the Zetasizer XPLORER software will analyze the 

data and derive size information. 

 

Figure 3.3 DLS optical configuration 

When a laser illuminates particles in a solution, the scattered light beams will 

interfere with each other to produce a so-called speckle pattern with a bright and dark 

area. Because these particles undergo Brownian motion, the intensity of the light and 

dark areas will change or fluctuate over time. A digital correlator  measures the 

degree of similarity between an intensity signal at two different points in time. The 

obtained representative correlograms are shown in Figure 3.4. In a short time, the 

particles haven't moved much. The measured intensity signal is similar to the 

intensity at the beginning of the measurement. Thus, the correlation coefficient will 

be close to 1. When more time has passed, the particles have moved further from 

their original positions. So, the measured light intensity has changed more and is less 

similar to the original signal. After enough time has passed, the correlation coefficient 

will reach 0 when it no longer bears any resemblance to the original signal. If large 

particles are being measured, their intensity changes slowly due to their slower speed. 

If small particles are being measured, their intensity fluctuates quickly due to their 
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higher speed. Therefore, by analyzing these correlograms, corresponding 

hydrodynamic size information, such as size distribution, polydispersity index (PDI) 

and Z-average can be obtained. The Z-average value, which is intensity weighted, 

was taken as the hydrodynamic diameter reported in this thesis. In addition, the shape 

of the correlograms is important since it implies the data quality of DLS 

measurements. As one can see in Figure 3.4, the correlograms and the derived size 

distribution at representative temperatures were presented. All the representative 

correlograms have a good y-intercept value (0.85-1, high signal-to-noise ratio) and a 

nice shape resembling an exponential decay where they rapidly decrease to zero in a 

single "jump". This sample at different temperatures has a single population that is 

nearly monodispersed as indicated by the PDI shown in Table 3.1, which is well 

below 0.1. It is worth noting that all the data from DLS measurements show good 

quality, with monomodal and narrow size distribution, PDI varying from 0-0.3. 
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Figure 3.4 The correlograms of UCNP@PNIPAM dispersion (on the top) and the 

derived intensity weighted size distribution (on the bottom) at representative 

temperatures. 

Table 3.1 The Z-average and polydispersity index (PDI) of UCNP@PNIPAM 

dispersed in water obtained at the selected temperatures. 

Temperature 

(°C) 
22 28 32 36 44 48 

Z-average (nm) 373.3 349.9 326 271 242.5 250.5 

Polydispersity 

index 
0.063 0.056 0.089 0.085 0.009 0.063 

 

2) Zeta potential optical configuration 

In common with a size measurement, a zeta potential measurement comprises six 

main components (Figure 3.5). First of all, a laser  provides a light source to 

illuminate the particles within the sample; for zeta potential measurements this is split 

to provide an Incident (A) and Reference beam (B). The laser beam passes through 

the center of the sample cell [3], and the scattering beam (C) at an angle of 17° is 
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detected. When an electric field is applied to the cell, any particles moving through 

the measurement volume will cause the intensity of light detected to fluctuate with a 

frequency proportional to the particle speed. A detector  sends this information to 

a digital signal processor . This information is then passed to a computer , where 

the ZS XPLORER produces a frequency spectrum from which the electrophoretic 

mobility and hence the zeta potential is calculated. The intensity of the scattered light 

must be within a specific range for the detector to successfully measure it. An 

attenuator  is installed to autonomously adjust the intensity of the incident laser. 

To correct for any differences in the cell wall thickness and dispersant refraction, 

compensation optics  are installed within the scattering beam path to maintain the 

alignment of the scattering beams.  

Some representative ζ-potential distributions at selected temperatures are presented 

in Figure 3.6. All the obtained data show good quality. Note that ζ -potential 

measurements and DLS measurements were performed in the same DTS1070 cell 

and over the same period. Given that the nanoparticles have good monodispersity 

without agglomeration or larger clusters as the DLS measurements suggest, the 

results for the zeta potential are more reliable and valid. 

 

Figure 3.5 Zeta potential optical configuration. 
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Figure 3.6 휁-potential distribution of β-NaYF4:20Yb3+, 2%Er3+ nanoparticles (257 

nm) at seleted temperature. 

Absorption spectroscopy 

The absorption spectra involved in this thesis were measured by a UV/Vis/NIR 

Perkin Elmer Lambda 1050 spectrophotometer with a measurable range from 175 to 

3300nm. This spectrophotometer is equipped with two light sources (xenon lamp and 

tungsten lamp), which are automatically switched at 319 nm, and 3 high sensitivity 

detector systems (a photomultiplier tube for the ultraviolet and visible regions and an 

InGaAs detector and a cooled PbS detector for the NIR region).  

When a monochromatic light beam traverses the sample with an incident intensity of 

𝐼0 and a transmitted intensity of 𝐼𝑡, the absorbance A can be given by: 

 𝐴 = lg
𝐼0
𝐼𝑡

 (3.2) 

The absorbance plotted as a function of the wavelength of the incident light is the 

absorption spectrum, this curve can be used to calculate the molar absorption 

coefficient by the Beer-Lamber law: 

 𝐴 = 𝜖(𝜆)𝑐𝑙 (3.3) 
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where 휀 is molar absorption coefficient at wavelength 𝜆, 𝑐 is molar concentration, 𝑙 

is the optical path length. 

The Beer-Lambert law can be expressed in terms of absorption coefficient (𝛼) but in 

this case is better called Lambert's law since amount concentration, from Beer's law, 

is hidden inside the absorption coefficient,  

 𝐴 ∗ 𝑙𝑛10 = 𝛼𝑙 (3.4) 

For thin films, pure liquids or crystals, we can directly calculate the corresponding 

absorption coefficient (in Figure 3.7 ). For the nanoparticles’ dispersion, whose 

absorption is strongly concentration-dependent, the molar absorption coefficient 

needs to be calculated. 

 

Figure 3.7 The absorption spectrum of heavy water at room temperature obtained by 

Lambert's law.  

Photoluminescence 

Photoluminescence characterization of UCNPs is usually performed in solvent 

conditions, like water in a flow-microchamber made from plastic. An excitation laser 

beam (980 nm) was focused into the microchamber by an objective (Nikon plan 10x, 

0.25), being absorbed by UCNPs, to detect the luminescence intensity at different 

wavelengths with a spectrometer analyzer (a Si charge-coupled device camera 

(Horiba, Synapse) combined a monochromator (Horiba, iH320)), which was 

implemented on a self-built optical platform of a confocal microscope (in Figure 3.8). 
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The laser power before and after passing through the objective was checked, as one 

can see in Figure 3.9. Generally, if there is no clear statement, the power mentioned 

in the text refers to the power on the target. 

 

Figure 3.8 The configuration of the confocal microscope 

 

Figure 3.9 laser power was checked before and after passing through the objective 

Under the excitation of 980 nm, the colloidal NaYF4:20%Yb3+, 2%Er3+ nanoparticles 

(30 nm) displayed PL around 525/545 and 660 nm, attributed to radiative transitions 

to the 4I15/2 ground state from the 2H11/2/ 4S3/2 and 4F9/2 excited states, respectively 

(Figure 3.10a). As one can see in the energy levels diagram of Yb3+ – Er3+, Yb3+ is 
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first excited from 2F5/2  to 2F7/2 by absorbing a pump photon, then its energy is 

transferred to Er3+, exciting Er3+ from 4I15/2 to 4I13/2 while itself relaxes back to ground 

state. Similar energy transfer processes can simultaneously happen to excite Er3+ 

from 4I11/2 to 4F7/2 or 4I13/2 to 4F9/2, realizing the population of activator Er3+ on an upper 

energy level. After a series of radiation-free relaxation, Er3+ finally returns to the 

ground state and emits corresponding upconversion (UC) luminescence. As one of 

the UC mechanism, the ground state absorption (GSA) and excited-state absorption 

(ESA) of the Er3+ ion also contributes. But the efficiency is two orders lower than 

ETU because of the low absorption cross-section of Er3+ ions at 980 nm. 

 

Figure 3.10 (a) Upconversion emission spectrum of NaYF4:20%Yb3+, 2%Er3+ (30 

nm) aqueous dispersion under excitation of 980 nm laser at 16 mW. (b) 

Corresponding upconversion processes of Yb3+ – Er3+ through successive energy 

transfer. ETU refers to energy transfer, GSA and ESA refer to ground state absorption 
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and excited state absorption, respectively. (c) Laser power dependence of UC 

luminescence under 980 nm excitation. (d) Laser density dependence of green 

(530/550 nm) and red (660 nm) emission bands under 980 nm excitation 

The UC emission intensity generally has a nonlinear dependence on the excitation 

light density[195, 223]: 

 𝐼𝑈𝑃 = 𝐾𝐼𝐸𝑋
𝑛  (3.5) 

where 𝐼𝑈𝑃 is the UC emission intensity 𝐼𝐸𝑋 is the power of the excitation laser, 𝐾 is 

the material-related coefficient and n is the number of the excitation photons required 

to produce the UC. 

In Figure 3.10c, the power dependence of UC emission spectra of the colloidal 

NaYF4:20%Yb3+, 2%Er3+ nanoparticles was characterized. The emitting bands 

located at 530, 550 and 660 nm exhibit a power density dependence, featuring a slope 

factor of 1.4, 1.4, and 1.7 (Figure 3.10d). These three emissions can be interpreted as 

a two-photon UC process.  

The temperature-dependent UC luminescence of SrF2:20%Yb3+, 2%Er3+ 

nanoparticles (8 nm) dispersed in heavy water was also studied. The emission 

spectrum exhibits three distinct emission bands in the range of 500-800 nm (Figure 

3.11a). The yellow-green emission in the region 530-570 nm is attributed to the 

transition from the thermalized 5F4 (5S2) states to the 5I8 ground state. The red bands 

with two peaks at around 650 nm and 750 nm can be assigned to 5F5→5I8 and 5F4 

(5S2)→5I7 transition, respectively. As illustrated in the energy levels diagram of Ho3+ 

– Yb3+ (in Figure 3.11b), Yb3+ is first populated 2F5/2 from 2F7/2 by absorbing a pump 

photon, then its energy is transferred to Ho3+, exciting Ho3+ from 5I8 to 5I6, while itself 

relaxes back to ground state. Similar energy transfer processes can simultaneously 

occur to excite Ho3+ from 5I7 to 5F5 or 5I6 to 2F4, promoting the population of activator 

Ho3+ on an upper energy level. After a series of radiation-free relaxation, Er3+ finally 

returns to the ground state emitting corresponding UP luminescence. When the 

temperature is increased, the overall emission intensity decreases. It is worth noting 

that the intensity ratio of the two emission bands at 545 nm and 650 nm changes 

linearly with the temperature, which can be attributed to the population redistribution 
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between a pair of thermal coupled energy 5F5 and 2F4, 5S2. It implies that 

SrF2:20%Yb3+, 2%Er3+ nanoparticles have promising potential as nanothermometers 

based on fluorescence intensity ratio (FIR). 

 

Figure 3.11. (a) Upconverting processes of Yb3+ – Ho3+ through successive energy 

transfer and (b) room temperature emission spectrum of SrF2:Ho,Yb UCNPs at the 

excitation of 980 nm laser. (c) Upconversion emission spectra of SrF2:Ho,Yb UCNPs 

at 10 and 70 °C, under the excitation of 980 nm laser. (d) the intensity ratio of the 

two emission bands centered at 545 and 650 nm as a function of temperature. 
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3.2 Single-particle trapping experiment 

3.2.1 Trapping setup 

OT experiments were performed using the simple single-beam OT setup (Figure 

3.12). In order to minimize the possibility of multi-particle trapping, the particle 

concentration in the aqueous solution was set to be as low as 3·106 UCNP/mL 

corresponding to an interparticle average distance of ~70 µm. Before the trapping 

experiment, the suspension was sonicated for 30 minutes. The sample is sealed in the 

120 µm height microchamber, which is formed by pasting a secure Secure sealSeal® 

spacers on a microscope slide and putting it on coverglass. Then microscope slide 

was attached to a heating plate (model T95-PE, Linkam Scientific Instruments Ltd) 

mounted on a motorized sample stage for single-particle measurement. 

 

Figure 3.12. (a) Schematic diagram of optical trapping setup. (b) Luminescence 

image of the single trapped particle. (c) Time courses of particle loading into the trap 



Chapter 3-Experimental 

57 

at a high laser power, each intensity step denotes the sequential incorporation of a 

single UCNP into the trap (d) Schematic drawings of the drag method used to 

measure the optical force. (e) Time evolution of the upconversion luminescence at 

the trap position. (f) An example of a trapped particle escaping from the trap with the 

drag method. 

Using a high-numerical-aperture (Olympus, LCPLN 100x IR, 0.85 NA) microscope 

objective, a linearly polarized Gaussian beam at a wavelength of 980 nm, generated 

by a single-mode fiber-coupled diode, was focused into the microchamber containing 

the dilute aqueous dispersion. A potential well generated by the focused laser beam 

would attract the surrounding particles. When a single UCNP gets trapped, laser 

radiation is partially absorbed by UCNPs, ultimately leading to UC luminescence. 

The emitted light is collected by the same objective that is used for excitation, and 

visualized by a charge-coupled device camera (CCD, QIClick-F-M-12, monochrome, 

12-bit), this camera is sensitive to visible light from 350 nm to 800 nm. The laser 

power was checked before and after passing through the objective (Figure 3.13), and 

the laser power after passing through the objective was used to characterize the on-

target laser power. Without specifying, the laser power mentioned in this thesis refers 

to the on-target laser power. 

A condenser (Nikon plan 10x/0.25 NA) illuminates the sample from the bottom, its 

bright-field image through the objective is registered. Although the nanoparticles 

used in this thesis can not be resolved due to the small size, the bright field image can 

ensure that there are no bigger clusters or UCNPs’ aggregation at the trap position, 

in favor of single nanoparticle trapping. In addition, the UC luminescence was also 

collected by the condenser, the luminescence is analyzed by Ocean Insight 

Spectrometer. 

Light scattering by an optically trapped sample is sensitive to its position in trap focus. 

The scattering light is collected by the condenser, and the beam deflections can be 

tracked with a quadrant photodiode (QPD, purchased on Thorlabs). After calibration, 

the sample displacement with nanometer accuracy in 3D can be obtained. Many 

methods for calibrating trap constant are based on the signal obtained by QPD, such 
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as the equipartition method, and power spectrum density. In this thesis, we don’t use 

this method to calibrate the trap constant. 

 

Figure 3.13 Laser power of 980 nm before and after objective 

Hereafter, β-NaYF4:20%Yb3+,2%Er3+ UCNPs (257 nm) are selected as a 

representative to illustrate a single trapping experiment. When a single UCNP is 

incorporated into the trap, a clear rise in the emission intensity is observed (in Figure 

3.12e), which remains constant for more than 2 min, evidencing no interference of a 

second UCNP. The emission intensity was obtained by processing the image or 

recorded by a CCD camera (Figure 3.12b). In addition, it must be mentioned that the 

UNCPs loading rate at the trap position not only depends on the concentration of 

UCNPs in solvent but also depends on the laser power employed[17]. Since an 

increase in trapping power results in a deeper optical potential well. This, in turn, 

raises the trapping probability and reduces the time interval between two consecutive 

trapping events. The time evolution of the luminescence at the trap position was 

obtained with a 180 mW laser power (in Figure 3.12c), in which the sequential steps 

denote the incorporation of a UCNP into the optical trap.  

Limited by the diffraction limit, we cannot resolve how many particles are in the trap. 

However, the time evolution of upconverting luminescence generated by the 

sequential incorporation of UCNP can determine the range of fluorescence 

fluctuations for individual particles (Figure 3.12c). The prerequisites are that the 
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nanoparticles in the dispersion are uniformly dispersed without agglomeration, and 

there is no interaction among UCNPs at a long distance, which can be achieved by 

reducing the concentration to 5·106 UCNP/mL and ultrasonicating the dispersion for 

30 minutes before the experiment. Thus, we can determine a single particle is trapped. 

As suggested in Figure 3.12c, the luminescence counts of a single particle are around 

21000±6000 under excitation of 980 nm at 72 mW. The luminescence intensity 

(24000) in Figure 3.12e just falls in this range, which means that only a single particle 

gets trapped. 

3.2.2 Single-particle stability  

At such low concentrations, the dissolution of NaYF4 UCNPs could happen, as 

reported in previous works[224-225]. The possible dissolution of our UCNPs has 

been checked by evaluating the time evolution of the luminescence intensity 

generated by a single UCNP under continuous optical excitation in the same 

experimental conditions (laser intensity, particle concentration) as those used for 

optical trapping experiments. We have analyzed the time evolution of the 

upconverting intensity emitted by a single β-NaYF4:Er,Yb nanoparticle (257 nm) in 

an aqueous solution at the same concentration as that used for trapping experiments. 

The irradiation conditions were also set to be identical to those used during trapping 

experiments: 980 nm laser radiation with a laser power of 72 mW. The irradiation 

was kept for 5 hours. Figure 3.14 shows the obtained results. As can be observed, 

the emitted UC intensity was stable even when the chamber temperature was set to 

70 °C. We did not find any sign of deterioration. Therefore, in our experimental 

conditions, we can rule out nanoparticle dissolution. Not only that, the experimental 

data include in Figure 3.14 also reveals that the laser power intensities used in this 

work did not cause any significant damage to our UCNPs. 
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Figure 3.14. Time evolution of the emitted upconversion intensity generated by a 

single NaYF4:Er,Yb nanoparticle under optical excitation with a 980 nm laser beam 

(72 mW). Data obtained at 20 and 70 °C are included.  

3.2.3 Upconversion luminescence in the trap 

From the conversion mechanism, the NIR UC of Er3+ arises from two-photon 

processes that populate 2H11/2/ 4S3/2 or 4F9/2 energy levels, respectively. However, it is 

worth noting that 𝑛 values can be affected by the competition process between “the 

decay rate” and “the excitation rate” at the intermediate states, resulting in smaller 𝑛 

values at high excitation density. This phenomenon is termed the “saturation effect”, 

which needs attention when determining the photon processes of UC luminescence 

peaks. Indeed, due to the high excitation power density used in optical trapping, the 

power dependence of upconverting luminescence becomes linear[226], as shown in 

Figure 3.15a. Here, one drop of dilute dispersion of NaYF4:Yb3+, Er3+ UCNPs (30 

nm) was added and dried on the center of microslides. The slide was placed on the 

sample stage of the trapping setup. When a focused laser beam illuminates on UCNPs, 

the produced upconverting luminescence can be visualized by a CCD camera. By 

processing the fluorescence image in the dark field, the graph of emission intensity 

versus excitation power density was plotted, as one can see in Figure 3.15a. The 

emission intensity is the sum of three characteristic emission bands from 400 nm to 
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800 nm, corresponding to 2H9/2 → 4I15/2, 2H11/2→(4I15/2, 4S3/2), 4F9/2→4I15/2 transition 

of Er3+ ions.  

 

Figure 3.15. (a) Laser density dependence of upconversion emission intensity in 

traping conditions under 980 nm excitation. NaYF4:20%Yb3+, 2%Er3+ nanoparticles 

(30 nm) was dried on the slide. The emission intensity is calibrated by a CCD camera. 

(b) Emission spectra of a single UCP as obtained for different medium temperatures. 

(c) Temperature dependence of intensity ratio between emission at 530 (𝐼1)and 545 

(𝐼2) nm (red), solid line is the boltzmann distribution fitting curve (d) The derived 

relative thermal sensitivity is also included (green).  

The temperature dependence of UC luminescence at a single UCNP level was also 

studied. First, the dilute dispersion of NaYF4:Yb3+, Er3+ UCNPs (257 nm) was dried 

on microslides. Then, it was attached to a heating plate mounted on the sample stage 



Universidad Autónoma de Madrid 

62 

for controlling the temperature from 15 to 70 °C with the thermal stability of 0.1 °C. 

In Figure 3.15b, temperature-dependent luminescence spectra of a single 

NaYF4:20%Yb3+, 2%Er3+ nanoparticle at different temperatures were collected. As 

it can be observed that the ratio between the emitted intensities at 530 (𝐼1) and 545 

(𝐼2 ) nm is strongly temperature dependent. The relationship between 𝐼1/𝐼2  and 

temperature can be fitted to be: 
𝐼1

𝐼2
= 2.5exp (−

1590

𝑇
). According to the fitting result, 

the energy gap ∆𝐸 of the NaYF4:Yb3+, Er3+ UCNPS is calculated to be 1104 cm-1, 

which is larger than the 780 cm-1 of the Er3+:YAB crystal. A similar result has been 

reported for optical trapping of a single NaYF4:Yb3+, Er3+ microparticle[137]. 

Furthermore, the relative thermal sensitivity (Sr) is calculated to be about 1.8% K-1 

at 298K (Figure 3.15) and larger than those of that when NaYF4:Yb3+, Er3+ 

nanoparticle dispersion was calibrated. Therefore, the optical trapping of single 

UCNPs shows promising application prospects in nanothermometry.  

3.2.4 Optical force calibration 

The strength of the optical trap can be characterized by the trap constant (K). The 

hydrodynamic drag method was often used to determine the magnitude of the trap 

constant, where forces are calibrated against viscous drag exerted by fluid flow. This 

method was found to be straightforward and easier to carry out, since the presence or 

absence of particles in the trap was directly related to luminescence at the trap 

position. Moreover, the experimental errors associated with this method are 

reasonable in comparison with other methods applied for dielectric particles of 

similar size (in Table 3.2).  
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Table 3.2 Accuracy of different measurements of trap stiffness value obtained by 

using different methods. PSD: power spectrum density. 

Method Particle size (µm) Error (%) Reference 

Drag method 

0.257 18 

This thesis 0.008 14 

0.236-0.369 21 

Drag method 0.008-0.200 11 [139] 

Drag method 1-20 17 [26] 

Drag method 4.5-15 2 [227] 

PSD 0.010-0.030 45 [55] 

PSD 10 55 [228] 

PSD 38 11 [229] 

PSD 137 41 [230] 

PSD 1 5 [231] 

PSD 22 1 [232] 

 

The experimental set-up used in this work allowed us to induce a relative velocity 

between the optically trapped UCNP and the surrounding medium by translating the 

motorized sample stage. Once a relative velocity 𝑣  is induced, a drag force 

appears[233]: 𝐹𝑑𝑟𝑎𝑔 = 6𝜋휂𝑟𝑁𝑃𝑣 , where 𝑟𝑁𝑃  is the hydrodynamic radius of the 

trapped object and 휂 the dynamic viscosity of the medium. As one can observe in 

Figure 3.12d, this drag force displaces a trapped particle away from its equilibrium 

position by a distance 𝑟𝑒𝑞. To balance the drag force, an optical force with a restoring 

nature appears, which can be approximated to be linearly dependent on 𝑟𝑒𝑞 for small 

displacements 𝐹𝑂𝑃 = 𝐾𝑡𝑟𝑒𝑞 (in Figure 3.12d), where the trap constant (𝐾𝑡) refers to 

transverse trap constant. When the drag force overcomes the maximum optical force 

(𝐹𝑂𝑃
𝑚𝑎𝑥 = 𝐾𝑡𝑟𝑡, being 𝑟𝑡 the trap radius, which is usually characterized by the spot 

radius w0 (w0 ≈
0.6𝜆

𝑁𝐴
) of laser beam with wavelength λ), the UCNP escapes from the 

trap. This occur when the relative velocity reaches the critical velocity, 𝑣𝑐, given by: 

𝐹𝑂𝑃
𝑚𝑎𝑥 = 6𝜋휂𝑟𝑁𝑃𝑣𝑐 = 𝜅𝑟𝑡 . The escape of the UCNP from the trap was monitored 

through its luminescence. When luminescence intensity goes to zero indicates that 
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the UCNP has escaped from the trap and allows for the experimental determination 

of 𝑣𝑐 (Figure 3.12f), Thus, the controlled relative translation of the microchamber 

with respect to the optical trap allows us to obtain a direct estimation of the optical 

trap force.  

Stokes' law  

As we know, Stokes' law is used to determine the drag force exerted on trapped 

objects with very small Reynolds numbers in a viscous fluid[233]. It holds based on 

two assumptions: Laminar flow and spherical particles. For nonsphere nanoparticles 

that were moving close to the bottom surface of the microchamber when calibrating 

the optical force with the drag method (like in our case), in principle, the corrections 

for the nonsphere shape of nanoparticle and the particle-to-surface interaction in 

Stokes' law are required[147]. However, given the research focus on the qualitative 

study of the interaction between water and nanoparticles at different temperatures, 

the disk-shaped nanoparticles are approximated as a sphere with the same volume 

and no further correction was performed. In addition, from the calculated Reynolds 

number, there is only laminar flow without turbulence in the motion of the trapped 

UCNPs relative to the medium. 

All the fluid velocities required to measure the trapping constant are below 0.3 mm/s 

in this thesis. To analyze the flow regime in our experimental conditions we have 

calculated the Reynold number (𝑅𝑒) that is given by[234]: 

 𝑅𝑒 =
𝜌𝑣𝐷ℎ
휂

 (3.6) 

where ρ is the density of the fluid, 𝑣 is the flow velocity and 휂 is the dynamic viscosity 

of the fluid. 𝐷ℎ  represents the hydraulic diameter of the microchamber. For no 

circular shapes, the hydraulic diameter is defined as, 𝐷ℎ = 4 ∗ 𝐴/𝑃, where A is the 

cross-sectional area, and P is the wetted perimeter. For the microchambers used in 

this work we have 𝐷ℎ = 2.3·10-4 m. We obtained that for the maximum fluid velocity 

reached in this work the Reynold number is always below 1. This low Reynolds 

number corresponds to a laminar flow, without turbulence[235]. 
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Escape trajectories 

 

Figure 3.16. The curved zero-force surface in the axial direction and two extreme 

escape trajectories. 

Using drag method to calibrate the trap constant, we expect that the particles will 

escape horizontally following a straight line in the direction of the applied force. 

However, the vertical component of the optical force is no longer zero when the 

particle was displaced horizontally from the equilibrium[236]. The axial component 

of the optical force has a curved zero-force surface due to the change in relative back-

scattering of light (in Figure 3.16) If the particle has sufficient time to move to the 

new axial equilibrium position, the particle will follow the zero-force surface in its 

escape. If the particle is moved at an extreme speed, the escape path will be a straight 

horizontal trajectory. Between these limits, the particle will escape on a trajectory 

located between these extremes. Thus, the acceleration of the trapped particle relative 

to the medium is a key factor determining the trajectory. As the acceleration increases, 

the escape trajectory gradually approaches the horizontal straight line from the zero-

force surface (in Figure 3.17). The variation of escape trajectories can result in the 

fluctuation of escape force up to 30% or more[236].  

In our work, the same acceleration (acceleration is around 0.15 mm/s2) of the 

motorized stage was applied for all-optical force calibration, which means the 

nanoparticles almost follow the same trajectory escaping from the trap. Although the 

particle follows a curved trajectory instead of a horizontal line and the failure of linear 

dependence of optical force on 𝑟𝑒𝑞 , the optical force at the same position was 
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calibrated, which makes the qualitative research possible, such as temperature effect 

on trapping stability and surface modification on the optical force. 

 

Figure 3.17. Reproduced with permission from [236]. Copyright 2015, Optical 

Society of America. The escape trajectories of a 4.5μm diameter polystyrene sphere 

as it escapes from a 5mW trap in the water. Escape trajectories are shown for different 

stage accelerations. 

3.2.5 Heating effect in the trap 

It has been reported that the laser-induced thermal loading in optical trap volume can 

reach a rate of 99 ⁰C/W due to the higher absorption coefficient of water at 

980nm[237-238]. Such heating rates were, indeed, in very good agreement with the 

numerical models developed by Mao who studied the temperature increment 

corresponding to an optical trap located in the middle of the chamber[239]. Thus, the 

maximum laser intensity (114mW) applied in this thesis would lead to a local 

temperature increment of 11.2 °C, which cannot be ignored. However, considering 

our experimental conditions the UCNPs were trapped close to the bottom chamber 

wall (5µm), and the temperature increase in trap volume is well below 3.63 ⁰C. Next, 

we take the optical trapping of β-NaYF4:Yb3+, Er3+ UCNPs (257 nm) in water with 
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laser power of 72 mW as an example to calculate the corresponding temperature 

increase in the trap volume. 

The laser-induced heating effect consists of two possible contributions, medium 

absorption and/or particle non-radiative transitions. In our experimental conditions, 

the laser-induced heating effect by water absorption can be predicted using the model 

developed by Peterman and co-workers[240] who described the temperature 

increment in an optical trap as a function of the distance between laser focus and the 

chamber wall. They concluded that the temperature increment caused by medium 

absorption when trapping is produced at a distance 𝑑 from the chamber wall is given 

by: 

 𝛿𝑇𝑡 =
𝛼𝑚
2𝜋𝑘𝑚

⋅ [ln (2𝜋
𝑑

𝜆𝑡
) − 1] ⋅ 𝑃𝑡 (3.7) 

where 𝛼𝑚 = 0.48 cm-1 is the medium (water) absorption coefficient at the trapping 

laser wavelength, 𝑘𝑚 = 0.6 W/(m*K) is the thermal conductivity of the surrounding 

medium (water), 𝜆𝑡 = 980 nm is the trapping laser wavelength, 𝑃𝑡 = 72 mW is the 

trapping laser power and 𝑑 is the distance between the trap and the chamber wall. 

Figure 3.18 shows the trap temperature increment (with respect to the temperature 

of the chamber wall) as a function of the distance between the trap and the chamber 

wall. As can be observed, the trap temperature increment is strongly dependent on its 

distance to the chamber wall: it decreases rapidly in the vicinity of the chamber wall. 

This agrees well with the conclusions provided by Catalá and co-workers[241]. 

Equation (3.7) predicts a temperature increment in our experimental conditions of 

2 °C. We should also note that these calculations provide an overestimation of the 

temperature increment as they are for static conditions, i.e. in absence of any fluid 

flow around the trap. But, in our case, the force measurements have been performed 

by the drag method, so they were obtained in presence of a fluid flow. According to 

previous works, the presence of a fluid flow leads to a strong reduction in the local 

heating of optical traps[242]. This means that the difference between the actual 

temperature of the trap and the temperature of the bottom chamber wall (the one 

controlled by the heating stage) caused by the absorption of the trapping laser by 

water is well below 2 °C.  
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Figure 3.18. Trap temperature increment (with respect to the temperature of the 

chamber wall) as a function of the distance between the optical trap and chamber wall 

and caused by the absorption of laser trap energy by water. Calculations were 

performed according to the formalism developed by E. J. G. Peterman and co-

workers. 

Water absorption is not the only mechanism that could cause a local temperature 

increment in the trap. The absorption of laser trapping radiation by the trapped 

particle itself constitutes an additional contribution. β-NaYF4:Yb3+, Er3+ UCNPs (257 

nm) nanoparticles absorb 980 nm laser radiation. Thus, due to the non-radiative 

decays taking place after absorption, particles can heat themselves. The nanoparticle's 

self-heating rate depends, mainly, on the fraction of the trapping laser power that is 

absorbed by the particle and on its size. Indeed, the temperature increase of an 

optically trapped nanoparticle due to its absorption of trapping laser beam is given 

by[243]: 

 𝛿𝑇𝑁𝑃 =
𝑄𝑁𝑃

4𝜋𝑘𝑚𝑅𝑒𝑓𝑓
 (3.8) 

where 𝑄𝑁𝑃 is the power absorbed by the nanoparticle, 𝑘𝑚 is the thermal conductivity 

of the surrounding medium (0.6 W·m-1·K-1), and 𝑅𝑒𝑓𝑓is the effective radius of the 

nanoparticle. The absorbed power can be estimated knowing the incident laser power 

into the nanoparticle (𝑃𝑁𝑃), the effective radius of our nanoparticles (𝑅𝑒𝑓𝑓 =120 nm) 

and the absorption coefficient of the NaYF4:Er,Yb system (𝛼𝑎𝑏𝑠): 
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 𝑄𝑁𝑃 = 𝑃𝑁𝑃(1 − 𝑒𝑥𝑝[−2𝛼𝑎𝑏𝑠𝑅𝑒𝑓𝑓]) (3.9) 

To estimate the incident laser power into the nanoparticle we must recall that the 

nanoparticle is much smaller than the laser spot so only a small fraction of the 

trapping laser power excites the nanoparticle. The power density of the trapping laser 

beam at the focus is given by 𝐼𝑙 = 𝑃𝑙 𝜋𝑟𝑡
2⁄ = 4.6·1010 W·m-2, where 𝑃𝑙 = 72 mW is 

the on-target laser power used in our experiments and 𝑟𝑡 = 700 nm is the laser spot 

radius (trap radius). The trapping laser power incident into the nanoparticle can be 

now calculated to be 𝑃𝑁𝑃 = 𝐼𝑙𝜋𝑅𝑒𝑓𝑓= 1.9·10-3 W where 𝑅𝑒𝑓𝑓 = 120 nm is, again, the 

effective radius of the nanoparticle. The absorption coefficient of our nanoparticles 

at 980 nm has been estimated to be 𝛼𝑎𝑏𝑠= 400 m-1. For that estimation, we have 

considered the concentration of Yb3+ ions, responsible for the 980 nm absorption, in 

our nanoparticles (𝑁𝑌𝑏 = 4·1020 cm-3) and the absorption cross section of Yb3+ ions 

at 980 nm ( 𝜎𝑎𝑏𝑠 = 0.8·1020 cm2)[244], and the relation between absorption 

coefficient and absorption cross-sections: 𝛼𝑎𝑏𝑠 = 𝑁𝑌𝑏 · 𝜎𝑎𝑏𝑠 . The trapping laser 

power incident into the nanoparticle can be now calculated to be 𝑃𝑁𝑃 = 𝐼𝑙𝜋𝑅𝑒𝑓𝑓= 

1.9·10-3 W where 𝑅𝑒𝑓𝑓 = 114 nm is, again, the effective radius of the nanoparticle.  

This leads to an absorbed laser power of 𝑄𝑁𝑃 = 1.9·10-7 W. The temperature 

increment caused by nanoparticle absorption of trapping radiation can be calculated 

from Equation (3.8) to be 𝛿𝑇𝑁𝑃= 0.2 °C. 

Summarizing the calculations, the total heating at the trap position (𝛿𝑇𝑡𝑜𝑡 = 𝛿𝑇𝑁𝑃 +

𝛿𝑇𝑡) with respect to the bottom chamber wall (that is the one in contact with the 

temperature controller) is expected to be well below 2.2 °C (i.e. below 2 °C). This is 

even smaller than the temperature uncertainty we have in the determination of the 

crossover temperature that arises from the analysis of experimental data (4 °C).  

The absence of relevant local heating is also supported by measurements of the 

trapping constant for different trapping laser powers (Figure 3.19). The linear 

relation between trapping constant and trapping laser power is an indicator of the 

absence of relevant heating as discussed in previous work [137]. 
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Figure 3.19. Trapping constant as a function of laser trapping power as obtained for 

pH 7.9 at 20 ºC. The linear relation suggests a minimum thermal loading of the trap, 

as predicted by calculations. 

Using the same method, laser-induced heating effects in the case of optical trapping 

of SrF2:Er3+, Yb3+ in heavy water and UCNP@PNIPAM in water are evaluated, 

respectively (Table 3.3). Due to the small absorption coefficiency of heavy water at 

980 nm and the tiny size, the heating effect (0.1 °C) of optical trapping of SrF2:Er3+, 

Yb3+ in heavy water can be ignored. While the temperature increment (<3.63 °C) in 

the case of optical trapping of UCNP@PNIPAM in water is more prominent. This 

unexpected thermal effect in the trap could cause the volume phase transition of a 

single UCNP@PNIPAM to occur at a lower temperature. It is known that the volume 

phase transition of the PNIPAM shell generates a reduction of the hydrodynamic 

diameter as well as an increment of luminescence intensity of a single optically 

trapped UCNP@PNIPAM nanocomposite. Fitting analysis of sigmoidal function to 

temperature evolution of hydrodynamic diameter or luminescence intensity of single 

trapped nanocomposite can provide the critical parameters of volume phase transition, 

such as transition temperature (𝑇𝑡𝑟𝑎𝑛) and transition width (2τ). 

As one can see in Table 3.4, the experimentally obtained transition temperature in 

the trap indeed decrease compared to the result obtained from DLS measurement, in 

which no laser-induced heating effect occurs. This means that the real thermal effect 

in the optical trap is smaller than what we calculated numerically. 
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Table 3.3 Numerically calculated temperature increase in traps for optically trapping 

of three different nanoparticles 

Sample 
Laser 

power 
research* 𝛿𝑇𝑡/°C 𝛿𝑇𝑁𝑃/°C 𝛿𝑇𝑡𝑜𝑡/°C 

β-NaYF4:Yb3+, 

Er3+ UCNPs 

(257 nm) 

72 mW A 2.26 0.2 <2.2 

SrF2 :Er3+, Yb3+ 

(8 nm) 

100 mW B 0.09 0.01 0.1 

160 mW A 0.15 0.01 <0.15 

β-NaYF4:Yb3+, 

Er3+@PNIPAM 

(30 nm core) 

85 mW B 2.7 0.03 2.73 

114 mW A 3.6 0.03 <3.63 

*research refers to different experiments: A is using the drag method to calibrate 

optical force; B is studying the luminescence intensity of a single trapped 

UCNP@PNIPAM at different temperatures. The difference between A and B is the 

presence or absence of fluid flow. In A, the presence of fluid flow would lead to a 

strong reduction in the local heating of the optical trap. 

Table 3.4 Fitting analysis of sigmoidal function to the temperature dependence of 

hydrodynamic diameter and the temperature dependence of the luminescence emitted 

by a single UCNP@PNIPAM. 

 Min/nm Max/nm 𝑇𝑡𝑟𝑎𝑛/°C 𝜏/°C R2 

Hydrodynamic 

diameter 
236±3 369±3 32.8±0.2 2.2±0.2 0.992 

Luminescence 

intensity 
0.92±0.04 1.65±0.02 32.0±0.5 2.3±0.5 0.960 
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4 Temperature effects on optical trapping 

It is well-known that heat generation usually accompanies the photoluminescence 

process, especially when the sample is upon excitation of high power density. 

Although laser power required for optical trapping is on the order of a few hundred 

milliwatts, the use of a high numerical aperture (NA) objective results in the power 

density in the trap as high as MW/cm-2. At such high laser power, any residual 

absorption can lead to a non-negligible thermal loading in the trap volume. It has 

been demonstrated that the thermal loading induced by absorption of water or a single 

NaYF4:5%Yb3+ microparticle at the trap position can reach 99 °C/W [237] and 

160 °C/W[134], respectively. In addition, biological applications, such as scanning a 

single UCNP to obtain temperature distribution at the cellular level, require the stable 

trapping of the sensor at high temperatures, i.e., physiological temperature range (10-

50 °C). In both cases, the elevated temperature in the trap would lead to dramatic 

disturbance arising from Brownian motion (BM) and even release nanoparticles from 

the trap, especially for nanoparticles whose trap potential is comparable to the 

thermal energy. Therefore, the study of temperature effect on optical trapping 

stability is crucial and instructive for achieving stable trapping of nanoparticles at 

high temperatures. In this chapter, the drag method is used to study the effect of 

temperature on the trap constant. 

4.1  Introduction 

The drag method is a well-known method to measure optical force by comparing the 

maximum optical force against the known drag force: 

 𝐹𝑜𝑝
𝑚𝑎𝑥 = 𝐾𝑡 · 𝑟𝑡 = 𝐹𝑑𝑟𝑎𝑔 = 6𝜋휂𝑓𝑟𝑁𝑃𝑣𝑓,𝑒𝑥𝑡

𝑐  (4.1) 

where 𝐾𝑡  is the so-called trap constant, which is, in a first-order approximation, 

proportional to both the laser power ( 𝑃𝑡 ) and the nanoparticle’s electronic 

polarizability (𝛼𝑁𝑃 )[3]; 𝑟𝑡  is the trap radius, i.e. the laser spot radius; 휂𝑓  is the 

dynamic viscosity of water; 𝑟𝑁𝑃 is the radius of trapped nanoparticles (NPs); 𝑣𝑓,𝑒𝑥𝑡
𝑐  is 

the critical fluid velocity that should be externally established to remove the NP from 

the trap (Figure 4.1). 
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Figure 4.1 (a) Schematic drawings of an optically trapped single-NP in the absence 

and presence of water flow and at low and high temperatures. Velocity diagram 

corresponding to a nanoparticle optically trapped at (b) low and (c) high temperatures. 

𝑣𝑓 , 𝑣𝑁𝑃 , and 𝑣𝑐  stand for fluid velocity, particle velocity, and critical velocity, 

respectively. When the total 𝑣𝑓+𝑣𝑁𝑃 velocity is larger than the critical velocity, the 

nanoparticle escapes from the trap. 

Thus, the experimentally determined trap constant is given by: 

 𝐾𝑡
𝑒𝑥𝑝

= 6𝜋휂𝑓𝑟𝑁𝑃𝑣𝑓,𝑒𝑥𝑡
𝑐 𝑟𝑡⁄  (4.2) 

It is worth noting that Equation (4.2) has been derived assuming that the NP−fluid 

relative velocity (𝑣𝑁𝑃−𝑓) is just given by the fluid velocity (i.e., the NP is static within 

the fluid). However, the trapped particle undergoes BM in the trap. When the thermal 

motion of the NP is considered, the situation becomes more complicated. In this case, 
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the assumption that 𝑣𝑓,𝑒𝑥𝑡
𝑐  equals 𝑣𝑁𝑃−𝑓  is no longer valid. The NP−fluid relative 

velocity at absolute temperature T is given by: 

 �⃗�𝑁𝑃−𝑓(T) = �⃗�𝑓 − �⃗�𝑁𝑃 (4.3) 

This velocity varies randomly with time due to the random character of �⃗�𝑁𝑃; it will 

be minimum when �⃗�𝑁𝑃  points parallel to �⃗�𝑓 , and it will be maximum when �⃗�𝑁𝑃 

points antiparallel to �⃗�𝑓 . Thus, when �⃗�𝑁𝑃  is pointing antiparallel to �⃗�𝑓 , the actual 

NP−fluid relative velocity is larger than the fluid velocity. In this situation, the 

particle can escape from the trap at less fluid velocities. The experimentally 

determined trap constant can be modified by: 

 𝐾𝑡
𝑒𝑥𝑝

= 𝐾𝑡 − 6𝜋휂𝑓𝑟𝑁𝑃𝑣𝑁𝑃 𝑟𝑡⁄  (4.4) 

where 𝐾𝑡 is the trapping constant in absence of any thermal motion. Equation (4.4) 

indicates that the experimentally determined trap constant is an underestimation of 

the actual trapping constant due to the thermally activated random motion of the NP. 

Equation (4.4) also points out that a simple analysis of the temperature dependence 

of the experimental trapping constant provides the temperature dependence of the 

𝑣𝑁𝑃 velocity: 

 𝑣𝑁𝑃(𝑇) = (𝐾𝑡 − 𝐾𝑡
𝑒𝑥𝑝
(𝑇))

𝑟𝑡
6𝜋휂𝑓(𝑇)𝑟𝑁𝑃

 (4.5) 

In this work, single-NP optical trapping experiments were conducted in the 15−70 °C 

temperature range. β-NaYF4:Er3+, Yb3+ UCNPs (257 nm) were used for real-time 

particle tracking due to their visible luminescence under infrared excitation. The trap 

constant as a measure of trapping stability was calibrated at different temperatures 

with the drag method. The analysis of the trap constant VS temperature allowed us 

to assess the temperature dependence of 𝑣𝑁𝑃 . It is the first time that BM was 

considered in the drag method. 
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4.2 Morphology and dispersity characterization 

The ligand-free β-NaYF4:Er3+, Yb3+ UCNPs are synthesized through the thermal 

decomposition method. The specific synthesis process is described in Chapter 3.1. 

The synthesized nanoparticles presented the shape of the hexagonal disk in TEM 

image with uniform size distribution (Figure 4.2a, b). The size distribution histogram 

obtained from TEM images suggested an average diameter and thickness of 257 ± 52 

nm and 143 ± 30 nm, respectively (Figure 4.2c, d). 

 

Figure 4.2 TEM images of β-NaYF4:Er3+, Yb3+ UCNPs at different magnifications 

and the Corresponding histogram of particle size distribution. 

The dispersion of ligand-free β-NaYF4:Er3+, Yb3+ UCNPs in distilled water has a pH 

of 5.5 at room temperature (20 ℃), where an acidic environment produces a positive 

ζ-potential (around +15.8 mV; see Figure 4.3). The DLS measurement shows β-

NaYF4:Er3+, Yb3+ dispersion with a hydrodynamic diameter of 300 nm, which is a 

bit larger than the size derived from TEM images due to the adsorption of ions and 

water molecules. As a comparison, the pH value of the original dispersion was 

adjusted to 7.9 by adding decimolar NaOH standard solutions. The addition of alkali 

makes the particles acquire more negative charges. When enough alkali solution is 
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added to the initial suspension, a point will be reached where the positive charge is 

neutralized. Any further addition of alkali can cause a build-up of the negatively 

charged surface. This is the reason why the ζ-potential is negative for the pH=7.9 

dispersion (around -35 mV). In addition, it is observed that the absolute value of ζ-

potential for the pH 7.9 dispersion is greater than that measured for dispersion with 

pH 5.5 (|-35mV| >18mV). An increase in particle surface charge (ζ-potential) can 

enhance the electrostatic repulsive force, suppress the agglomeration and 

subsequently reduce the dispersion’s hydrodynamic size. This accounts for the result 

that the hydrodynamic diameter slightly decreases for the pH 7.9 dispersion (around 

300 nm) with respect to the pH 5.5 one (around 380 nm). The hydrodynamic diameter 

and ζ-potential of both dispersions were also characterized at different temperatures 

(Figure 4.4). Within the margin of error, they can be considered independent of 

temperature. 

 

Figure 4.3 𝛇-Potential and dynamic diameter change as the pH of the dispersion 

changes from 5.5 to 7.9. 
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Figure 4.4 𝛇-Potential and dynamic diameter as function of temperature at dispersion 

with pH 5.5 or 7.9. 

4.3 Single UCNPs trapping experiments 

The appropriate concentration of particle dispersion at pH 7.9 was filled in the 

microchamber and placed on the sample stage for single-particle trapping 

experiments. The single-beam optical trapping setup was schematically represented 

in Figure 3.8 of Chapter 3. When optically trapped, the 980 nm laser radiation is 

partially absorbed by Yb3+ ions, allowing the excitation of Er3+ ions and resulting in 

a strong red and green emission (in Figure 4.5a). It is observed that the spectrum of 

a single UCNP includes two primary emissions in the green and red regions. The 

main red emission band at around 660 nm is assigned to the 4F9/2→4I15/2 transition of 

Er3+ ions. The green emission consists of two bands centered at 525 and 550 nm, 

which are attributed to 2H11/2→4I15/2 and 4S3/2→4I15/2 transitions of Er3+ ions, 
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respectively. These emissions are supported by the Excited State Absorption (ESA) 

of the Er3+ ion and the Energy Transfer (ETU) processes from the Yb3+ ions to Er3+ 

ions. A representative fluorescence image of a single trapped UCNP was visualized 

by a CCD camera (Figure 4.5b). Orange light luminescence intensity is continuously 

registered to ensure the presence of only a single UCNP on the trap. When a single 

UCNP is incorporated into the trap, a clear rise in the emission intensity is observed, 

which remains constant for more than 2 min, evidencing no incorporation of a second 

UCNP (Figure 4.5c). The emission intensity was obtained by processing the image 

or video recorded by the CCD camera. The time evolution of the luminescence at the 

trap position was obtained with a 180 mW laser power (in Figure 4.5d), in which the 

sequential steps denote the incorporation of a UCNP into the optical trap. 

 

Figure 4.5 (a) Upconversion emission spectrum of a single UCNPs at the excitation 

of 980 nm laser (b) Luminescence image of single trapped UCNP. (c) Time evolution 

of the upconversion luminescence at the trap position obtained at room mW (d) Time 
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courses of particle loading into the trap at 180 mW, each intensity step denotes the 

sequential incorporation of a single UCNP into the trap. 

 

Figure 4.6 (a) Emitted intensity in the visible range generated from a single, optically 

trapped, NaYF4:Er,Yb nanoparticle as a function of fluid velocity as obtained at two 

temperatures. Data were obtained at pH = 7.9. (b) the procedure for calculating the 

trap constant or nanoparticles’ velocity using drag method (c) trapping constant as a 

function of laser power obtained at two temperatures. (d) Temperature dependence 

of the trap constant. Data were obtained for a laser trapping power of 72 mW at pH 

= 7.9. 

The optical force exerted on single UCNPs was measured by the drag method. Once 

a UCNP has been incorporated into the optical trap, the microchamber containing the 

colloidal dispersion with pH 7.9 was translated orthogonally to the laser beam by a 

motorized stage. Translation velocity was increased up to the so-called critical 



Chapter 4-Temperature effects on optical trapping 

81 

velocity (𝑣𝑓,𝑒𝑥𝑡
𝑐 )) that causes the UCNP to escape from the trap. As obtained at two 

temperatures (20 and 67.5 °C, in Figure 4.6a), the critical fluid velocities (𝑣𝑓,𝑒𝑥𝑡
𝑐 ) was 

determined by continuously registering the luminescence in the trap. For fluid 

velocities below 𝑣𝑓,𝑒𝑥𝑡
𝑐  the UCNP remains within the optical trap and produces an 

intense luminescence. On the other hand, when the fluid velocity is larger than 𝑣𝑓,𝑒𝑥𝑡
𝑐 , 

the drag force overcomes the optical force and the UCNP escapes from the trap. The 

luminescence intensity then goes to zero. Experimental data in Figure 4.6a reveal that 

when increasing the temperature from 20 up to 67.5 °C, the critical velocity increases 

from 2.35 up to 2.88 mm/s. Going from 2.35 up to 2.88 mm/s constitutes a 22% 

increment, much smaller than the temperature-induced reduction in the water 

viscosity: from 1 cP at 20 °C down to 0.41 cP at 67.5 ⁰C (i.e. a 60% increment)[245]. 

In other words, Thus, the change in 𝑣𝑓,𝑒𝑥𝑡
𝑐  cannot be solely explained by the 

temperature dependence of water viscosity, which implies that 𝐾𝑡
𝑒𝑥𝑝

 in Equation 

(4.2) is temperature dependent. The calculation procedure of 𝐾𝑡
𝑒𝑥𝑝

 can be found in 

Figure 4.6b. It is evidenced in Figure 4.6c that the temperature dependence of the 

experimentally determined trapping constant (𝐾𝑡
𝑒𝑥𝑝

) were obtained by Equation (4.2). 

As one can observe in Figure 4.6c, 𝐾𝑡
𝑒𝑥𝑝

 gradually decreases with temperature rising, 

and this trend is more prominent when the temperature is above 37 °C. Moreover, 

𝐾𝑡
𝑒𝑥𝑝

 has been found to increase linearly with trapping laser power 𝑃𝑡 (in Figure 4.6d), 

which indicates the absence of relevant heating induced by trapping laser. According 

to Rayleigh scattering theory, the trap constant, which is proportional to the UCNP’s 

electronic polarizability depends on its size (𝑟𝑁𝑃 ) and on its ζ -potential in the 

fluid[138], should be temperature independent because the ζ -potential and the 

hydrodynamic radius of UCNPs are temperature independent (Figure 4.4a, b). 

Temperature dependence of 𝐾𝑡
𝑒𝑥𝑝

 should arise from the temperature dependence of 

the UCNP’s BM. Due to the influence of BM, the experimentally obtained trap 

constant decreased with the increase in temperature, manifested as a dramatic 

reduction in optically trapping stability at elevated temperatures. The result is that 

stable trapping at high temperatures becomes difficult. 
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4.4 Velocity of UCNPs 

In this case, the Brownian motion cannot be ignored. Applying the modified Equation 

(4.5) to data in Figure 4.6c allows obtaining the temperature dependence of the NP 

velocity, 𝑣𝑁𝑃(𝑇). This requires the value of 𝐾𝑡 that is the trapping constant at 𝑇 = 0 

K (i.e. for 𝑣𝑁𝑃= 0). To get a first order estimation of 𝐾𝑡 here we adopted a simple 

approach consisting on getting it from the linear fit of the 𝐾𝑡
𝑒𝑥𝑝

 vs 𝑇 data in the 10-

40 °C range. By this simple approach we got, for pH 7.9, 𝐾𝑡 = 1.52pN/µm (Figure 

4.7). Once 𝐾𝑡  is determined we can calculated the temperature variation of NP 

velocity (see Figure 4.8a). At room temperature, The obtained NP velocity is 0.25 ± 

0.01 mm/s. This is, indeed, quite close to the room temperature averaged velocity 

determined for a 115 nm-radius gold nanoshell by using laser scattering analysis 

(0.37 mm/s)[246]. It also agrees very well with the room temperature instantaneous 

velocities reported for 11 nm-radius NPs (0.3 mm/s)[247], and a single BaTiO3 

microparticle in acetone (0.18 mm/s)[50] as determined by luminescence 

nanothermometry and optical trapping, respectively. 

 

Figure 4.7 The estimation of the magnitude of 𝐾𝑡 at 𝑇=0 K. 

Figure 4.8a also reveals that the velocity of the NP is strongly temperature-dependent. 

Such a large dependence provides some hints about the velocity of the NP we are 

assessing. 𝑣𝑁𝑃(𝑇) depends on the time scale in which it is determined. At very short 

time scales, the NP motion is governed by the ballistic dynamics. For longer times 

the dynamics of the NP are governed by diffusion and become strongly dependent on 
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fluid viscosity[51]. The characteristic time of the ballistic-to-diffusive transition 

motion is given by 𝜏𝑝 =
𝑚

𝛾
 , where 𝑚 is the mass of a single-NP and 𝛾 is the Stokes 

viscous drag coefficient[248]. In our case, 𝜏𝑝  is estimated to be ~10−8 s. On the 

other hand, when dealing with an optically trapped UCNP, the confinement by the 

trap's harmonic potential introduces another timescale: 𝜏𝐾 =
𝛾

𝐾𝑡
(~10−3  s in our 

case)[249-250]. For times much shorter than 𝜏𝐾, the motion can be considered free, 

i.e. not affected by the effective damping caused by the optical forces. The time scale 

of our measurements is determined by the time required for a NP to escape from the 

trap. This, in turn, can be estimated by considering the time required for a NP with a 

velocity of 0.25 mm/s (experimental value) to cover a distance equal to the trap radius 

(0.7 × 10-6 m) that is 𝜏𝑡𝑟𝑎𝑝 ≈ 10
−4 s. Thus, 𝜏𝑝 ≪ 𝜏𝑡𝑟𝑎𝑝  this indicating that in our 

experiments the NP dynamics should be governed by diffusion. At the same time, 

𝜏𝑡𝑟𝑎𝑝 < 𝜏𝐾 , so that we can consider that the NP motion is not affected by the optical 

damping force.  

Under these conditions, the Stokes-Einstein model can, in a first-order approximation, 

describe 𝑣𝑁𝑃(𝑇). Within this model, 𝑣𝑁𝑃(𝑇) at temperature, 𝑇 is given by[251-252]: 

 𝑣𝑁𝑃,𝑆𝐸(𝑇) =
2𝑘𝐵𝑇

𝜋휂(𝑇)𝑑𝑁𝑃
2  (4.6) 

where 휂(𝑇) is the water viscosity at temperature 𝑇 and 𝑑𝑁𝑃 is the effective diameter 

of the NP (240 nm). Figure (4.6 predicts, 𝑣𝑁𝑃,𝐸𝑆 (293 K) = 0.03 mm/s, which is 

smaller than the velocity determined experimentally (0.2 mm/s). Note that similar 

discrepancies were found in previous works studying the velocity of colloidal NPs. 

Brites et al. experimentally reported a ballistic (instantaneous) velocity of 0.3 mm/s 

for 11 nm-radius NPs, while the equipartition theorem predicts a ballistic velocity of 

630 mm/s[247]. Handel et al. recently determined the instantaneous velocity of a 115 

nm-radius gold nanoshell to be 0.37 mm/s, whereas their expected ballistic and 

diffusive velocities were calculated to be 15 and 0.6 mm/s, respectively.[246] Good 

agreement between experimental data and theoretical predictions was only found 

when dealing with micrometric particles. Kheifets et al. obtained for a BaTiO3 1.8 
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µm-radius particle a ballistic velocity of 0.18 mm/s which is, indeed, very close to 

the prediction by the equipartition theorem (0.26 mm/s)[50].  

 

Figure 4.8 (a) Nanoparticle velocity as a function of temperature as experimentally 

obtained from the optical trapping experiments (symbols) at pH = 7.9. The deviation 

between experimental data and the predictions based on the Stokes−Einstein 

formalism (Equation (4.6); solid line) is indicated by ∆𝑣  (b) Temperature 

dependence of the normalized deviation between experimental data and the 

predictions of Stokes−Einstein formalism. Symbols are data derived from 

experimental results in part a. Solid lines are linear fits to data obtained below and 

above 316 K. (c) Temperature dependence of the second peak position (𝑟2) in the 

oxygen−oxygen pair distribution function of water, as obtained from high-energy X-

ray diffraction experiments included in ref [253]. Circles are experimental data, and 

the line is the reported least-square fit to T < 319 K. The values below 280 K are not 

displayed. 

In our case, the discrepancies between experimental and calculated values of 𝑣𝑁𝑃 

could arise from the different approximations made to develop Equation (4.5). Firstly, 

the particular disk shape of our UCNPs is not considered. Instead, we are assuming 
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a spherical NP of the same volume. This could affect the drag coefficient due to the 

alteration of the flow fields surrounding our nanoparticles. We are not considering 

the possible non-horizontal trajectories due to the presence of axial forces nor the 

lack of proportionality between optical force and particle displacement in the 

proximity of trap edges[236]. Finally, the linear procedure adopted to determine 𝐾𝑡 

from experimental data could be also at the origin of these discrepancies. 

4.5 UCNP-water interaction 

Although the Stokes-Einstein formalism fails to provide a good quantitative 

agreement with our experimental data, it does explain well the temperature 

dependence of the NP velocity found experimentally. The solid line in Figure 4.8a 

corresponds to the temperature dependence of 𝑣𝑁𝑃(𝑇)  predicted by the Stokes-

Einstein model. In order to compare with experimental data, the calculated 𝑣𝑁𝑃,𝑆𝐸(𝑇) 

vs temperature curve was normalized to match the experimental value obtained at 

293 K (the lowest temperature investigated at pH = 7.9). In this way, we were able 

to compare the effect of temperature predicted by the Stoles-Einstein model and that 

observed experimentally. To do that we multiplied 𝑣𝑁𝑃,𝑆𝐸(𝑇) by a normalizing factor, 

𝛽, to get the normalized velocity: 𝑣𝑁𝑃,𝑆𝐸
𝑛𝑜𝑟𝑚(𝑇) = 𝛽 · 𝑣𝑁𝑃,𝑆𝐸(𝑇). The normalizing factor 

was chosen to satisfy the condition 𝑣𝑁𝑃,𝑆𝐸
𝑛𝑜𝑟𝑚(𝑇 = 293 𝐾) = 𝑣𝑁𝑃(𝑇 = 293 𝐾). As can 

be observed, the Stokes-Einstein model well explains the strong temperature 

increment of 𝑣𝑁𝑃(𝑇) with temperature. A detailed analysis of Figure 4.8a reflects 

that the experimental data and the trend predicted by Equation (4.6) start to diverge 

at temperatures above 320 K. This is more clearly appreciated in Figure 4.8b which 

shows the normalized difference between the experimental data and the Stokes-

Einstein prediction at each temperature: ∆𝑣𝑛𝑜𝑟𝑚(𝑇) =  
∆𝑣(𝑇)

𝑣𝑁𝑃,𝑆𝐸(𝑇)
, where ∆𝑣(𝑇) =

𝑣𝑁𝑃(𝑇) − 𝑣𝑁𝑃,𝑆𝐸
𝑛𝑜𝑟𝑚(𝑇)  is the difference between experimental value and the 

normalized velocity predicted by the Stokes-Einstein model at each temperature 𝑇. 

Two regimes are clearly observed below and above a crossover temperature 

(hereafter 𝑇𝑐) . The crossover temperature was determined using the ∆𝑣𝑛𝑜𝑟𝑚(𝑇) 

experimental N data points. The procedure consists in determining the mean value 

and the standard deviation (SD) for the first n data points (𝑛= 3, 4,…, N). The n value 
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for which the mean value is higher than SD (denoted by 𝑛𝑐) permits to separate the 

total data points in two sets: for 𝑛  ≤ 𝑛𝑐 we calculate the mean value and the 

corresponding SD (horizontal lines and shadowed areas in Figure 4.8b, whereas for 

𝑛>𝑛𝑐 the data points were fitted to a straight line (𝑟2> 0.95). The interception of this 

fitted line with the horizontal one (mean value) is the crossover temperature (𝑇𝑐). The 

corresponding uncertainty is the difference between the 𝑇𝑐 value and the mean value 

+ (or -) SD. 

For temperatures below 𝑇𝑐 = 316 ± 4 K (43 ± 4 °C), ∆𝑣𝑛𝑜𝑟𝑚(𝑇) remains constant 

and close to 0. This indicates that below 𝑇𝑐 the temperature dependence of 𝑣𝑁𝑃(𝑇) is 

well described by the Stokes-Einstein model. For temperatures above 𝑇𝑐, ∆𝑣𝑛𝑜𝑟𝑚(𝑇) 

increases linearly with temperature, indicating a deviation from the predictions of 

Stokes-Einstein formalism. Figure 4.8b suggests that above 316 K the nanoparticle-

medium interaction changes and that this leads to an anomalous increment of 𝑣𝑁𝑃 

with temperature. Similar bilinear trend was also observed in studies involving 

metallic nanoparticles[254], colloidal Ln3+ doped nanocrystals[118, 255], Eu3+ 

aqueous complexes[256-257], and organic molecules[258-259]. Moreover, this 

distortion phenomenon has been experimentally proved to be related to water because 

it was not found in another solvent, such as cyclohexene, or toluene. To explain these 

anomalous behaviors, the hypothesis of two organizations of hydrogen bonds 

competing at thermal equilibrium has been proposed[255, 260]. Figure 4.8c shows 

the temperature dependence of the position of the second nearest neighbor oxygen-

oxygen peak (𝑟2) of the pair distribution function of water[253, 261], as obtained 

from high-energy x-ray diffraction experiments. 𝑟2 increases with temperature with 

a clear change at around 320 K, which has been assigned to a singularity in the 

molecular structure of water at this temperature around the minimum isothermal 

compressibility[260].  
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Figure 4.9 Structural investigations of liquid water. (a) Probability density function 

f(q) of the orientational order parameter q for water at 303, 333, and 363 K, calculated 

based on the molecular dynamics simulation of a cubic box of 1024 water molecules 

with the polarizable SWM4-NDP water model. The contributions toward f(q) of the 

locally tetrahedral (TH) state and the locally disturbed (DT) state are shown as shaded 

areas. (b and c) Schematics of the molecular arrangements around a water molecule 

(denoted with oxygen atoms in purple) in the TH state and the DT state. The asterisk 

next to the oxygen atoms denotes the four nearest neighbors. (d) Schematic of the 

length scale of the LDL motif (in purple) made up of connected TH-state molecules 

in comparison to the nanoparticle size (in orange). Reproduced from [255], Copyright 

2020, American Chemical Society. 

The hypothesis describes liquid water as a mixture of two organizations of hydrogen 

bonds competing at thermal equilibrium (in Figure 4.9)[260, 262-268]. One is a 

regular tetrahedral structure with four nearest neighbors at the vertices of a regular 

tetrahedron (Figure 4.9 b), and another is a distorted/interstitial structure, as indicated 

by the name, an additional water molecule at an interstitial site becomes one of the 

four nearest neighbors and distorts the original tetrahedral structure, making the 

liquid structure more packed (Figure 4.9c). Compared with distorted structures, the 

regular tetrahedral structure has stronger hydrogen bonds and can form a long-ranged 

hydrogen-bond network featuring low density. In contrast, the hydrogen bond in 
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distorted is less structured and shorter-ranged. In short, the low density liquid (LDL) 

motifs are formed by the tetrahedral network with many empty pockets for the less-

ordered, shorter-ranged high density liquid (HDL) motifs. In water, the two structures 

interpenetrate each other, there is necessarily a phase fluctuation on various lengths 

or time scales[260].  

The simulated probability density function f(q) of the orientation order parameter q 

for water at different temperatures reveals the phase transition from LDL to HDL 

motifs when the temperature is above Tc (Figure 4.9a). Because of this transition, an 

example of swift crossover has been observed in the position of the second nearest 

neighbor oxygen-oxygen peak (𝑟2 ) of the pair distribution function of water, as 

mentioned in Figure 4.8c. The agreement between the𝑇𝑐 value of our experiment and 

r2(𝑇) is remarkable.  

As a result of the transition, in the temperature range below 𝑇𝑐, water behaves as an 

inhomogeneous medium characterized by density singularities at the interfaces 

between HDL and LDL motifs (Figure 4.9d). These density singularities behave as 

scattering interfaces, and so reducing the effective mobility of the colloidal NP[269-

270]. As a consequence, the interaction of the colloidal NP with these density 

singularities leads to an “effective viscosity” that is larger than the macroscopic 

viscosity of water (the one we used when calculating 𝑣𝑁𝑃(𝑇))[269, 271]. Above the 

crossover temperature, water behaves as a homogeneous liquid because LDL 

fluctuations become uncorrelated decreasing in spatial extent due to the breaking of 

hydrogen bonds[268, 272-273]. This would lead to a reduction in the effective 

viscosity sensed by the NP. According to Equation (4.6), this could lead to a relative 

increment in 𝑣𝑁𝑃(𝑇). This change in the characteristics of the solvent leads to a 

deviation from the 𝑣𝑁𝑃(𝑇) vs temperature trend predicted by the Stokes-Einstein 

model. The temperature over which this deviation is observed corresponds to the 

crossover temperature, i.e. the temperature at which the anomaly of water takes place. 
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Figure 4.10 Temperature at which the anomaly of water takes place as a function of 

pH value. The dashed line is the trend extracted from previous results reported in the 

literature (diamonds) as obtained from Reference [118, 256-257, 274-279]. Solid 

circles are the data obtained in this work. 

In order to double-check that the change in NP dynamics at high temperatures is 

correlated to this anomaly of water, we took advantage of the well-known 

dependence of water anomaly temperature on pH[118, 256-257, 274-279]. Figure 

4.10 shows this temperature dependence (black dashed line) as estimated from the 

analysis of data obtained by different techniques and in different aqueous systems. 

Note that for pH= 7.9, Figure 4.10 suggests a crossover temperature of 317 K, in very 

good agreement with the temperature obtained from velocity measurements (Figure 

4.8). We then repeated the same experiments as those included in Figure 4.6-4.8 but 

dispersing the NPs in water with pH= 5.5. Similar experimental results were obtained. 

The experimentally determined trap constant shows a decreasing trend with 

increasing temperature (in Figure 4.11). A simple analysis of the temperature 

dependence of the experimental trapping constant provides the NP velocity at 

different temperatures. The temperature dependence of 𝑣𝑁𝑃(𝑇) was well described 

by the Stokes-Einstein model up to a temperature of 309 ± 3 K (Figure 4.11). Thus, 

this new set of experiments set the water crossover temperature for pH = 5.5 at 36 ± 

3 °C. This is in very good agreement with the predicted trend (Figure 4.10) and 

provides solid evidence of the effect of this anomaly of water on the dynamics of 

individual NPs. It fully validates high-temperature optical trapping for the detection 

and study of the anomaly of water. 
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Figure 4.11 (a) Temperature variation of the nanoparticle velocity as experimentally 

obtained from the optical trapping experiments (circles) at pH = 5.5. The deviation 

between experimental data and the predictions based on the Stokes−Einstein 

formalism (Equation (4.6); solid line) is indicated by Δv. (b) Temperature 

dependence of the normalized deviation between experimental data and the 

predictions of Stokes−Einstein formalism. Symbols are data derived from 

experimental results in part a. Solid lines are linear fits to the data obtained below 

and above 309 K. 

4.6 Conclusion 

The optical force of β-NaYF4:Er3+, Yb3+ UCNPs were calibrated at different 

temperatures (15-70 °C). The observed discrepancy between experiment and theory 

suggested that the Brownian motion needs to be taken into account. The real trap 

constant (𝐾𝑡
𝑟𝑒𝑎𝑙)consists of two components: experimentally obtained trap constant 

𝐾𝑡
𝑒𝑥𝑝

 and the contribution of Brownian motion (Figure 4.12). Due to Brownian 

motion, experimentally obtained traps constantly 𝐾𝑡
𝑒𝑥𝑝

= 0.49𝐾𝑡
𝑟𝑒𝑎𝑙  at 20 °C 

calibrated by drag method seriously underestimate the real trap constant value. 

Moreover, Brownian motion does assist particles to escape from the trap, the higher 

the temperature the more dramatic the disturbance. Therefore, a strong optical force 

is required to have a stable optical trap. It is worth noting that the contribution of 

Brownian motion (BM) is much bigger than usual. The energy of BM corresponding 

to the trap constant can be measured by the depth of the trap potential well, i.e. 
1

2
𝐾𝑡𝑟𝑡 
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(rt = 0.7 µ𝑚). At 20 °C, the energy of BM is calculated to be 51.4 𝑘𝐵𝑇, the energy 

can reach 72.5kB𝑇 at 70 °C, which are much larger than 𝑘𝐵𝑇 or 10𝑘𝐵𝑇. These two 

critical values are usually used to estimate the optically trapping stability. In most 

analyses, the particles are considered to be trapped when the trapping energy is 

comparable with the thermal energy (𝑘𝐵𝑇) that characterizes the average energy of 

BM, when considering the quite large fluctuations, it was raised to 10𝑘𝐵𝑇. It can be 

attributed to the special case in our experiment, where the NP is pushed to the edge 

of the trap by flow, the instantaneous velocity of Brownian motion was selected to 

directly involve releasing the particle. we can draw the following conclusions: 

 Due to the thermally activated BM of the NP, the experimentally determined 

trap constant by drag method underestimates the real trap constant, in this 

work Kt
𝑒𝑥𝑝

≈ 0.49𝐾𝑡
𝑟𝑒𝑎𝑙 . The higher the temperature, the larger this 

deviation will be. 

 The BM does reduce the trapping stability. The higher the temperature the 

more significant the disturbance caused by BM. Temperature increment (20 

– 67.5 °C) results in the increment in the energy of BM by 41%. Strong 

optical force is required to maintain stable trapping. 

 

Figure 4.12 The composition fluctuations of real trap constant 𝐾𝑡
𝑟𝑒𝑎𝑙 (15.2 pN/µm) 

with temperature. The red bar denotes experimentally measured trap constant 𝐾𝑡
𝑒𝑥𝑝

, 

the gray bar denotes the contribution of Brownian motion. Laser power is 72 mW.  
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In addition, some transformations allow the assessment of the temperature 

dependence of the diffusive velocity of a single nanoparticle in water. The 

determination of the velocity of a single NP in the 15−70 °C range, being in the order 

of 0.3 mm/s, is in good agreement with previous works. A comparison of 

experimental data with the predictions made by the Stokes−Einstein formalism 

reveals an unexpected increment in nanoparticle velocity at temperatures higher than 

a certain temperature (>36−43 °C, depending on the pH). Such a mobility 

enhancement above a certain temperature has been correlated with the two-liquid to 

the one-liquid phase transition of water that induces a decrease in the effective water 

viscosity at the nanoscale. This work demonstrates the great potential of OT, not only 

for remote manipulation of single nanoparticles but also for investigating their 

dynamics at high temperatures.
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5 Photonics nanojet 

In the previous chapter, it has been demonstrated that the trapping stability suffers a 

severe drop at high temperatures. Furthermore, as the particle size decreases, this 

weakening effect becomes more pronounced. To achieve optical trapping at high 

temperatures upon smaller nanoparticles, the only way is to strengthen the 

interactions between particles and radiation for a strong optical binding force. In 

terms of nanoparticles whose size is much smaller than NIR trapping wavelength, the 

Rayleigh scattering theory is applicable to describe the light-particle interaction. The 

polarizability of nanoparticles, which is considered a dipole in the inhomogeneous 

electric field, accounts for the generation of optical forces. In simple terms, the 

magnitude of the optical force is the proportion to the polarizability of trapped 

particles and the gradient of the electromagnetic field of the focused laser beam[3, 

139]. Thus, the proposed strategies to enhance the optical force are divided into two 

categories[280], one is to search for nanoparticles with high polarizability or improve 

the polarizability of particles by doping or surface modification[138, 281]. The other 

is to shape the laser beam, such as using beam structured laser Beams, i.e., radial 

axisymmetric vector beam[282], or reducing the trap volume[283-284], i.e., 

plasmonic tweezers[141, 285], slot waveguides [286], and photonic crystal 

resonators [287]. In this chapter, we introduced a near-field method that enables 

optical manipulation of a single 8 nm-nanoparticles at high temperature with 

amplification of fluorescent signals. This technique makes use of a trapped 

microsphere, a subwavelength beam generated along the propagation direction, to 

trap nanoparticles and enhance the fluorescence signal. This subwavelength beam is 

called a photonic nanojet[283]. 

5.1 Introduction 

The optical force has two components. The scattering force (𝐹𝑠𝑐𝑎𝑡) is associated with 

the transfer of linear momentum from the scattered photons to the particle. It pushes 

the particle in the propagation direction of the trapping beam. While the gradient 

force (𝐹𝑔𝑟𝑎𝑑) attracts it toward the highest laser beam intensity region, leading to the 

confinement of the particle within the optical trap. When the trapped trapped particle 
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is much smaller than the wavelength of the trapping laser, i.e., R ≪λ, the conditions 

for Raleigh scattering are satisfied. the gradient force (𝐹𝑔𝑟𝑎𝑑) can be described as the 

force experienced by an electric dipole in an inhomogeneous electromagnetic 

field[143]: 

 𝐹𝑔𝑟𝑎𝑑 =
1

4
𝛼′∇|𝐸𝑖|

2 (5.1) 

where 𝛼′ = 𝑅𝑒 {𝛼𝑁𝑃}, 𝐸𝑖 is the incident electromagnetic field. It is implied that the 

gradient force acting on nanoparticles is proportional to the intensity gradient of the 

incident electromagnetic field. In principle, optical trapping of a small nanoparticle 

can be achieved by making use of a high NA objective to focus a laser beam into a 

small spot comparable to the size of the trapped particle. However, confinement of 

light is limited by diffraction criteria that the ultimate spot size is approximately half 

the wavelength of the laser beam. For this reason, novel trapping strategies have been 

developed to overcome this fundamental limitation, since such a capability will allow 

optical trapping of sub-100-nm objects as well as high-resolution imaging in the 

nanoscale.  

One approach that has received considerable attention over the past decade is the use 

of photonic nanojet (PNJ) for generating highly confined electromagnetic fields on 

the sub-wavelength scale[283, 288-292]. It can be achieved by using a dielectric 

microsphere (or microcylinder) as a focusing lens (Figure 5.1). A PNJ is produced 

on the shadow side of the dielectric microsphere when it is illuminated by a laser 

beam. The light is confined in a narrow region of the space as a result of the 

constructive interference of the electromagnetic field after being diffracted by the 

microsphere. Since 2004, when Chen et al. [290] reported the first evidence of a PNJ 

generated by a dielectric microcylinder, many works have been developed regarding 

the existence, properties, and application of PNJs. In 2005, the initial identification 

of the PNJ generated by the dielectric sphere was reported by Li et al [293]. 

Subsequently, the behavior of microsphere or microcylinder with different sizes and 

refractive index illuminated by plane wave or converging and diverging beam was 

simulated using rigorous Mie theory[283, 290, 294-296]. The results show that the 

decrease of microsphere size or increase of refractive index indeed gives rise to the 
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high local intensity and narrower width of PNJ (0.3λ), but it is accompanied by a 

shorter length of PNJ (3λ) and a PNJ located inside the microsphere. To overcome 

this contradiction, Liu et al.[297] successfully exposed PNJ by shearing the 

microsphere at different cutting thicknesses. I.V. Minin et al. proposed standing-

wave PNJ formed in the reflection regime leading to a narrower width and longer 

length of PNJ[298]. Ultralong PNJ formed by a two-layer dielectric microsphere was 

reported [299-303], where the nanojet has an extension of 100 wavelengths. The 

simulation results show that the proposed elongated standing-wave PNJs generated 

by using two-layer microcylinders or microspheres can provide stable and tunable 

manipulation for dielectric nanoparticles that are smaller than 100 nm [288]. A PNJ 

usually has a sub-diffraction-limit beam waist, and so the optical gradient force near 

a PNJ is much stronger than in a beam focus originated by a high NA objective lens. 

Therefore, PNJ is a promising candidate for optically trapping and manipulating 

luminescent nanoparticles. 

In 2016, Li et al.[289] reported that the PNJ array generated by assembling 

microlenses on an optical fiber tip can be used to trap and detect nanoparticles (190 

nm) and cells (red blood cell and E. coli cell). Subsequently, they reported the 

manipulation of a single 85 nm fluorescent polystyrene nanoparticle and a plasmid 

DNA molecule by the PNJ generated by a single dielectric microlens bound to an 

optical fiber probe[304]. Recently, they demonstrated that the trapped cell, acting as 

a biomagnifier, could resolve nanostructures with a resolution of 100 nm (λ/5.5) 

under white-light microscopy and the focus of the biomagnifier formed a nano-

optical trap that allowed precise manipulation of an individual nanoparticle with a 

radius of 50 nm[37, 284]. In those cases, the author reported an optical force higher 

than those of plasmonic devices and conventional optical tweezers (COT).  

In addition, some studies have shown that the luminescent signal of nanoparticles can 

be significantly enhanced by excitation by means of a PNJ[305-310]. This is due to 

the high power density of the PNJ, which can considerably exceed that of the 

excitation beam. This is of particular relevance for non-linear processes, where the 

excitation power density in the focal region has an important role. Lecler et al.[311] 

have reported a two-photon emission intensity enhancement of 30% by adding silica 
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microspheres to a rhodamine B dye solution. However, these results correspond to 

the emission averaged over a large area of the sample. An intensity enhancement of 

the UC (infrared-to-visible optical conversion) emission from an Er3+, Yb3+ codoped 

fluoridate glass by means of PNJ was reported by Perez-Rodríguez et al.[312] 

showing an emission increase of 4.5 times. Therefore, it has been proved that the PNJ 

is an efficient tool to detect nanoparticles by means of the enhancement of their 

luminescence. 

Despite its great potential, the use of PNJ to enhance the optical force, thermal 

stability, and brightness of an optically trapped single UCNP has not been yet 

explored. In this chapter, we demonstrate optical trapping and manipulation of a 

single 8 nm SrF2:Ho, Yb UCNP within a photonic nanojet (PNJ) generated by a 2 

µm silica microsphere. We have systematically investigated the simultaneous 

improvement caused by the PNJ in the optical force, UCNP brightness, and thermal 

stability. Experimental results have been compared to numerical simulations and the 

origin of the observed improvement has been identified. The potential use of this 

simple approach for stable optical trapping of single UCNPs in the full liquid water 

temperature range has been also experimentally corroborated. 

 

Figure 5.1 Pictorial depiction of PNJ parameters. 

5.2 Morphology and luminescence characterization 

The monodisperse silica microspheres with an average diameter of 2 m (Figure 

5.2a), which were purchased from Whitehouse Scientific Ltd, Chester, UK, were 

used as microlens to generate PNJ.The SrF2:Ho, Yb UCNPs were prepared by the 

hydrothermal method, A detailed description of the whole process can be found in 

Chapter 3. The synthetic UCNPs show spherical morphology with an average 

diameter of 8 nm (Figure 5.2b). In order to avoid undesired heating effects induced 
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by 980 nm, the UCNPs and silica microspheres were dispersed in heavy water. The 

size of UCNP dispersed in heavy water is also characterized by dynamic light 

scattering (DLS) measurements (Figure 5.2c). As one can see, the mean diameter is 

around 10 nm, which agrees with TEM image and indicates the colloidal stability and 

absence of aggregates in the solution. ζ-Potential of silica microsphere and UCNP 

dispersion were evaluated (in Figure 5.2d). The result showed that both silica 

microsphere and UCNP are negatively charged, which means they tend to repel each 

other when getting close.  

 

Figure 5.2 (a) Optical microscope image of the silica microspheres (b) TEM image 

of the UCNPs. Inset shows a histogram of the size distribution obtained from the 

analysis of TEM images. (c) the hydrodynamic diameter of UCNPs dispersed in 

heavy water (d) the 𝜻-Potential of silica microsphere and UCNPs dispersions. 

The sub-10 nm size of UCNPs makes impossible its visualization under an optical 

microscope, due to the diffraction limit. Fortunately, when optically excited by the 

980 nm light, UCNPs absorb infrared radiation and emit visible light through an UC 

process (Figure 5.3). The room temperature emission spectrum of the SrF2:Ho,Yb 

UCNPs dispersion excited at 980 nm exhibits three distinct emission bands in the 
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range of 500-800 nm, which can be attributed to 5F4 (5S2) → 5I8, 5F5→5I8, 5F4 (5S2) → 

5I7 transitions of Ho3+. Detailed UC luminescence processes can be found in chapter 

3, where temperature-responsive UC luminescence properties have also been studied. 

 

Figure 5.3 Room temperature emission spectrum of SrF2:Ho,Yb UCNPs dispersion 

at the excitation of 980 nm laser. 

5.3 Single UCNPs trapping experiments 

 

Figure 5.4 (a) Schematic of the UCNP trapped by COT. (b) Schematic of the trapped 

microsphere and the UCNPs trapped by PNJ. The figures above (a,b) are 

corresponding fluorescence images of a single nanoparticle trapped by COT and PNJ, 

respectively. The red dashed circle denotes the position of the microsphere. 
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The single-particle experiment was implemented on the trapping setup described in 

Chapter 3. 980 nm fiber-coupled diode laser was used to trap and excite UCNPs. The 

UCNPs and silica microspheres were dispersed in heavy water and diluted to 

concentrations of ≈3.6 × 109 and ≈6.2 × 103 NP mL−1, respectively. Then, equal 

weights of UCNPs and silica microspheres suspensions were mixed. The UCNPs or 

mixture suspension was then sealed into a microfluidic chamber (secure seal spacers, 

13 mm diameter × 0.12 mm thickness) for the following experiments. This 120 μm 

height microchamber was attached to a heating stage with a thermal stability of 0.1 °C. 

Optical trapping was performed near the bottom wall of the chamber. The 

temperature of the solution in trap volume can be considered the same as that of the 

heating plate. Figure 5.4a corresponds to the case in which optical trapping is 

achieved by using a single microscope objective (hereafter, conventional optical 

tweezers, COT). In this case, a single objective lens (100X, 0.85NA) is used to focus 

the 980 nm trapping beam into a microchamber filled with a dispersion of UCNPs. 

The objective filling fraction is equal to 40% resulting in an effective numerical 

aperture close to 0.4. The generated luminescence, which is collected by the same 

objective lens, allows the visualization of the trapped particles through a CCD camera 

as shown in the fluorescence image of an optically trapped UCNP at the top of Figure 

5.4a. Figure 5.4b shows the experimental approach adopted to trap UCNPs with a 

PNJ. In this case, the same objective as in COT was used but silica microspheres 

were added to the solution containing UCNPs. Once a silica microsphere is trapped, 

a PNJ is created in the propagation direction. The larger optical gradient forces in the 

PNJ promote efficient trapping of UCNPs. As in the case of COT, the visible 

luminescence generated by the UCNP is used to monitor its presence within the PNJ 

(see fluorescence image generated by a single UCNP trapped within the PNJ). The 

presence of the microsphere improves the brightness of the fluorescence image with 

respect to that obtained with COT at a glance. The analysis of the time course of 

luminescence intensity as UCNPs successively loaded into the trap was used to rule 

out multi-particle optical trapping (Figure 5.5).  



Universidad Autónoma de Madrid 

100 

 

Figure 5.5 (a) Optical image of the trapped silica microsphere, (b) (c) (d) 

respectively demonstrate fluorescence images of a single UCNP, two UCNPs and 

several UCNPs trapped by PNJ generated by the microsphere. (e) Upconverting 

luminescence intensity as a function of time. Each step corresponds to a trapping 

event of a single UCNP. 

5.4 Simulation of PNJ 

The formation of the PNJ has been analyzed numerically. We have performed a finite 

differences time-domain simulation of the field scattered by a 2 µm silica sphere 

illuminated with a Gaussian beam focused with 0.4 NA optics (same as used in our 

experiments). The equilibrium position of the microsphere has been calculated taking 

into account the ray optics approach. The Gaussian beam has been modeled 

considering the Debye-Richard-Wolf plane waves representation [19]. Results for 

intensity distribution are shown in Figure 5.6a for both COT and PNJ. An intensity 

profile of the PNJ through its focal plane is presented in Figure 5.6b. The intensity 

profile obtained for the COT is also included for comparison. The intensity 

enhancement caused by the PNJ is evidenced. Not only that, the presence of the silica 

microsphere leads to better localization of laser radiation: The full width at half 

maximum of the PNJ is ≈700 nm. Although, the full width at half maximum of the 

COT is ≈1200 nm. As the light in the PNJ is highly focused, the gradient optical force, 

proportional to the intensity gradient, is expected to be stronger than in COT. Figure 

5.6c the intensity gradient through its focus plane, as obtained for both the PNJ and 

COT. Results included in Figure 5.6c reveal that the forces exerted on the UCNP 



Chapter 5-Photonics nanojet 

101 

trapped by the PNJ are expected to be enhanced by a factor of roughly 3.6 times with 

respect to COT because optical trapping force is proportional to the intensity gradient. 

Figure 5.6d shows the intensity profile through light propagation direction from the 

surface of the microsphere. The focal length, 𝐷 = 500 nm, is directly obtained by 

measuring the distance from the microlens surface to the maximum intensity point 

shown in Figure 5.6d. From the intensity distribution of light propagating through the 

microsphere, we obtain the effective numerical aperture, NAeff, and the focal length 

of the microlens. The NAeff  of the microlens is given by:  

 𝑁𝐴𝑒𝑓𝑓 = 𝑛𝑠𝑖𝑛(휃/2) (5.2) 

Where n = 1.45 and 휃 = 92° are the refractive index of the microlens and aperture 

angle of the microlens, respectively. The value of 휃 is obtained from the simulation, 

considering the angle between the focus point and the lens surface. As a result, the 

NA is calculated as 1.02.  
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Figure 5.6 (a) Simulated optical electric field intensity distributions of the optical 

trap without (COT) and with a microlens (PNJ) (b) Electric field intensity file at the 

focal planes of the outputted light in the x-direction, as indicated by the dashed line 

in (a). (c) The gradient of electric field intensity as a function of the distance in the 

x-direction, which is indicated by the dashed line in (a). (d) Intensity distribution 

along the optical axis as a function of the distance, from the microlens surface. 

5.5 Optical forces created by COT and PNJ. 

In order to check the numerical predictions presented in Figure 5.6, we have 

determined the magnitude of optical forces by the hydrodynamic drag method[3, 155, 

313]. The trapping force ( 𝐹𝑂𝑃 ) is calibrated against other known forces, the 

hydrodynamic drag force, 𝐹𝑑𝑟𝑎𝑔, which opposes the displacement of a moving object 

in a fluid: 
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 𝐹𝑑𝑟𝑎𝑔 = 6𝜋휂𝑟𝑁𝑃𝑣 = 𝐹𝑂𝑃 = 𝑃𝑙𝑘𝑡𝑟 (5.3) 

Which describes the drag force exerted on a sphere of hydrodynamic radius 𝑟𝑁𝑃 

moving inside a fluid of viscosity η with relative velocity v between the particle and 

the fluid. This force will drag the particle away from its equilibrium position 𝑟. An 

optical force with a restoring nature appears to balance the drag force, where 𝑃𝑙 is the 

laser power and 𝑘𝑡 is the trap stiffness (in units of power per unit of distance). For 

𝑟 < 𝑟𝑡 the particle is trapped, where 𝑟𝑡 is the optical trap radius (i. e. the radius of the 

PNJ or the beam waist of laser trapping beam in COT). When 𝑟 > 𝑟𝑡, the particle is 

released from the trap and its fluorescence is no longer excited. This happens when 

the drag force is higher than the maximum optical trapping force (𝐹𝑑𝑟𝑎𝑔 ≥ 𝐹𝑂𝑃(𝑟𝑡)). 

Thus, the controlled relative translation of the microchamber with respect to the 

optical trap allows us to obtain a direct estimation of the optical trap force or trap 

stiffness. 

 

Figure 5.7 Experimentally determinate laser power-dependent optical trapping force 

acting on a single UCNP trapped by PNJ (orange) and COT (green), respectively. 

Lines are linear fits. 

Figure 5.7 shows the laser power dependence of the optical trapping force for a 

UCNP trapped by the PNJ and COT. A linear trend is observed in both cases, as 

expected from Equation (5.3). The data shown in Figure 5.7 evidences 3 times 

increment of the optical force when a UCNP is trapped by using the PNJ generated 

by a microsphere trapped by the COT instead of being the UCNP directly trapped by 

the COT. This is, indeed, in very good agreement with numerical predictions 



Universidad Autónoma de Madrid 

104 

included in Figure Figure 5.6c. This indicates that the enhancement experimentally 

observed in the optical forces is caused by the larger intensity gradients achieved in 

the PNJ that leads to enhanced gradient forces. In addition, the optical forces acting 

on a single 2 µm microsphere are measured to corroborate they can be easily 

manipulated (in Figure 5.8a). The escape velocities for 2 µm microspheres and 

UCNPs in PNJ generated obtained in the process of using the drag method to measure 

optical force are compared (in Figure 5.8b). Distinctly, trapped UCNP in PNJ would 

escape the trap before 2 µm microspheres that generated PNJ. The drag method is 

valid in this case to characterize corresponding enhancement in optical force exerting 

on UCNP with and without microsphere. 

 

Figure 5.8 (a) Laser power dependence of the optical force acting on a single silica 

microsphere with a diameter of around 2 µm. (b) Laser power dependence of critical 

velocity 𝒗𝒄, the minimum velocity at which the sample stage can be moved relative 

to the trapping laser to release the trapped particle, was obtained for a 2 µm 

microsphere in a conventional optical trap (COT) and UCNP in a photonic nanojet 

(PNJ). 

The trap stiffness can be calculated from the slope of the linear fit of the power 

dependence of the optical force (Figure 5.7) by just dividing it by the optical trap 

radius (i. e. the radius of the PNJ, 𝑟𝑡 ≈ 275 nm and the radius of the COT, 𝑟𝑡 ≈ 550 

nm). For the UCNP trapped by the PNJ, the trap stiffness is 𝐾𝑡 = 0.89 pN/µm·W that 

is close to 5 times larger than that obtained for COT (0.17 pN/µm·W). Table 5.1 
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summarizes values of trap stiffness previously reported for different metallic and 

dielectric nanoparticles. The trap stiffness obtained in this work for a UCNP within 

a PNJ is comparable to those reported for ≈12 nm Au nanoparticles and for ≈20 nm 

Ag nanoparticles in water, although optical forces of metallic nanoparticles are 

typically 10 times larger than that of dielectric nanoparticles due to plasmon-induced 

field enhancement[4, 55-56, 227, 314]. This demonstrates that the use of a PNJ allows 

manipulation of a single 8 nm dielectric UCNP as easily as Au nanoparticles. In 

addition, the trapping stiffness achieved with the PNJ is 6 times larger than that 

previously reported for much larger dielectric nanoparticles such as ≈ 26 nm 

NaYF4:Er,Yb UCNP[129]. 

Table 5.1 Trap stiffness of different metallic and dielectric nanoparticles reported in 

previous literature. The size range at which nanoparticles can be stably trapped and 

the corresponding dispersion mediums are also included. In the case of the metallic 

nanoparticles, the particle size with the same value of trap stiffness is given 

Metallic nanoparticles 

 Medium 
Size range 

(nm) 

trap stiffness 

(pN µm-1 W-1) 

10-3 pN 

nm-1 W-1 
Ref. 

Gold H2O 5.4 – 254 0.1 – 100 ~ 10 nm [57] 

Gold H2O 12 – 72 1 – 100 ~ 12 nm [56] 

Silver H2O 20 – 275 1 – 100 ~ 20 nm [227] 

Gold Air 80 – 200 1 ~ 80 nm [314] 

Gold H2O 36 1 ~ 36 nm [55] 
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Dielectric nanoparticles 

 Medium Size 
trap stiffness 

(pN µm-1 W-1) 
Ref. 

NaYF4: Er,Yb D2O 26 nm 0.1 [17] 

SrF2: Er,Yb D2O 8 nm 0.3 [138] 

QD: CdSe H2O 
5 – 26 

nm 
1.6 [313] 

NaYF4: Er,Yb H2O 800 nm 5 [126] 

NaYF4: Er,Yb H2O 
30 – 200 

nm 
2 – 27 [139] 

Latex H2O 38 nm 0.1 [147] 

 

5.6 UCNP emission and thermal stability by COT and PNJ 

It became an accepted fact that single UCNP detection is challenging due to its dim 

luminescence intensity. In addition, in a temperature sensing experiment, the 

luminescence intensity is affected by the changes in temperature in the medium. The 

non-radiative decay processes caused by thermal quenching increase at higher 

temperatures, decreasing the luminescence intensity. The time courses of the 

emission intensities in the visible range generated from a single UCNP when 

incorporated into a COT and PNJ are compared in Figure 5.9. Data were obtained at 

room temperature (20 °C). Once optically trapped, the signal keeps constant with 

time in both cases. Although in both COT and PNJ cases we are dealing with single 

UCNP trapping, the fluorescence signal shows a two-fold intensity enhancement 

when the UCNP is trapped and excited with the PNJ. We state that this intensity 

improvement is due to the trapped silica microsphere, which acts as a high NA lens, 

focusing the excitation and collecting the upconversion (UC) fluorescence with 

improved efficiency[291, 312]. The effective numerical aperture, NAeff, of the 



Chapter 5-Photonics nanojet 

107 

microlens is 1.02, which is larger than that used in COT (0.4, considering the filling 

factor on the objective). Considering lens effects, the collected UC intensity through 

the microsphere, 𝐼𝑈𝐶
𝑐 , is given by 

 𝐼𝑈𝐶
𝑐 = 𝛽𝐶 · (𝛽𝐹 · 𝐼𝑒𝑥𝑐

𝑖𝑛𝑐)𝑛 (5.4) 

Where 𝛽𝐹 is the focusing efficiency of excitation light, 𝛽𝐹 = 𝐼𝑒𝑥𝑐
𝑡𝑎𝑟 𝐼𝑒𝑥𝑐

𝑖𝑛𝑐⁄  (where 𝐼𝑒𝑥𝑐
𝑖𝑛𝑐 

and 𝐼𝑒𝑥𝑐
𝑡𝑎𝑟 are incident excitation intensity and intensity irradiated on the target UCNPs, 

respectively) and the collection efficiency by 𝛽𝐶 (defined as the intensity ratio of the 

emitting light to the collection by the objective). 𝑛 is the order of the UC processes 

(number of infrared excitation photons required for the emission of a visible emitted 

photon). Since the excitation density (>1500 kW/cm2) achieved within the PNJ is 

sufficient to saturate the intermediate states[226], UC luminescence becomes linear, 

i.e. 𝑛 = 1, and the collected UC intensity can be written 

 𝐼𝑈𝐶
𝑐 = 𝛽𝐶 · (𝛽𝐹 · 𝐼𝑒𝑥𝑐

𝑒𝑥𝑡) (5.5) 

In experimental conditions, considering that the laser excitation intensity was fixed 

(i.e. 𝐼𝑒𝑥𝑐
𝑖𝑛𝑐 is constant and temperature-independent), the enhancement of focus 

efficiency with a microsphere is given by 
𝜋𝑟𝑡,𝐶𝑂𝑇
2

𝜋𝑟𝑡,𝑃𝑁𝐽
2 = 2.94  times. Because of the 

location of UNCP at the focal position and the reversible optical path, the 

improvement in collection efficiency can be approximately equal to the enhancement 

of focus efficiency. Thus the final strength improvement is 8.6 times. This value is 

larger than that obtained experimentally, and this discrepancy may be related to the 

scattering of the laser light on the interface between the silica microspheres and the 

heavy water. 

 



Universidad Autónoma de Madrid 

108 

 

Figure 5.9 (a) Normalized luminescence intensity (in the visible range) of a UCNP 

trapped by COT (green) or by PNJ (orange) as a function of time at 20 °C. The laser 

power used here is 0.06 W. (b) The error was estimated by the readout intensity 

fluctuations of a single UCNP in COT and PNJ (0.10 W, 20 °C), respectively, where 

the intensity was normalized and the standard deviations were found to be 𝜎 = ∆𝑰 = 

0.038 (COT) or 0.035 (PNJ). 



Chapter 5-Photonics nanojet 

109 

 

Figure 5.10. The luminescence intensity (in the visible range) of a UCNP trapped by 

COT (green) or by PNJ (orange) as a function of temperature using 0.06 W (a) and 

0.10 W (b) of 980 nm laser power (normalized to 20 °C). Normalized luminescence 

intensity (in the visible range) of a UCNP trapped by COT (green) or by PNJ (orange) 

as a function of time at 65 °C using 0.06 W (c) and 0.10 W (d) of 980 nm laser power. 

As was mentioned in Chapter 2, a particle confined in a trap undergoes Brownian 

motion within the optical trap volume. The amplitude of Brownian motion increases 

with temperature. At sufficiently high temperatures, Brownian motion can, indeed, 

release the particle from the trap. Therefore, conventional optical traps of UCNPs are 

only stable at room temperature. The stronger optical confinement caused by PNJ 

may surpass the disturbances caused by Brownian motion. In this sense, PNJ could, 

in principle, enable the optical trapping of small particles at temperatures above room 

temperature. To explore this possibility, we have investigated the stability of the 
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trapping in different temperature measurements. First, the luminescence intensity of 

a UCNP trapped by PNJ or COT as a function of temperature is plotted in Figure 

5.10a for a low trapping power (0.06W). When the UCNP is optically trapped with a 

single microscope objective (COT) temperatures above 30 ºC make the UCNP escape 

from the trap (luminescence intensity goes to zero at this temperature). On the other 

hand, when the UCNP is optically trapped by the PNJ it remains within the trap up 

to temperatures close to 75 ºC. The stability range achieved by the PNJ can be further 

extended by increasing the laser trapping power. This is evidenced in Figure 5.10b 

which includes the temperature dependence of a UCNP optically trapped by both a 

COT and PNJ as obtained for a trapping laser power of 0.10 W. Again, the 

improvement in thermal stability achieved by using a PNJ is clear. Indeed, for this 

laser trapping power, the PNJ optical trap has resulted to be stable up to 90 ºC, i.e. it 

is stable in the whole temperature range corresponding to liquid water. This is, again, 

a significant improvement in respect to COT that, for this high trapping power, only 

allows for stable trapping of the UCNP for temperatures below 40 ºC. In addition, a 

similar trend of emission intensity for nanoparticles trapped by PNJ can be found in 

Figure 5.10a-b: with temperature increasing, the intensity increases slightly and then 

decreases substantially at high temperatures before releasing. The initial increment is 

minor, although its cause is unknown. The decrease in emission intensity can be 

attributed to the dramatic thermal motion of nanoparticles in the trap at high 

temperatures. In order to explain how the thermal motion of nanoparticle in a trap 

could induce a reduction in the emission intensity at high temperature as shown in 

Figure 5.10a, b, we have calculated the average value of the excitation intensity for 

the nanoparticle in the nanojet using the following 1D approximation: 

 < 𝐼(𝑇) >= ∑ 𝑝(𝑥, 𝑇)𝐼(𝑥)

𝑥=+𝐿

𝑥=−𝐿

 (5.6) 

Where 𝐼(𝑥) is given in Figure 5.6b, 𝑇 is temperature, 𝐿 is a length much larger than 

the trap radius (L>>rt). 𝑥  is the displacement relative to the trap center and the 

probability that the UCNPs are at position 𝑥, or under the excitation intensity of 𝐼(𝑥) 

can be expressed as 
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 𝑝(𝑥, 𝑇) =
𝑒𝐼(𝑥)/𝑘𝑇

∑ 𝑒𝐼(𝑥)/𝑘𝑇𝑥=+𝐿
𝑥=−𝐿

 (5.7) 

𝑘 is a free fitting parameter relating the thermal energy with the potential energy 

given by light intensity. 

Since the emission intensity of UCNP in the trap is proportional to the excitation 

intensity (see Equation (5.5)), the excitation intensity can be used to qualitatively 

analyze the variation trend of the emission intensity with temperature. As one can see 

in Figure 5.11, the emission intensity of trapped nanoparticles, indeed, appears a 

downward trend, which is in agreement with the intensity reduction shown in Figure 

5.10a and b. 

 

Figure 5.11 The simulated emission intensity of trapped nanoparticles in PNJ varies 

with temperature. The simulation corresponds to a laser power of 0.06 W. 

The stability improvement achieved by the PNJ is also evidenced in time-course 

measurements. Figure 5.10c-d show the time evolution of the fluorescence intensity 

generated by both a COT and PNJ at 65 °C as obtained at 0.06 and 0.10 W, 

respectively. In these experiments, we created both the COT and PNJ trap in a diluted 

solution of UCNP and we registered the collected fluorescence intensity as a function 

of time. In these conditions, the incorporation of a UCNP is a random process in the 

sense that when a UCNP is in close proximity to the trap it becomes trapped. The 

spontaneous incorporation of the UCNP in the trap is evidenced by the sharp 

increment of the fluorescence intensity. The time scale of Figure 5.10c, d has been 

adjusted in such a way that the incorporation of the UCNP in both the PNJ and COT 
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are set to occur at the same time in order to make comparison easier. At different 

laser power, a similar trend is obtained. In the case of COT, the UCNP incorporates 

within the trap but remains there only for a short time (less than 30 s). After this short 

time, the UCNP leaves the trap as is evidenced by a sharp intensity decrease. This 

short permanence time is a clear indicator of the poor stability of the COT at these 

high temperatures. On the other hand, when the UCNP incorporates within the PNJ 

it remains there indefinitely since, even at these high temperatures, the PNJ creates a 

stable optical trap.  

 

Figure 5.12 Average value of the nanoparticle’s mean displacement (in the X-Y 

plane) versus time for temperatures ranging from 0 °C to 100 °C, trapped by COT (a) 

and by PNJ (b), respectively (same laser power), and for a filling factor of 40%. The 

average is performed using 1000 different realizations. As a reference, a horizontal 

line indicates a displacement of one micron, about the size of the spot considered. 

The total simulation time is fixed to 0.02 s. 

Data included in Figure 5.10 experimentally demonstrated the large improvement in 

thermal stability achieved when using a PNJ. This is tentatively attributed to the large 

field gradients achieved by the PNJ in comparison with COT. In order to verify this, 

we have performed numerical simulations. The field scattered by a dielectric sphere 

when illuminated with a Gaussian beam has been calculated using a finite differences 

time domain simulation considering the Debye-Richard-Wolf plane waves 

representation[315-316]. Once intensity is known at every point the optical force is 

numerically evaluated as the gradient of the intensity. With these values of the force, 
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a two-dimensional (Z=0) Langevin molecular dynamics simulation of the mean 

displacement of the Rayleigh nanoparticle has been developed at different 

temperatures considering 1000 different realizations. Calculations of the 

displacements, with and without the microsphere, are compared for a fixed 

simulation time. Considering the large optical trapping force exerted on the silica 

microsphere, its vibration was not taken into account in the simulation. In order to 

facilitate the comparison between both displacements, a 1 m reference line was set. 

It is almost the average of the full width at half maximum of the PNJ (700 nm) and 

the full width at half maximum of the COT (1200 nm).  

The simulation of the mean displacement of a trapped nanoparticle as a function of 

time at temperatures ranging from 0 – 100 °C (see Figure 5.12) reveals that the PNJ 

can hold a small nanoparticle trapped at temperatures as high as 70 °C. On the 

contrary, COT in the same conditions can hold the particle only for temperatures 

smaller than 20 °C. This agrees with the previous experimental result shown and 

confirms the superiority of the PNJ-based OT for working along the physiological 

temperature range. 

5.7 Conclusion 

In this work, we have demonstrated how the single-beam optical trapping of small 

UCNP can be substantially improved by taking advantage of the PNJ generated by 

an optically trapped microsphere.  

The use of the PNJ for optical manipulation of a single UCNP has three advantages. 

Firstly, it provides larger optical forces, which allows easier optical manipulation. 

Secondly, it leads to a significant increment in the local laser light density, which 

results in a significant increment in the multiphoton-excited luminescence of the 

trapped UCNP. Moreover, the PNJ improves the thermal stability of the trapped 

nanoparticle, allowing the optical trapping in the 20-90 ºC range. Results have 

revealed a 5-fold increment in the effective trap stiffness with respect to that obtained 

by using the conventional optical trapping approach. Indeed, the optical trap stiffness 

here obtained is comparable to those reported for metallic nanoparticles of similar 

size. A comparison of experimental data and numerical simulations revealed that 
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such increment is due to the larger gradient intensity generated by the PNJ. Due to 

the larger optical forces, 8 nm nanoparticles stay stably trapped by the PNJ at 

temperatures as high as 90 ºC for 100 mW trapping laser power. It has been 

demonstrated that photonic nanojet is an effective method to enhance the optical 

force and maintain stable trapping stability at high temperatures. 
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6 Surface modification with PNIPAM 

In the previous chapter, a near-field method called photonic nanojet is introduced to 

improve the optical force. The effect is so remarkable that stable optical trapping of 

single UCNPs in the full liquid water temperature range has been experimentally 

fulfilled. However, there are still other alternatives that can effectively enhance the 

optical force in the aspect of modulating the property of trapped particles, such as 

increasing the doping concentration of rare-earth ions, and surface charge 

tailoring[138, 281]. In this chapter, an enhancement of optical force is expected by 

coating a thermoresponsive polymer (poly(N-isopropylacrylamide, PNIPAM) on the 

surface of a 30-nm NaYF4:Er3+, Yb3+ UCNP (UCNP@PNIPAM). Moreover, the 

improvement of the thermal sensitivity of NaYF4:Er3+, Yb3+ UCNP is also envisaged 

considering the extra thermal sensitive channel provided by the polymer shell.  

6.1 Introduction 

The optical force has been separated into two components: scattering force (𝐹𝑠𝑐𝑎𝑡) 

and gradient force (𝐹𝑔𝑟𝑎𝑑). 𝐹𝑠𝑐𝑎𝑡 is associated with the transfer of linear momentum 

from the scattered photons to the particle. It pushes the particle in the propagation 

direction of the trapping beam. The confinement of the particle within the optical trap 

is due to 𝐹𝑔𝑟𝑎𝑑 that attracts it toward the highest laser beam intensity region. In the 

range of particles much smaller than the trapping wavelength (𝑅 ≤ 𝜆 ), 𝐹𝑔𝑟𝑎𝑑 

originates from the interaction between the inhomogeneous electromagnetic field and 

the induced particle’s polarization[143]: 

 𝐹𝑔𝑟𝑎𝑑 =
1

4
𝛼′∇|𝐸𝑖|

2 (6.1) 

where 𝛼′ = 𝑅𝑒 {𝛼𝑁𝑃}, 𝐸𝑖  is the incident electromagnetic field. Claussius-Mossotti 

expression was usually used to describe dielectric nanoparticle’s polarizability. In a 

first-order approximation, assuming a delta-like (sharp, well-defined) NP-medium 

interface (see Figure 6.1), the electronic polarizability given by Claussius-Mossotti 

formalism[317] can be written as: 
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 α = 𝛼𝐶𝑀 = 3휀𝑚𝑉𝑁𝑃
휀𝑁𝑃 − 휀𝑚
휀𝑁𝑃 + 2휀𝑚

 (6.2) 

where 휀𝑁𝑃 , 휀𝑚  are the electric permittivity of the nanoparticle and surrounding 

medium, 𝑉𝑁𝑃 the volume of the nanoparticle. As one can see, the gradient force scales 

with the particle volume.  

However, the electrostatic properties of the interface between the NP and the 

surrounding medium dominate over the determination of optical force. It was 

experimentally demonstrated that the magnitude of optical forces can be enhanced 

through a controlled modification of the particle−medium interface, i.e. surface 

charge tailoring. These results can be understood with a more complex model[318] 

in which the NP−medium interface is assumed that the NP is surrounded by a coating 

layer that constitutes an effective NP−medium interface (see Figure 6.1). 

 

αNP = 3(𝑉𝑁𝑃 + 𝑉𝑐) × 

(휀𝑐 − 휀𝑚)(휀𝑁𝑃 + 2휀𝑐) + 𝑓(휀𝑁𝑃 − 휀𝑐)(휀𝑚 + 2휀𝑐)

(휀𝑐 + 2휀𝑐)(휀𝑁𝑃 + 2휀𝑐) + 𝑓(2휀𝑐 − 2휀𝑚)(휀𝑁𝑃 − 휀𝑐)
 

(6.3) 

where 휀𝑐  is the relative permittivity of the NP-medium interface, 𝑉𝑐  the coating 

volume and 𝑓 = 𝑉𝑁𝑃/(𝑉𝑁𝑃 + 𝑉𝑐) . As we discussed in ζ -potential measurement 

(Chapter 3), particles tend to present surface charge or electric potential due to 

surface ionization and the adsorption of cations or anions in dispersion, even ligand-

free bare particles. The appearance of the “charge cloud” behaves as a coating layer 

with a particular relative 휀𝑐. Thus, the electronic polarizability depends not only on 

the 𝑉𝑁𝑃volume but also on its electrostatic characteristics.  
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Figure 6.1 (a) For ligand-free NP, the optical force theoretical calculation involves 

the permittivities of the medium (𝛆𝐦) and particle (𝛆𝐍𝐏), while (b) in the case of NPs 

covered with ligands, both particle and coating (𝛆𝐜) permittivities are taken into 

account for optical forces. Reproduced from [139], Copyright 2018, American 

Chemical Society. 

Polarizability of UCNPs (αNP) depends on the dielectric constants of the NP and that 

of the environment, so that αNP optimization can be achieved by modifying the NPs 

material and surface of NPs or the surrounding medium. It has been reported that 

appropriate surface decoration permits the preparation of coated colloids with 

varying shapes and sizes as well as different functional groups (such as -COOH, -

NH2, or -SH) for higher colloidal stability, narrower size dispersion, and the ability 

to conjugate biomolecules. Furthermore, changes in surface functional groups are 

accompanied by variations in the amount and distribution of charges on the surface 

of UCNPs dispersed in liquid media characterized by their ζ -potential, which 

influence αNP of UCNPs as shown in Figure 6.1. Rodríguez-Rodríguez et al. studied 

the influence of the surface coating of 8-nm SrF2:Er,Yb NPs:Ln on the trapping 

efficiency[138]. Substitution of cationic species at the surface could lead to an almost 

50-fold enhancement in trapping efficiency. Their subsequent experiments[139], 

measuring the optical forces acting on NaYF4:Er,Yb NPs:Ln of different sizes 

(ranging from 5 to 100 nm), demonstrated that for sub-100 nm nonmetallic 

nanoparticles (dielectric or semiconductor NPs) optical forces acting on UCNPs can 

be tailored as a function of the ζ-potential. Therefore, Surface decoration of UCNPs 

is an effective method to enhance the optical force of sub-100 nm UCNPs while 

improving their multi-functionality. 
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The thermoresponsive polymer poly(N-isopropylacrylamide) (PNIPAM) is the most 

well-known and widely used stimuli-responsive polymer in biomedical fields, such 

as drug delivery, biosensor, and solvent extraction[319-322]. Surface modification 

with PNIPAM was shown to be a powerful strategy to elicit temperature-dependent 

spectral changes in core-shell nanoparticles as an ensemble[323-326]. In the system 

of PNIPAM-coated plasmonic nanostructures, the temperature-responsive volume 

phase transition of the PNIPAM shell could induce up to a 20-nm-shift of the surface 

plasmon band, which can be applied as one novel kind of thermal/photo controlled 

switch[324]. For polymer-coated quantum dots or dyes[325, 327], it has been 

demonstrated that thermal-induced collapse of PNIPAM causes not only the shift of 

emission band of QDs, but also changes in emission intensity. The spectral property 

of PNIPAM-functionalized NaLuF4:Yb3+, Er3+ UCNPs dispersion was also studied, 

and an 80-fold enhanced upconversion (UC) luminescence above 31 °C is be 

discovered[328]. It is therefore envisaged that similar drastic modulation of the 

spectroscopic properties would arise in single UNCPs during optical trapping. The 

introduction of PNIPAM as a surface coating can provide extra thermal sensitivity to 

UCNPs, which suffer from low thermal sensitivity (generally around 1% ºC-1 at room 

temperature[97, 100, 107-108]) as luminescence nanothermometers. Furthermore, 

the control of shell thickness and surface charges can modify the size and Zeta 

potential.  

In this chapter, a thermoresponsive polymer (poly(N-isopropylacrylamide, PNIPAM) 

was coated on the surface of a 30-nm NaYF4:Er3+, Yb3+, UCNP to obtain a 

nanocomposite (UCNP@PNIPAM). The optical forces acting on a single 

UCNP@PNIPAM have been measured in the 20-45 °C temperature range and 

compared to those acting on bare UCNP. The improvement in optical force caused 

by the PNIPAM coating has been explained in terms of changes in surface charge, 

effective refractive index, and size of the UCNP@PNIPAM nanocomposite. The 

emitted intensity generated by an optically trapped UCNP@PNIPAM has been also 

systematically measured as a function of temperature revealing an anomalous 

behavior that leads to superior thermal sensitivity. Numerical simulations have been 

conducted to understand the sharp temperature-induced increment of the collected 
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signal that occurs in correspondence to the collapse temperature of the PNIPAM 

coating, which acts as a nanolens with a high numerical aperture.  

6.2 Synthesis and characterization of UCNP@PNIPAM nanocomposites 

With the aim of synthesis of the hybrid NaYF4:2%Er3+, 20%Yb3+@PNIPAM 

nanocomposites, the NaYF4:2%Er3+, 20%Yb3+ nanocomposites were firstly prepared 

following a modified thermal decomposition method[329], followed by the ligand 

exchange reaction functionalizing UCNPs with 10-(methacryloyloxydecyl) 

phosphonic acid (DMP), then polymerization of monomers (N-isopropylacrylamide) 

generating the surface coating of PNIPAM (see Figure 6.2 ). A detailed description 

of the whole process can be found in Chapter 3.  

 

Figure 6.2 Schematic illustration of the surface modification of PNIPAM on UCNP 

As one can see from transmission electron microscopy (TEM) images, the UCNPs 

have an average diameter of (30 ± 2) nm and the typical hexagonal disk shape of β-

NaYF4:Er3+,Yb3+ (Figure 6.3a). Around each UCNP core, a PNIPAM shell of 100 

nm in thickness was homogeneously grown. The resulting UCNP@PNIPAM units 

have a uniform size of (230  20) nm in diameter (Figure 6.3b), in which the UCNP 

core presents higher contrast than the PNIPAM shell. Several nanoparticles can be 

found without a UCNP core, this is the result of reducing the amount of UCNP in the 

synthesis so that each hybrid nanocomposite has only one UCNP core or no core. 

Different magnification images of arbitrarily selected single UCNP@PNIPAM 

nanocomposites are shown in Figure 6.3c and Figure 6.3d. The grayscale profile 

obtained by processing Figure 6.3c shows that the diameter of core UCNP and 

composite particles are 33 nm and 230 nm, respectively, which indicates that 
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PNIPAM polymer was successfully modified on the surface of a single UCNP. The 

high-resolution TEM image presented in Figure 6.3d exhibits clear lattice fringes in 

UCNP, the 0.52nm fringe spacing corresponds to the interplanar spacing of {11̅00} 

plane, which determines  NaYF4:Er3+, Yb3+ crystal is a highly crystalline hexagonal 

phase[330].  

 

Figure 6.3. (a) Transmission electron microscopy (TEM) image of bare UCNPs. The 

figure right below shows the corresponding histogram of size distribution. (b) TEM 

image of UCNP@PNIPAM. The figure right below shows the corresponding 

histogram of size distribution. (c), (d) TEM images of a single UCNP@PNIPAM 

with different magnifications. Intensity profile as obtained form (c) indicating the 

location and size of core UCNP and entirety. (d) exhibits clear lattice fringes in 

UCNP 

The hybrid UCNP@PNIPAM nanocomposites were dispersed in deionized water, 

where the particles are positively charged due to the presence of positively charged 

groups that stem from the initiator used in the polymerization reaction. As one can 

see in Figure 6.4a, ζ-potential at room temperature is +16.9 mV. This value can be 

considered to be temperature independent as the temperature increases (Figure 6.4b). 

For comparison, the ζ-potential of UCNP core dispersion was measured at 20 °C 

(Figure 6.4c). The obtained ζ-potential is much larger than that of UCNP@PNIPAM 

dispersion at the same temperature. Must be mentioned that the UCNPs are not 

ligand-free but functionalized with the initiator (10-(methacryloyloxydecyl) 
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phosphonic acid) used in the polymerization reaction, which accounts for the high ζ-

potential. 

 

Figure 6.4 (a) 휁-potential of UCNP@PNIPAM dispersion at 20 °C (b) 휁-potential 

of UCNP@PNIPAM as a function of temperature (c) 휁-potential of UCNP dispersion 

at 20 °C 

 

Figure 6.5 (a) Schematic of the volume phase transition of UCNP@PNIPAM 

nanocomposites dispersed in water. (b) The hydrodynamic diameter of 

UCNP@PNIPAMs nanocomposites dispersion characterized by dynamic light 

scattering (DLS) measurement (three times measurements were performed at each 

temperature, the gray solid curve is the sigmoidal fitting curve) and calculated 

refractive index curve of PNIPAM shell (blue solid line),. The refractive index of 

PNIPAM in the swollen and collapsed state was considered 1.33[334] (matching the 
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one of water) and 1.47[335] (bulk PNIPAM refractive index), respectively. The 

change of the refractive index with temperature was simulated as a sigmoidal 

function using the parameters extracted from the fit of the volume phase transition 

The PNIPAM coating swells in water at room temperature, inducing the ordering of 

water molecules around the amide group by means of hydrogen bonding[331] 

(Figure 6.5a). When the temperature is above the volume phase transition 

temperature (VPTT ≈ 32 ºC), molecular agitation disrupts the hydrogen bonds and 

leads to a breakdown of the local water structure around the PNIPAM chains. This 

process known as volume phase transition (VPT) increases the hydrophobicity of the 

polymer network and triggers hydrophobic attractions among isopropyl groups, with 

the consequent “squeezing-out” of water molecules from the polymer structure. The 

result is a transition from a swollen state to a collapsed state, yielding a reduction of 

the hydrodynamic diameter as well as an increment of the refractive index of the 

PNIPAM coating[332]. This VPT was studied by measuring the hydrodynamic 

diameter of the nanocomposites at different temperatures using dynamic light 

scattering ( Figure 6.5b). Between 20 and 30 ºC, PNIPAM is in a swollen state, hence 

the UCNP@PNIPAM nanocomposite exhibits a mean hydrodynamic diameter close 

to 370 nm. When the temperature is close to the VPTT the polymer chain begins to 

collapse expelling the molecules of water from the matrix. The hydrodynamic 

diameter consequently shrinks down to a minimum of 240 nm at 37 ºC. Further 

increment of the temperature does not produce any relevant variation of the 

hydrodynamic. This behavior can be described by a four-parameter sigmoidal 

function[333]: 

 𝐷(𝑇) = 𝐷𝑚𝑖𝑛 +
𝐷𝑚𝑎𝑥 − 𝐷𝑚𝑖𝑛

1 + exp (
𝑇 − 𝑇𝑡𝑟𝑎𝑛

𝜏
)
 (6.4) 

Where 𝐷(𝑇) is the diameter of the UCNP@PNIPAM nanocomposite at temperature 

T, 𝐷𝑚𝑖𝑛  and 𝐷𝑚𝑎𝑥  are the minimum and maximum diameters, (i.e., in the fully 

collapsed and swollen states) respectively, 𝑇𝑡𝑟𝑎𝑛  is the midpoint transition 

temperature (the inflection point of the curve, which can be identified as the VPTT) 

and 𝜏 is the half-width of the transition. The quality of the nonlinear regression is 



Chapter 6-Surface modification with PNIPAM 

123 

excellent (R2 = 0.992), and the values of the parameters resulting from the fitting 

procedure are reported in Table 6.1. The VPT leads not only to a reduction of the 

polymeric volume but also to an increase in its refractive index. The refractive index 

of PNIPAM at a temperature below VPTT can be approximated to 1.33 (𝑛𝑚𝑖𝑛, ref. 

[334]), comparable to that of water, when the PNIPAM is fully collapsed, its 

refractive index increases up to 1.47 (𝑛𝑚𝑎𝑥 , ref. [335]). The change of refractive 

index from swollen state to collapsed state follows the same sigmoidal trend of 

VPT[336], thus, can be calculated by sigmoidal function with the fitting parameters 

(𝑇𝑡𝑟𝑎𝑛, 𝜏) from VPT (Table 6.1): 

 
𝑛(𝑇) =  𝑛𝑚𝑖𝑛 +

𝑛𝑚𝑎𝑥 − 𝑛𝑚𝑖𝑛

1 + 𝑒𝑥𝑝 (
𝑇 − 𝑇𝑡𝑟𝑎𝑛

𝜏
)
 

(6.5) 

The calculation results are presented in Figure 6.5b (blue solid line). 

Table 6.1 Fitting parameters of Equation (6.4) to the temperature dependence of 

hydrodynamic diameter and the temperature dependence of the luminescence emitted 

by a single UCNP@PNIPAM 

 Min Max 𝑇𝑡𝑟𝑎𝑛 𝜏 R2 

Hydrodynamic 

diameter 
236±3 369±3 32.8±0.2 2.2±0.2 0.992 

Luminescence 

intensity 
0.92±0.04 1.65±0.02 32.0±0.5 2.3±0.5 0.960 

 

Temperature-induced increment in the refractive index enhances the scattering 

efficiency of the UCNP@PNIPAM nanocomposites. This, in turn, causes an 

increment of the extinction (i.e., sum of scattering and absorption) coefficient of the 

colloidal dispersion of UCNP@PNIPAM as evidenced by optical transmission 

experiments (Figure 6.6). Temperature-dependent extinction spectra of 

UCNP@PNIPAM dispersion from 400 to 1000 nm are reversible. Two 

representations at 550 and 975 nm show that this change in extinct coefficient follows 

a similar sigmoidal trend to VPT, as suggested by the fitting parameters in  
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Table 6.2. The minor differences in absorption coefficients at 20 °C for heating and 

cooling processes can be explained by the cross-linking of polymer chains induced 

by sedimentation after long-term storage, which was untied after a reciprocating VPT. 

 

Figure 6.6 Changes in transparency determined by extinction spectrum when heating 

(a) and cooling (b) an aqueous dispersion of UCNP@PNIPAM nanocomposites. 

Corresponding extinction at 550 nm (c) and 975 nm (d) extracted from (a) and (b). 

 

 



Chapter 6-Surface modification with PNIPAM 

125 

 

 

Table 6.2 Parameters resulting from the sigmoidal fit of the curves in Figures 6.6c 

and 6.6d. 

Sigmoidal fit Amin (10-3) Amax (10-3) Ttran  R2 

At 

550 

nm 

Heating 89±2 156±1 33.7±0.2 2.3±0.2 0.995 

Cooling 85±2 156±2 33.1±0.3 2.2±0.2 0.996 

At 

975 

nm 

Heating 30±0.41 46±0.45 35.3±0.3 2.4±0.3 0.993 

Cooling 22±0.67 46±0.45 33.7±0.3 2.4±0.3 0.995 

 

The emission spectrum of UCNP@PNIPAM aqueous dispersion was measured 

under excitation with the 980 nm trapping laser beam, as shown in Figure 6.7. The 

spectrum includes two primary emissions in the green and red regions. The main red 

emission band at around 660 nm is assigned to the 4F9/2→4I15/2 transition of Er3+ ions. 

The green emission consists of two bands centered at 525 and 550 nm, which are 

attributed to 2H11/2→4I15/2 and 4S3/2→4I15/2 transitions of Er3+ ions, respectively.  
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Figure 6.7 (a) Upconversion emission spectrum of UCNP@PNIPAM aqueous 

solution under excitation with a 980 nm laser. (b) Corresponding upconversion 

processes of Yb3+ – Er3+ through successive energy transfer. ET refers to energy 

transfer, GSA and ESA refer to ground state absorption and excited state absorption, 

respectively. 

6.3 Optical trapping of a single UCNP@PNIPAM nanocomposite 

OT experiments were performed using a single beam optical trapping setup (Figure 

6.8a, detailed information is given in Chapter 3. Using a high-numerical-aperture 

microscope objective, a 980 nm laser beam was focused into the microchamber 

containing the dilute aqueous dispersion of UCNP@PNIPAM nanocomposites. In 

practice, the UCNP@PNIPAM nanocomposites tend to adsorb on the surface of the 

negatively charged glass slide. In order to avoid adhesion, the glass slide surface was 

preemptively treated with polyethylenimine (PEI) to minimize electrostatic 

interactions (see details in Section 3.1.1 of Chapter 3). When a single 

UCNP@PNIPAM nanocomposite gets trapped, the 980 nm laser radiation is partially 

absorbed by Yb3+ ions, which transfer this optical energy to nearby Er3+ ions, 

ultimately leading to strong red and green emissions [119] (Figure 6.7). The UC 

luminescence is collected by the same objective used for excitation and visualized by 

a CCD camera. Figure 6.8b shows a fluorescence image of a single 

UCNP@PNIPAM nanocomposite optically trapped at room temperature. The 

incorporation of individual UCNP@PNIPAM nanocomposites into the trap was 

evidenced by discrete steps in the detected intensity (Figure 6.8c). The height of the 

intensity steps corresponds to the intensity of the emitted radiation generated by an 

individual UCNP@PNIPAM nanocomposite. The total luminescence intensity at the 

optical trap position allows for determining the number of nanocomposites being 

optically trapped. By adjusting the concentration of the colloidal dispersion of 

UCNP@PNIPAM and the trapping power, the loading rate of UCNP@PNIPAM at 

the trap position can be controlled. In Figure 6.8c, the concentration of 

UCNP@PNIPAM aqueous solution is set to be 109 UCNP@PNIPAM/mL and the 

on-target trapping power is 85 mW. For single-particle trapping experiments, the 

aqueous dispersion of UCNP@PNIPAM nanocomposites was further diluted to 3·106 
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UCNP@PNIPAM/mL corresponding to an interparticle average distance of 70 m. 

Such a low concentration is required to avoid multiple-particle trapping. 

 

Figure 6.8 (a) Schematic of optical trapping setup used in this work. (b) Fluorescence 

image of a single optically trapped UCNP@PNIPAM at 20 °C. (c) Luminescence 

intensity as a function of time obtained at 20 °C. Each step corresponds to a trapping 

event of a single UCNP@PNIPAM nanocomposite. (d) Schematic drawings of the 

drag method used to measure the optical force.  

The optical force that determines the trapping stability at different temperatures is 

calibrated by the drag method[3]. As one can observe from Figure 6.8a, the motorized 

stage where the microchamber was placed allowed us to induce a relative velocity 

between the optically trapped UCNP and the surrounding medium. By recording the 

critical velocity (𝑣𝑐), the maximum velocity at which the sample stage can move to 

maintain particle in the trap (Figure 6.9a), the maximum optical force (𝐹𝑂𝑃
𝑚𝑎𝑥 = 𝐾𝑡𝑟𝑡, 

being 𝑟𝑡 optical trap radius, i.e. the spot radius, which is estimated by 
0.6λ

𝑁𝐴
≈ 700 𝑛𝑚) 

is comparable to a drag force exerted on the trapped particle (𝐹𝑑𝑟𝑎𝑔 = 6𝜋휂𝑟𝑁𝑃𝑣𝑐, 

where 𝑟𝑁𝑃  is the hydrodynamic radius of the trapped object and 휂  the dynamic 

viscosity of the medium (water in this case). The power dependence of the maximum 

optical force at 20 C was obtained for both bare UCNP and UCNP@PNIPAM 
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nanocomposites (Figure 6.9b). In both cases, 𝐹𝑂𝑃
𝑚𝑎𝑥 increases linearly with the laser 

power, being the optical force acting on the trapped UCNP is enhanced by about 16 

times thanks to surface coating with PNIPAM. According to Rayleigh's formalism 

that optical force is proportional to the ζ-potential of trapped particle, a larger ζ-

potential value of naked UCNP will cause a larger optical force than that of 

UCNP@PNIPAM under the same conditions. However, the fact is just the opposite, 

which indicates that particle size dominates over surface coating. Such a staggering 

enhancement in the optical force ensures stable optical trapping of a single 

UCNP@PNIPAM nanocomposite in high-viscosity media (such as cytoplasm of 

living cells) and above room temperature[337], which is supported by its high 

equilibrium potential shown in Figure 6.9c. At 85 mW, the Equilibrium potential of 

UCNP@PNIPAM in the trap is estimated by 𝑈(𝑟) =
1

2
𝐾𝑡𝑟

2, the full depth of the 

potential well is calculated to be 𝑈(𝑟𝑡) = 54.2𝑘𝐵𝑇, being 𝑟𝑡 = 700 𝑛𝑚 optical trap 

radius. In general, when 𝑈(𝑟𝑡) > 10𝑘𝐵𝑇, the optical trap can be considered a stable 

potential well. While the equilibrium potential 𝑈(𝑟𝑡) of UCNP in the trap is 0.85𝑘𝐵𝑇, 

it means a shallow potential well and a poor binding ability. We have observed stable 

optical trapping of a single UCNP@PNIPAM nanocomposite for increasing 

temperatures up to 45 °C by using moderate/low laser powers (85 mW, Figure 6.9d). 

As the temperature rises, the trapping force acting on a single UCNP@PNIPAM 

nanocomposite decreases but remains larger than the one acting on a bare UCNP at 

room temperature, and at 44 °C the relevant potential depth (𝑈(𝑟𝑡) = 17𝑘𝐵𝑇) of 

UCNP@PNIPAM implies that the particle can be trapped stably. 
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Figure 6.9 (a) Experimentally determined critical velocity divided by laser power 

(85 mW) as a function of temperature, when using the drag method to calibrate the 

optical force acting on UCNP@PNIPAM. (b) Comparison of optical forces acting on 

single UCNP and UCNP@PNIPAM at 20 C. (c) Trapping constant of optically 

trapping single UCNP@PNIPAM as a function of temperature, the laser power is 85 

mW. (d) Equilibrium potential 𝑈(𝑟) as a function of displacement from the trap 

center. From the top to the bottom, scatters are corresponding 𝑈𝑟  of 

UCNP@PNIPAM at 20 C, UCNP@PNIPAM at 44 C and UCNP at 20 C. Laser 

power is 85 mW. 

Results reported in Figure 6.9 reveal how the PNIPAM coating improves both the 

strength and thermal stability of optically trapped UCNP. The UCNP@PNIPAM 

nanocomposites show a diameter changing from 240 to 370 nm (Figure 6.5). Within 

this size range, two formalisms may be applicable to describe optical forces: the 
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Lorenz-Mie formalism (applied to particles whose size is comparable to the trapping 

wavelength) and the Rayleigh formalism (applied to particles with sizes much 

smaller than the trapping laser wavelength). The question here arising is which of 

these two formalisms explain better the results of Figure 6.9. 

Lorenz-Mie formalism states that optical forces scale with the size and refractive 

index of the trapped particle[338-339]. The optical force for both spherical and non-

spherical particles can be predicted by using the OT Computational Tool box 

software developed by Nieminen et al[338]. and implemented in Matlab. The basic 

inputs to the tool box are the refractive index of the particle (𝑛𝑝), the refractive index 

of the surrounding medium (𝑛𝑚, here is water), the hydrodynamic diameter of the 

particle (D), the wavelength of the trapping beam (λ), the convergence angle of the 

trapping beam, and laser power applied (85 mW). To understand the effect of the 

particle size and refractive index individually on the lateral trap constant, the 

corresponding trap constant was calculated as a function of the refractive index by 

fixing the hydrodynamic diameter of particles to 368 nm (at 20 °C) and as a function 

of particle size by fixing the refractive index of the particle to 1.335 (at 20 °C, to 

avoid zero optical force, we used a slightly larger index of refraction (1.335) instead 

of 1.33), As one can see in Figure 6.10, the increment in refractive caused by the 

collapse of PNIPAM dominates over the size reduction. Therefore, when both effects 

were considered, the trap constant would increase with temperature. However, it is 

not consistent with the experimental results. 
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Figure 6.10 Computed trap constant using OT Computational Tool box software 

considering only the effect of variation of refractive index, only considering the effect 

of variation of particle’s size, or considering both. 

On the other hand, Rayleigh's formalism states that optical forces should scale with 

the electronic polarizability of the trapped nanoparticle. It has been demonstrated that 

the electronic polarizability of dielectric nanoparticles is mainly determined by their 

ζ-potential and size[139]. Since the collapse of the polymer does not affect the ζ-

potential of UCNP@PNIPAM nanocomposites (see Figure 6.4), the electronic 

polarizability is expected to reduce with temperature due to the VPT of the PNIPAM 

that leading to a significant reduction of the UCNP@PNIPAM radius. Therefore, we 

conclude that Rayleigh formalism can explain the reduction of optical force with 

temperature experimentally observed in Figure 6.9.  

6.4 Thermal sensitivity of a single UCNP@PNIPAM nanocomposite 

After demonstrating that > 40 °C stable optical trapping of a single UCNP@PNIPAM 

nanocomposite is possible, its potential as a thermal nanosensor was assessed. Firstly, 

put the microchamber on the sample stage, then set the temperature of the heating 

plate at 20 °C. Turned on the laser, make sure the laser power after the objective was 

around 85 mW, and waited for the particle getting into the trap. Once a single particle 

was trapped at 20 °C, the temperature in the trap volume was increased at a 2 °C/min 

rate, simultaneously recording fluorescence images of the trapped particle with an 

exposure time of 3s. Maintaining the temperature of the heating plate at 20 °C, 
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fluctuations of luminescence intensity generated by a single trapped 

UCNP@PNIPAM at 20 °C were measured with the same exposure time of 3 s. The 

luminescence intensity generated by a single optically trapped UCNP@PNIPAM 

nanocomposite as a function of temperature was obtained by processing the 

fluorescence images (Figure 6.11a). The error is estimated from the temporal 

fluctuations of luminescence intensity of a single trapped UCNP@PNIPAM at 

20 °C[247](Figure 6.11b). In general, the uncertainty of intensity measurements is 

mainly determined by the nature of the detector. Here it was characterized by 

analyzing the fluctuations of the background on the fluorescent images in the dark 

field (Figure 6.8b), the obtained value (0.08%) is much smaller than the uncertainty 

in experimental measurements (2.1%). This indicates that fluctuations in excitation 

intensity, mechanical vibrations of the stage, and especially the displacements 

induced by the Brownian motion in the trap could play an important role in emission 

detection.  

At low temperatures (20-25 C), the luminescence intensity from a single 

UCNP@PNIPAM remains constant, then gradually increases with the increase of the 

temperature until 40 C. Above 40 C, the luminescence intensity tends to stabilize. 

The temperature evolution of the luminescence intensity can be fitted using the same 

four-parameter sigmoidal function that describes the PNIPAM collapse. The similar 

values found for the inflection point and half-width evidence the connection between 

the observed intensity increment and the collapse of the PNIPAM coating (Table 6.1). 

This causal link is further supported by the absence of any temperature-induced 

intensity increment in bare UCNPs (see blue dots in Figure 6.11). Furthermore, the 

intensity varying gradually over long periods (in Figure 6.12) evidences that the 

intensity enhancement cannot be correlated to the incorporation of additional 

UCNP@PNIPAM nanocomposites into the trap. The physical mechanisms linking 

the PNIPAM collapse and the luminescence intensity enhancement are discussed in 

detail in the following section.  
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Figure 6.11. (a) Temperature variation of luminescence intensity generated by single 

UCNP or UCNP@PNIPAM under the excitation and trapping of 980 nm laser, laser 

power is 85 mW. The error was estimated by the readout intensity fluctuation of a 

single UCNP@PNIPAM at 20 °C in (b), where the intensity was normalized and the 

standard deviation was found to be 𝜎 = ∆𝐼 = 0.021. The readout noise of CCD 

camera was also studied, ∆𝐼 =  0.08%. (c) Corresponding relative thermal 

sensitivities obtained from the sigmoidal fitting curve. (d) Temperature uncertainty 

for temperature-dependent luminescence intensity of a single UCNP@PNIPAM.  
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Figure 6.12 Time courses of upconversion luminescence intensity in the case of a 

single trapped UCNP@PNIPAM when increasing the temperature in the trap volume 

at a rate of 2 °C/min from 20 °C to 45 °C.  

The relative thermal sensitivity ( 𝑆𝑟(𝑇) ) provided by the optically trapped 

UCNP@PNIPAM nanocomposite is defined as[219]: 

 𝑆𝑟(𝑇) =
1

𝐼𝑈𝐶(𝑇)

𝑑𝐼𝑈𝐶(𝑇)

𝑑𝑇
 (6.6) 

where 𝐼𝑈𝐶(𝑇) is the luminescence intensity at temperature 𝑇. Figure 6.11c reveals 

that the relative thermal sensitivity of an optically trapped UCNP@PNIPAM 

nanocomposite reaches 8% C-1 at 32 C. This is significantly larger than the reported 

ratiometric relative thermal sensitivities of UCNPs which are typically around 1% 

C-1 (Table 6.3)[331, 333-334]. The temperature at which 𝑆𝑟(𝑇) peaks well agree 

with the VPTT determined from the temperature dependence of hydrodynamic 

diameter reinforcing the connection between the temperature evolution of the 

luminescent properties of the UCNP@PNIPAM nanocomposite and the PNIPAM 

coating. Furthermore, in absence of the thermoresponsive coating, the bare UCNP 

shows a negligible thermal sensitivity. The high thermal sensitivity achieved for 

temperatures close to VPTT leads to temperature uncertainties as low as 0.2 °C at 

32 °C (Figure 6.11d), which has been calculated by[219]: 
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 𝛿𝑇 =
1

𝑆𝑟

∆𝐼

𝐼
 (6.7) 

It is worth noting that the temperature uncertainty can reach even lower (0.008 °C at 

32 °C, Figure 6.6d), when only the readout noise of the CCD camera is taken into 

account. It can be achieved by further improving the optical trapping stability to 

suppress Brownian motion.  

In addition to the large thermal sensitivity and low-temperature uncertainty, an extra 

advantage is that thermal sensing can be achieved directly from the analysis of 

emitted intensity without requiring any spectral analysis, thus, simplifying the 

required experimental setup. As an evident drawback, the UCNP@PNIPAM 

nanocomposite shows an appreciable thermal sensitivity only in the surroundings of 

the VPTT so that they can be used only in those cases where the event to be monitored 

occurs in the temperature range corresponding to the polymer transition. However, 

tuning the operating temperature range can be easily achieved by tweaking the 

composition of the PNIPAM coating, theoretically leading to highly sensitive 

nanothermometers operating over a wide temperature range (10-55 °C)[340-341].  
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Table 6.3 Reported relative thermal sensitivities of Er3+ Yb3+ codoped UCNPs  

Nanothermometry *𝑆𝑟
𝑚𝑎𝑥 Application 

Temperature 

range 
Ref. 

lipid bilayer 

capped 

LiYF4:Er3+/Yb3+ 

1.27% K−1 

(27 °C) 

The study of thermal 

Properties of Lipid 

Bilayers 

25−54 °C [107] 

NaYF4:Er3+/Yb3+ 
1.16 % K−1 

(25 °C) 

Temperature Sensing 

in HeLa cervical 

cancer cells 

25-45 °C [100] 

NaLuF4:Yb,Er@N

aLuF4@Carbon 

1% K–1 

(35 °C) 

Photothermal therapy 

with temperature 

feedback 

20-70 °C [108] 

NaLuF4:20%Yb,2

%Er@NaLuF4@Y

olk-Shell SiO2 

1% K–1 

(35 °C) 

chemotherapy and 

photothermal therapy 

combination 

37-46 °C [342] 

NaYF4:Er3+/Yb3+ 
1.6% K–1 

(25 °C) 

Single particle 

nanothermomety 
15-45 °C [11] 

SrF2:Er3+/Yb3+ 
1.22% K−1 

(27 °C) 
- - [343] 

NaYF4:Er3+/Yb3+ 
8% K−1 

(32 °C) 

Single particle 

nanothermometry 
20-45 °C 

This 

work 

*All the reported relative thermal sensitivity 𝑆𝑟
𝑚𝑎𝑥  here was obtained using 

luminescence intensity ratio between 2H11/2→4I15/2 and 4S3/2→4I15/2 transitions under 

excitation of 980 nm light. In our work, luminescence intensity in the visible range 

was used to calibrate the temperature. 

6.5 Identification of the mechanism behind the large thermal sensitivity. 

Lastly, the cause of the PNIPAM-coating-induced increment in the luminescence 

intensity of a single UCNP@PNIPAM nanocomposite was investigated. Such 
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increment should follow from an enhancement of the intrinsic emitted intensity by 

the UCNP core or from an improvement in the excitation and/or emission collection 

efficiency. At a first glance, the most plausible explanation would be that the collapse 

of the PNIPAM coating expels the water molecules that are in contact with the UCNP 

surface. This, in turn, reduces the probability of nonradiative decay events related to 

coupling with OH vibrations, which ultimately would lead to an increase in the total 

radiative probability[344]. Thus, the removal of water molecules would cause an 

increment in the intensity emitted by the UCNP core. If this was the case, a 

consequent lengthening of the fluorescence lifetime would be observed at increasing 

temperatures. The study of the fluorescence decay of Er3+ emission as a function of 

temperature in UCNP@PNIPAM nanocomposites seems to rule out this hypothesis 

(Figure 6.13) since the fluorescence lifetime decreases monotonically with 

temperature[109]. Yet, because UCNPs are generally characterized by low 

photoluminescence quantum yields, the shape of the decay curves is expected to be 

dominated by non-radiative processes[214-215]. Therefore, any change in the 

radiative decay that might occur could be difficult to appreciate from an 

inspection/analysis of the photoluminescence decay curves. This being said, we also 

moved to explore other sources of this unexpected increment in the intensity collected 

from the UCNP@PNIPAM nanocomposite: namely, possible improvements in the 

excitation and emission collection efficiency. 
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Figure 6.13 Temperature-dependent luminescence decay curves of 

UCNP@PNIPAM dispersion excited at 980 nm and detected at 655 nm (a) and 550 

nm (b). (c) Temperature dependence of the 4S3/2 →4I15/2 fluorescence lifetime 

obtained for CTAC and PNIPAM coated UCNPs in deuterated water and for 

PNIPAM coated UCNPs in water. (d) Temperature dependence of the fluorescence 

lifetime normalized to its value at room temperature as obtained from data included 

in (a). 
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Figure 6.14 Schematic diagram: the polymer coating shrinks and its refractive index 

increases as temperature increases, resulting in the PNIPAM coating acting as a high 

numerical aperture nanolens with high focusing and collection efficiency at high 

temperature. 

As discussed above, the PNIPAM shell collapse above the VPTT is accompanied by 

a refractive index increment. This change in refractive index transforms the PNIPAM 

coating into a high NA nanolens. The appearance of these PNIPAM nanolens 

simultaneously induces an extra focusing of laser (excitation) radiation and improves 

the collection efficiency of the luminescence[337, 345-347]. These two effects are 

schematically represented in Figure 6.14. If we denote the focus efficiency of the 

excitation laser by 𝛽𝐹 = 𝐼𝑒𝑥𝑐
𝑡𝑎𝑟 𝐼𝑒𝑥𝑐

𝑖𝑛𝑐⁄  (where 𝐼𝑒𝑥𝑐
𝑖𝑛𝑐  and𝐼𝑒𝑥𝑐

𝑡𝑎𝑟  are the incident excitation 

intensity and the intensity radiated on the target UCNP, respectively) and the 

collection efficiency by 𝛽𝐶  (defined as the fraction of intensity generated by the 

UCNP core reaching the detector) then we can write the collected UC intensity, 𝐼𝑈𝐶
𝑐 , 

as: 

 𝐼𝑈𝐶
𝑐 = 𝛽𝐶 · (𝛽𝐹 · 𝐼𝑒𝑥𝑐

𝑖𝑛𝑐  )𝑛 (6.8) 

where 𝑛 is the order of the UC processes (number of infrared excitation photons 

required for the emission of a visible emitted photon). At the excitation intensity 

achieved within the optical trap (1500 kW/cm2) we have experimentally verified that, 

due to saturation of intermediate states[348], we are within the linear regime so that 

𝑛 = 1 (Figure 6.15). In these conditions, and considering that the incident laser 

excitation intensity was fixed during experiments (i.e. 𝐼𝑒𝑥𝑐
𝑖𝑛𝑐  is constant and 
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temperature-independent), we can state that the temperature-induced increase of the 

collected UC luminescence is given by the temperature dependence of both 𝛽𝐹 and 

𝛽𝐶 in such a way that: 

 𝐼𝑈𝐶
𝑐 (𝑇) = 𝛽𝐶(𝑇) · 𝛽𝐹(𝑇) · 𝐼𝑒𝑥𝑐

𝑖𝑛𝑐 (6.9) 

Numerical simulations have been performed to obtain the temperature-induced 

variation of both 𝛽𝐹 and 𝛽𝐶. 

We first considered a single UCNP@PNIPAM nanocomposite within a collimated 

980nm laser beam and numerical calculations were performed to determine the 

intensity of 980 nm radiation within the UCNP core[349]. Due to the small size of 

the UCNP core compared to the overall UCNP@PNIPAM nanocomposite, the 

system is here described as a solid sphere filled with the PNIPAM polymer. 

Numerical simulations, based on the Mie scattering equation for a coated sphere, 

have shown how the creation of a high NA PNIPAM nanolens refocuses the trapping 

laser and causes an increment of the excitation laser intensity within the UCNP core. 

Figure 6.16 shows the calculated 980 laser intensity within a UCNP@PNIPAM 

nanocomposite at selected temperatures (20, 32, and 40⁰C). At 20 ⁰C, the refractive 

index of the PNIPAM coating is very close to that of water and, therefore, does not 

contribute to any laser refocusing (Figure 6.16a). At 40 ⁰C, after the PNIPAM 

volume contraction and refractive index increment, the calculations anticipate a 

relevant increment (12%, Figure 6.16c) in the 980 nm laser excitation intensity within 

the UCNP. The magnitude of this increment depends on the temperature since it is a 

function of the temperature-induced variation of the refractive index (i.e. following 

a four-parameter sigmoidal function). 
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Figure 6.15 Laser-power-dependent emission intensity of core UCNP dried on the 

slide at excitation of 980 nm laser, intensity is calibrated by CCD camera. 

 

Figure 6.16 The calculated excitation intensity distribution of the incident light 

inside the nanocomposite (core is the UCNP with a diameter of 30 nm and n = 1.46, 

the shell is the thermoresponsive polymer of PNIPAM) irradiated by a plane wave, 

considering the volume phase transition and the change of refractive index with 

temperature. All intensities are normalized to the intensity at the core for 20 ºC: (a) 
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at 20 C, the diameter of UCNP@PNIPAM is 380 nm and the refractive index of 

PNIPAM shell is the same as water’s (1.33); (b) At 32 C, the diameter of 

UCNP@PNIPAM is 320 nm and the refractive index of PNIPAM is approximately 

1.39; (c) at 40 C, the diametre of UCNP@PNIPAM is 240 nm and the refractive 

index of PNIPAM is approximately 1.46. (d) Relative increase of excitation intensity 

at the core UCNP as a function of temperature obtained from the Mie calculations. 

The creation of PNIPAM nanolens also impacts the luminescence collection 

efficiency by inducing an additional refocusing of the emitted radiation. To estimate 

the magnitude of the enhancement in the intensity of collected luminescence we 

performed numerical simulations in which the UCNP@PNIPAM nanocomposite is 

considered as a radiative dipole (centered at the UCNP core) surrounded by a shell 

of variable thickness and refractive index (Figure 6.17). Figure 6.17 shows the 2D 

spatial variation of the emitted (radiated) intensity as obtained below and above the 

VPTT (20, 32, and 40⁰C). The color map represents the value of the intensity in a 

space region defined as a circular corona around the dipole. The striped circle 

represents the PNIPAM and the arrows represent the direction of the emission from 

the dipole. For ease of comparison, the intensity for T=20 ºC at the boundaries of the 

simulation box (0.8 µm from the center) has been set to unity (blue in the color bar). 

Note how for T=40 ºC the intensity at the same distance from the center increases by 

a factor of 1.17 (dark orange in the color bar). From these results, It is evident how 

the collapse of the PNIPAM shell leads to a marked (17%) enhancement in the UCNP 

radiated intensity. Again, it is shown that this enhancement follows a four-parameter 

sigmoidal function with temperature. These simulations were performed using finite 

element methods.  
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Figure 6.17 The calculated emission intensity distribution of core UCNP acting as a 

dipole at different temperatures, considering the changes in electromagnetic field 

intensity caused by the lens effect. All values are normalized to the value of the 

intensity at the boundary of the simulation box at a temperature of 20 ºC (a) (b) (c) 

is the corresponding intensity distribution at temperatures 20, 32, and 40 C, 

respectively. (d) Relative increase of emission intensity at the boundary of the 

simulation box as a function of temperature obtained from finite elements 

calculations. The reported increase does not depend on the location of the 

measurement point.  

Thus, numerical calculations reveal that both 𝛽𝐶(𝑇) and 𝛽𝐹(𝑇) increase with the 

temperature due to the collapse of the PNIMPAM shell. Figure 6.18 shows the 

temperature variation of the product 𝛽𝐶(𝑇) · 𝛽𝐹(𝑇) . Numerical calculations, 

therefore, predict a temperature-induced increment of the collected luminescence 

intensity close to 30%. This numerical prediction is smaller but of the same order of 

magnitude as the intensity enhancement experimentally obtained (close to 65 % as 

shown in Figure 6.11a). Discrepancies between numerical simulations and 
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experimental data could be explained by considering changes in the position of the 

UCNP@PNIPAM nanocomposite within the trap (leading to different excitation 

intensities) or to an underestimation of the temperature-induced increment in the 

local refractive index of PNIPAM coating. As mentioned above, the temperature-

induced enhancement in the collected visible luminescence could also be partially 

caused by an increment in the radiative probability of erbium ions due to the 

increment in the local refractive index[350]. Due to the low quantum yield of Erbium 

emission, this change in a radiative lifetime would not be detected by lifetime 

measurements but could be contributing to the experimentally observed increment in 

the intensity of visible luminescence. Despite this discrepancy, the comparable trend 

of numerical simulations and experimental data reveals that the observed increment 

in the emitted intensity of an optically trapped UCNP@PNIPAM nanocomposite is 

mostly caused by the changes induced in the PNIPAM coating. 

 

Figure 6.18 The calculated luminescence intensity of a single trapped 

UCNP@PNIPAM as a function of temperature considering lens effects generated by 

the PNIPAM coating (focusing and collecting effects).  

6.6 Conclusion 

We provided a blueprint for the preparation of highly sensitive luminescent 

nanothermometers based on the combination of UCNPs and a thermoresponsive 

poly(N-isopropylacrylamide) (PNIPAM). Specifically, PNIPAM acts 

simultaneously at several levels, making the UCNP@PNIPAM nanocomposite a far 
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superior thermal nanosensor at the single-particle level compared to an uncoated 

UCNP. Firstly, the presence of the polymeric coating leads to a > 10-fold increment 

in the optical force, enabling stable trapping above room temperature (up to 45 ºC) 

and, foreseeably, in viscous media. Secondly, the collapse of the PNIPAM coating 

induces an anomalous temperature dependence of the luminescence intensity 

generated by the optically trapped UCNP@PNIPAM, ultimately translating to 

maximum sensitivities around the transition temperature of the thermoresponsive 

polymer well above the ones classically reported for Yb3+,Er3+ doped UCNPs (8% vs 

≈1% ºC-1). Numerical simulations revealed that this temperature-induced 

enhancement in the emitted intensity can be explained by the PNIPAM coating as a 

high NA nanolens. Such nanolens increase the excitation intensity within the UCNP 

while also improving the fluorescence collection efficiency. 

This work reveals how a rational surface functionalization can expand the potential 

application of UCNPs. Note that these results were demonstrated as a proof-of-

concept for a single PNIPAM coating. However, the transition temperature of this 

thermoresponsive polymer can be modified ad hoc upon tailoring its composition and 

polymerization degree, thus preparing a nanothermometer with a customizable 

working range. In particular, the nanocomposites here developed can be used in high-

sensitivity and high-spatial-resolution three-dimensional thermal imaging by using a 

single optically controlled UCNP. This opens the possibility of, for example, 

achieving thermal images of living cells by particle scanning within the cytoplasm or 

exploring thermal gradients in the sub-micrometric scale created within microfluidic 

devices
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7 Conclusions 

In this thesis, single-beam OT was used to trap different kinds of upconverting 

nanoparticles (UCNPs) with different size distributions at different temperatures. The 

trapped UCNPs act as force transducers, By applying an external force to the system, 

the relative motion between the trapped particles and the fluid was generated. 

Benefiting from the UC fluorescence under excitation and trapping of 980 nm laser, 

the process of particles escaping from the traps was visualized (i.e. drag method). 

Thus, the optical force acting on UCNPs was calibrated. The influence of temperature 

on the optical force has been systematically studied, and Brownian motion cannot be 

ignored in the calibration of the optical force. Strategies in terms of shaping the laser 

beam and modifying the interface of nanoparticles and medium to enhance the optical 

force and reduce the effects of Brownian motion have also been evaluated. 

The optical force acting on different kinds of particles was calibrated using the drag 

method. As one can see in Table 7.1, the optical force sharply decreases as the 

particle size decreases. For 8 nm nanoparticles, the trap potential is comparable to 

the thermal energy (Figure 7.1), thus temperature effect on trap stability will become 

significant. Optical trapping will be difficult. For example, this 8 nm UCNP was 

released from the trap when the temperature is above 25 °C. 

Table 7.1 Experimentally obtained trap constant for different sizes of particles 

Material Size/nm 
Trap constant* 

(pN/µm) 

Silica 2000 61.5 

β-NaYF4:Er,Yb 276 0.82 

β-NaYF4:Er,Yb 30 0.011 

SrF2:Er,Yb 8 0.014 

              *Laser power set at 80 mW. 
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Figure 7.1 The two examples of trap potential selected from Table 7.1, in which 𝑟𝑡 =

0.7µm is the trap radius, red dashed line denotes thermal energy 𝑘𝐵𝑇. 

Temperature effects 

The optical forces acting on 257 nm UCNPs were calibrated at different temperatures 

using the drag method. The discrepancy between experiment and theory suggested 

that the Brownian motion needs to be taken into account. After correcting, a simple 

analysis allows the assessment of the temperature dependence of the diffusive 

velocity of a single nanoparticle in water. The crossover temperature is observed in 

the bilinear increase of the diffusive velocity with temperature, which indicates the 

phase transition of water on a short-range scale. Based on the obtained results, we 

can draw the following conclusions: 

 Due to the thermally activated Brownian motion (BM) of the NP, the 

experimentally determined trap constant by drag method underestimates the 

real trap constant, in this work Kt
𝑒𝑥𝑝

≈ 0.49𝐾𝑡
𝑟𝑒𝑎𝑙 . The higher the 

temperature, the larger this deviation will be. 

 The BM does reduce the trapping stability. The higher the temperature the 

more significant the disturbance caused by BM. Temperature increment (20 

– 70 °C) results in the increment in the energy of BM by 41%.  

 The optical force sharply decreases as the particle size decreases. For 8 nm 

UCNPs, the trap potential is comparable to the thermal energy. Brownian 

motion energy varies (41%) from 20 to 70 °C and may seriously weaken the 
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trapping stability of 8 nm UCNPs. In addition, due to the shallow potential 

well for them, 8 nm UCNPs have a greater probability of moving close to 

the trap edge. The big contribution as high as 72.5kB𝑇  caused by the 

instantaneous velocity of Brownian mentioned in Chapter 4 may start to 

release the particle and destroy the optical trapping. As an example, the 8 

nm UCNP was released from the trap when the temperature is above 25 °C. 

Smaller particles are more difficult to trap stably. 

 This work demonstrates that the trapped nanoparticle can be used as a force 

transducer and get our insight into the molecular-level interactions, and 

microscopic short-range phase fluctuations. The premise is the stable optical 

trapping of sufficiently small particles. 

Strategies for force enhancement 

Both photonic nanojet and surface modification with PNIPAM strategies can 

effectively enhance the optical force, have stable optical trapping at high 

temperatures, and increase the upconversion luminescence.  

First, a so-called photonic nanojet (PNJ) is generated by optical trapping of a 2 µm 

silica microsphere, which serves as a microlens that can refocus the laser beam and 

form a subwavelength spot along the propagation direction. Thanks to the narrow 

focus spot (radius 275 nm) produced by the microsphere, a large gradient force was 

obtained. With PNJ, the optical force can be enhanced 3 times at 25 °C. Optical 

trapping of 8 nm UCNP in the 20-90 °C is allowed. Furthermore, the microsphere 

acts as a high numerical aperture (NA) lens and has high efficiency of focusing and 

collection, the detected upconversion luminescence was enhanced 2 times. 

Secondly, a temperature-responsive polymer PNIPAM was grafted on the surface of 

30 nm UCNPs, forming 230 nm UCNP@PNIPAM nanocomposites. Benefiting from 

the surface modification, the optical force was enhanced 16 times. Although the 

optical force on UCNP@PNIPAM decreased with temperature, the depth of the 

potential well at 44 °C is 17 𝑘𝐵𝑇, implying that the particle was stably trapped. 

Moreover, the temperature-stimulated volume phase transition of the PNIPAM shell 
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is accompanied by an anomalous increment of the luminescence intensity. It is 

attributed to the nanolens effect of PNIPAM with tunable numerical aperture. 

We can conclude as follows: 

 These two experiments verify that the magnitude of the optical force acting 

on trapped nanoparticles is closely related to the intensity gradient of the 

incident optical field, and the polarizability of the trapped nanoparticles, as 

described by Raleigh scattering theory.  

 The enhancement in optical force does counteract part of the Brownian 

motion disturbance, making optical trapping at higher temperatures possible. 

And the more they increase, the more remarkable the effect is. In the future, 

we can combine both approaches to achieve higher enhancement in optical 

force. 

Although, there are still some shortcomings in our work. For example, in the phase 

transition study of water, we do not have a controlled experiment, namely dispersing 

the particles in other solvents, such as heavy water or chloroform. In the photonic 

nanojet, we did not explore the situation of PNJ produced by other sizes of silica 

microspheres. In the study of surface modification, we did not implement the cyclic 

experiment of heating and cooling for the change of fluorescence intensity. In future 

research work, we will pay attention to making the work more rigorous. 

Given that optical trapping of particles as small as 8 nm at higher temperatures has 

been experimentally achieved, the next step will be thermal imaging in vivo. 

However, it is worth noting that although the fluorescence intensity has been doubled 

in our experiment, the detected fluorescence signal is still very weak, so increasing 

the fluorescence intensity to realize the visualization of single lanthanide-doped 

UCNPs still needs to be explored. Alternatively, we can use cells in vivo as microlens 

to generate PNJ (such as red blood cells), and the use of tip-treated fiber for trapping 

microspheres can make the manipulation more flexible 
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7 Conclusiones 

En esta tesis doctoral, las pinzas ópticas de haz único fueron empleadas para atrapar 

diferentes tipos de nanopartículas de “upconversion” (UCNPs) con distribuciones de 

tamaños distintas a diferentes temperaturas. Las UCNPs atrapadas actúan como 

transductores de fuerza. Al aplicar una fuerza externa al sistema, se genera un 

movimiento relativo entre las partículas atrapadas y el fluido. Beneficiándose de la 

fluorescencia “upconversion” bajo excitación y atrapamiento de un haz láser de 980 

nm, se puede visualizar el proceso de escape de las partículas de la trampa óptica (es 

decir, el método de arrastre). Por lo tanto, la fuerza óptica que actúa sobre las UCNPs 

ha sido calibrada y la influencia de la temperatura sobre la fuerza óptica ha sido 

sistemáticamente estudiada, dado que el movimiento Browniano no puede ser 

ignorado a la hora de calibrar la fuerza óptica. Adicionalmente, se han evaluado 

estrategias para modelar el haz láser y modificar la interfase entre las nanopartículas 

y el medio tanto para mejorar la fuerza óptica como para reducir los efectos del 

movimiento Browniano. 

La fuerza óptica que actúa sobre diferentes tipos de partículas fue calibrada usando 

el método de arrastre. Como se puede observar en la Tabla 7.1, la fuerza óptica 

decrece rápidamente al disminuir el tamaño de la partícula. Para nanopartículas de 8 

nm, el potencial de atrapamiento es comparable con la energía térmica (Figure 7.1), 

por lo que el efecto de la temperatura en la estabilidad de la trampa se volverá 

significante y el atramiento óptico será complicado. Por ejemplo, una UCNP de 8 nm 

se escapa de la trampa cuando la temperatura es superior a 25 ºC. 
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Tabla 7.1 Constantes de atrapamiento obtenidas experimentalmente, Kt
𝑒𝑥𝑝

, para 

diferentes tamaños de partícula. 

Partícula Tamaño/nm 
Constante atrapamiento* 

/(pN/µm) 

Sílice 2000 61.5 

β-NaYF4:Er,Yb 276 0.82 

β-NaYF4:Er,Yb 30 0.011 

SrF2:Er,Yb 8 0.014 

        *Potencia láser fijada a 80 mW. 

 

Figura 7.1 Dos ejemplos de potencial de atrapamiento seleccionados de la Tabla 7.1 

en los que 𝑟𝑡 = 0.7µm es el radio de la trampa y la línea roja discontinua denota la 

energía térmica 𝑘𝐵𝑇. 

Efecto de la temperatura 

La fuerza óptica que actúa sobre UCNPs de 257 nm fue calibrada a diferentes 

temperaturas usando el método de arrastre. La discrepancia entre experimento y 

teoría sugiere que el movimiento Browniano debe ser tomado en consideración. Tras 

su corrección, un análisis simple permite la evaluación de la dependencia con la 

temperatura de la velocidad de difusión de una nanopartícula individual en agua. La 

temperatura de crossover del agua ha sido observada en el crecimiento bilineal de la 

velocidad de difusión con la temperatura, indicando la transición de fase del agua en 
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una escala de rango reducido. Basándose en los resultados obtenidos, se pueden sacar 

las siguientes conclusiones: 

 Debido al movimiento Browniano (BM) de la nanopartícula activado 

térmicamente, la constante de atrapamiento determinada experimentalmente 

mediante el método de arrastre subestima el valor real de la constante. En 

este trabajo Kt
𝑒𝑥𝑝

≈ 0.49𝐾𝑡
𝑟𝑒𝑎𝑙. Cuanto más alta sea la temperatura, mayor 

será la desviación. 

 El BM reduce la estabilidad de atrapamiento óptico. Cuanto más alta la 

temperatura, más significativa será la perturbación causada por el BM. Un 

incremento de temperatura (20 – 70 ºC) provoca un incremento del 41% de 

la energía del BM. 

 La fuerza óptica decae rápidamente a medida que el tamaño de la partícula 

disminuye. Para UCNPs de 8 nm, el potencial de atrapamiento es 

comparable con la energía térmica. La energía del movimiento Browniano 

varía (41%) de 20 a 70 ºC y puede debilitar considerablemente la estabilidad 

de atrapamiento de las UCNPs de 8 nm. Adicionalmente, la baja 

profundidad del pozo de potencial para estas partículas provoca que las 

UCNPs de 8 nm presenten una gran probabilidad de desplazarse cerca del 

borde de la trampa. La contribución tan alta como 72.5kB𝑇 causada por la 

velocidad browniana instantánea, mencionada en el Capítulo 4, podría 

empezar a liberar a la partícula y destruir la trampa óptica. Como un ejemplo, 

la UCNP de 8 nm fue liberada de la trampa cuando la temperatura supera 

los 25 ºC. Partículas más pequeñas son más complicadas de atrapar de forma 

estable. 

 Este trabajo demuestra que una nanopartícula atrapada puede ser empleada 

como transductor de fuerza y puede habilitar el estudio tanto de 

interacciones a nivel molecular como de fluctuaciones de fase 

microscópicas de corto alcance. El requisito es el atrapamiento óptico 

estable de partículas lo suficientemente pequeñas. 

Estrategias para aumentar la fuerza óptica 
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Ambas estrategias de “nanojet” fotónico y de modificación superficial con PNIPAM 

consiguen aumentar eficientemente la fuerza óptica y, consecuentemente, lograr el 

atrapamiento óptico estable a altas temperaturas; e incremental la luminiscencia 

“upconversion”. 

En primer lugar, el llamado “nanojet” fotónico (PNJ) es generado por el atrapamiento 

óptico de una microesfera de sílice de 2 µm, que actúa como microlente reenfocando 

el haz láser en la dirección de propagación y formando un spot menor que la longitud 

de onda. Gracias al reducido tamaño del foco (275 nm de radio) producido por la 

microesfera, se obtiene un alto gradiente de fuerza. Con el PNJ, la fuerza óptica puede 

ser aumentada 3 veces a 25 ºC y se permite el atrapamiento óptico de una UCNP de 

8 nm en el rango de 20-90 ºC. Además, la microesfera actúa como una lente con una 

alta apertura numérica y posee una alta eficiencia de focalización y colección. La 

luminiscencia “upconversion” de la partícula atrapada fue aumentada 2 veces. 

En segundo lugar, el polímero PNIPAM sensible a la temperatura fue depositado en 

la superficie de UCNPs de 30 nm, formando nanocompuestos UCNP@PNIPAM de 

230 nm. Beneficiándose de la modificación de superficie, la fuerza óptica de las 

partículas fue aumentada en un orden de 16 veces. A pesar de que la fuerza óptica en 

UCNP@PNIPAM disminuye con la temperatura, la profundidad del pozo de 

potencial a 44 ºC es de 17kBT, significando que la partícula ha sido atrapada de forma 

estable. Adicionalmente, la transición de fase estimulada por la temperatura del 

volumen del recubrimiento de PNIPAM está acompañada por un incremento 

anómalo de la intensidad de la luminiscencia. Esto se atribuye al efecto de nanolente 

del PNIPAM, con una apertura numérica modulable. 

Concluimos que: 

 Estos dos experimentos verifican que la magnitud de la fuerza óptica 

actuando sobre nanopartículas atrapadas está fuertemente relacionado con 

el gradiente de intensidad del campo óptico incidente y de la polarizabilidad 

de las nanopartículas atrapadas, como describe la teoría de dispersión de 

Rayleigh. 
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 El aumento de la fuerza óptica contrarrestra parte de la perturbación del 

movimiento Browniano, haciendo posible el atrapamiento óptico a altas 

temperaturas. Cuanto más aumenta, mayor es el efecto, En el futuro 

podremos combinar ambas técnicas para alcanzar un mayor aumento de la 

fuerza óptica. 

Sin embargo, hay todavía varias deficiencias en nuestro trabajo. Por ejemplo, en el 

estudio de las transiciones de fase del agua, no tenemos un experimento controlado, 

como sería dispersar las partículas en otros solventes como agua pesada o cloroformo. 

En el caso del “nanojet” fotónico, no exploramos la posibilidad del PNJ producido 

por microesferas de sílice de otros tamaños. En el estudio de la modificación de 

superficie, no implementamos el experimento cíclico de calentamiento y 

enfriamiento por los cambios en la intensidad de fluorescencia. En futuros trabajos 

de investigación, se tendrán en cuenta estas consideraciones para realizar un trabajo 

más riguroso. 
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