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Abstract 

Upconversion nanoparticles (UCNPs) are emerging as a new-generation optical 

nanomaterial that has drawn tremendous research interests. UCNPs can sequentially 

absorb two or more lower-energy photons in near-infrared (NIR) range to emit one higher 

energy photon, typically in the visible and ultraviolet range. This anti-Stokes’ property 

offers a great deal of opportunities in biological and analytical applications, because NIR 

excites negligible amount of autofluorescence background in visible range that is an issue 

in conventional methods using UV or visible excitation. Furthermore, UCNPs are 

biocompatible, resistant to photobleaching and photoblinking, tunable in size, 

morphology, and composition. All these characteristics offer their potentials in diverse 

applications, including bioassays, chemical detections, bio-imaging, single-molecule 

tracking, thermometers, security inks, and photothermal therapy etc.  

UCNPs are used in aqueous suspension, in particular, biomedical and analytical 

applications for targets recognition and detection, which requires a hydrophilic surface. 

However, UCNPs are synthesised in the organic solvent with the inherent hydrophobic 

surface. The key is to modify their surface from being hydrophobic into hydrophilic. 

Among a series of surface modification strategies, ligand exchange stands out because of 

its simplicity, and versatility for further conjugations with functional groups.  

This thesis focuses on a systematic study of the hydrophilic surface modification methods 

to identify a one-step ligand exchange strategy for UCNPs. Based on this study, 

development of a robust homogenous assay, based on Luminescence Resonance Energy 

Transfer (LRET), is also demonstrated to achieve detection of DNA disease biomarkers. 

In this thesis, Chapter I covers the objectives, structure and organization; Chapter II gives 

the detailed literature review and the the introduction of UCNPs; followed by Chapter III, 

a systematical evaluation of the performance of four common polymers in transferring 

the surface of UCNPs from being hydrophobic to hydrophilic. Chapter IV reports the 



development of a platform for DNA detection in homogeneous solutions based on LRET, 

which work has been published as a peer-reviewed article.         

Keywords: Upconversion nanoparticles, surface modifications, ligand exchange, LRET, 

homogenous DNA detection 
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Chapter I. Introduction 

1.1 Background 

To overcome the limitations of traditional fluorescent materials, such as spectral overlaps 

of organic dyes(Resch-Genger et al. 2008), low stability of fluorescence proteins(Pollok 

and Heim 1999; Held 2012; Resch-Genger et al. 2008), intermittent emission of quantum 

dots(Clapp, Medintz, and Mattoussi 2006; Walling, Novak, and Shepard 2009), 

lanthanide-doped upconversion nanoparticles (UCNPs) has attracted some major efforts 

in the past decade and emerged as a new generation of luminescence nanomaterials. 

Breakthrough works include a variety of methods explored towards the controlled 

synthesis of UCNPs, in-depth characterizations of UCNPs to understand their 

upconversion mechanisms, strategies for tuning their optical properties, routes for surface 

modification and functionalization, and a range of demonstrations towards new 

applications of UCNPs.  

The UCNPs synthesis methods have been developed, including coprecipitation, thermal 

decomposition, hydrothermal synthesis, sol-gel process, combustion synthesis, and flame 

synthesis, etc. ( Zhang et al. 2010; B. Zhou et al. 2015). All of these synthesize methods 

can produce UCNPs with uniform size and good monodispersibility in the organic 

solvents. The unique property of UCNPs is that they can convert two or more lower-

energy photons into one higher-energy photon to emit in the visible range. This anti-

Stokes emission is induced either by excited state absorption (ESA), energy transfer 

upconversion (ETU), photo avalanche (PA), cooperative sensitization upconversion 

(CSU), or any combined mechanisms( J. Chen and Zhao 2012;Dong, Sun, and Yan 2013). 

Being such an unique optimal nanomaterial, UCNPs have many outstanding 

characteristics, such as good capability in resisting to photobleaching and 

photoblinking(L. Wang et al. 2005), achieving minimal background(Z. Song et al. 2012), 
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penetrating deeply inside biological tissues(Shen, Zhao, and Han 2013), and being 

tunable in size and morphology. However, due to the inherent hydrophobic surface of lab 

synthesised UCNPs, a hydrophilic surface modification is essential. To date, numerous 

strategies have been introduced for the water-soluble nanoparticle purpose, including 

surface ligand exchange, ligand oxidization, amphiphilic coating, layer-by-layer, 

silanization, and host-guest interactions(J. Zhou, Liu, and Li 2012). Recently, UCNPs 

have been widely employed in drug delivery(König et al. 2006), photodynamic 

therapy(Xie, Lee, and Chen 2010; G. Chen et al. 2014), bioimaging(Dong, Sun, and Yan 

2015), security inks(Baride et al. 2015), biosensing and bioassays(J. Chen and Zhao 2012; 

C. Wang, Li, and Zhang 2016; Li et al. 2017).  

Traditional DNA assays are delivered by quantitative real-time polymerase chain reaction 

(PCR) technique that is known for its sensitivity and high throughput(Git et al. 2010). 

However, it is limited by its high cost, tedious procedures, and trained operators’ 

requirement for point-of-care applications. Fluorescence resonance energy transfer 

(FRET) is an alternative approach based on donor-acceptor pairs to sensitively response 

the analytes(Zadran et al. 2012). By taking advantages of its specificity and simplicity, 

FRET becomes a popular technique in bioassays(Held 2012; Zadran et al. 2012). 

However, FRET also appears to some problems that are their strict UV/Vis excitation 

sources requirement, which usually induces autofluorescence and scattering light from 

biomolecule. Besides, FRET donors suffer the spectral overlap between donors and 

acceptors, which is hard to resolve due to the intrinsic optical properties of most down-

converting fluorophores. Therefore, as a derivative of FRET, luminescence resonance 

energy transfer (LRET) is introduced as a promising technique by employing 

upconverting fluorophores to break the bottleneck(K. Song et al. 2012). Such LRET-

based platforms can report various analytes in a simple and robust design structure, and 

especially favoured in DNA assay platforms. 
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1.2 Objectives 

The objectives of this thesis are to develop a practical DNA detection platform based on 

UCNPs. Before that, a systematic comparison of the hydrophilic surface modification of 

UCNPs by one-step ligand exchange will be investigated. This is aimed to provide a 

robust evaluation of the parameters, such as surface coating materials, buffers, and the 

operating environment where the water-soluble UCNPs could be well dispersed with 

long-term colloidal stability. Then, the hydrophilic UCNPs will be used along with the 

gold nanoparticles to form an energy donor-quencher pair for homogenous DNA assay. 

The designed bioassay platform will be optimized and tested to achieve high specificity, 

sensitive, simple, quick, and amplification/enzyme-free manner.   

1.2 Thesis Organization 

 
Figure I-1. Thesis structure organization.  

This a conventional thesis composed of five chapters. The organization of this thesis is 

depicted in Figure I-1.  

Specifically, chapter I introduces the background, research objectives, and the 

organization of this thesis.  
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Chapter II gives a detailed literature review, covering the basic material properties of 

UCNPs, representative upconverting mechanisms, commonly used synthesis methods, 

and their subsequent hydrophilic surface functionalization strategies for biological and 

analytical applications. The LRET-based DNA assay also introduced in this chapter. 

Chapter III is the first result chapter that reports systematic comparison studies of 

hydrophilic surface modification of UCNPs using four different polymers.  

Chapter IV reports a typical application of hydrophilic UCNPs for a DNA assay, based 

on homogenous LRET technique using UCNPs and gold nanoparticles as the energy 

donor and quencher respectively. Finally, chapter V concludes the remarkable output in 

this thesis and discusses future studies in related fields.  
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Chapter II. Literature Review 

2.1 Introduction of UCNPs 

François Auzel first discovered upconversion nanoparticles (UCNPs) in 1996(Auzel 

2004). From then on, they have attracted an exposure of interests. Followed by decade’s 

development, UCNPs have shown competitive strength among optical materials, such as 

low autofluorescence background interference, large anti-Stokes shifts, sharp emission 

bandwidths, excellent biocompatibility, high photobleaching resistance, low toxicity, and 

high penetration depth, etc. These advanced properties pave the way for UCNPs applied 

in various applications, both in biological, chemical and optical fields.  

 

Figure II-1. Simplified principle of upconversion luminescence. 

Figure II-1 illustrates the phenomenon of the UCNPs luminescence. This unique 

nanomaterial is excited in the near-infrared (NIR) range, in which the UCNPs can absorb 

two or more photons with lower-energy, and then emit the higher-energy photon with a 

shorter wavelength (ultraviolet or visible spectrum). This is a significant property that 

provides a NIR optical transmission window to allow deep tissue penetration in organs 
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and achieve negligible absorption or scattering as well. The UCNPs are adjustable in size, 

morphology (spherical, cubic, or rod-shaped), emission (UV-visible range), lifetime, 

power density, and other properties by merely replacing the combination of host and 

doping materials or concentration of doping ions. These properties enable UCNPs 

showing infinite formations with different characteristics. 

Furthermore, unlike conventional fluorophores experience photobleaching and 

photoblinking, UCNPs bear permanent excitation and produce efficient light emission. 

Therefore, UCNPs adapt to diverse platforms: 1) they are ideal candidates as the smart 

nanocarriers for drug delivery and therapy, for the sake of the precise drug release control 

and minimal side effects; 2) UCNPs are powerful materials for targeting small tissues and 

organs with minimum background; 3) they can be utilized as background-free probes in 

analytical and clinical assays. To dates, UCNPs are also favoured in broader applications, 

such as 3D printing, security inks, microscopy, and thermometry, etc.  

 

2.1.1 Architecture of UCNPs  

  

Figure II-2. A typical unit structure of cubic NaYF4: RE, where Na, rare earth, and F ions 
represented in teal, pink and yellow, respectively. (Ref. Wikipedia)     

The size of UCNPs typically ranges from 1-100 nm. Each unit is consists of three essential 

components: host lattice, activator, and sensitizer ions(G. Chen et al. 2014). The host 

lattice serves as a medium for ions inside to perform energy transfer. Activator ions and 

sensitizer ions are neighbouring ions doped into host lattice shown in Figure II-2.   
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An appropriate host lattice owns the characteristics of low lattice photon energies, high 

chemical stability, and low symmetry. Low lattice photon energy can prevent the loss in 

conversion from excitation to phonon energy. High chemical stability is crucial since the 

conversion always take place in the chemical and photochemical environment. The low 

symmetry of lattice also can increase the f-f intermixing and thus promote upconversion 

efficiency. Typically, oxides and fluorides are suitable to provide both stability and low 

photon energies combinations. Therefore, NaYF4:Yb/Er and NaYF4:Yb/Tm become the 

most common and efficient UCNPs compositions. 

In the selection of activators, the minimal energy differences between the ground to 

intermediate state and intermediates to excited emission state are preferable due to it can 

reduce non-radiative energy loss. The most frequently selected activators are rare-earth 

elements, such as Er3+, Tm3+, and Ho3+ ions, since their energy levels follow the “ladder” 

pattern to generate upconversion emission(J. Zhou et al. 2015). Moreover, lanthanide 

dopants can produce sharp f-f transition bands due to their characteristics and fill 5s and 

5p shell and shield their 4f electrons simultaneously by their multiple 4f excitation levels. 

Since these transitions are Laporte forbidden, Ln3+ can generate longer excited state and 

allow longer time for numerous excitations required in upconversion process.   

It is worth noting that the concentration of activator ions can profoundly affect the UCNPs 

behaviour. High level of activator may cause quick energy transfer and cross relaxation 

which results in low emission efficiency. Sensitizer ions are doped into UCNPs lattice to 

conduct electron transfer along with the activator ions. Yb3+ ion is the most popular 

candidate since it has a broad absorption cross-section for excited near infrared radiation. 

The typical doped concentration is approximately 20 mol% sensitizer and less than 2 mol% 

activator ions. These kinds of UCNPs own appropriate distance between activators and 

absorb enough excitation radiation by sensitizer while preventing cross-relaxation.  
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2.1.2 Upconverting Mechanisms 

 
Figure II-3. Three common mechanisms for UNCPs emission 

Three most common mechanisms for lanthanide-doped upconversion materials to achieve 

unique upconverting properties are excited state absorption (ESA), energy transfer 

upconversion (ETU), and photo avalanche (PA). More physical processes are also briefly 

explained below.  

1. Excited state absorption (ESA) 

Lanthanide-doped UCNPs can be modelled as a host-guest system. The lanthanide ions 

serve as the guest materials dispersed in a host lattice to produce emission under 

excitation. ESA appears most commonly especially when the unit has low dopant 

concentrations. It takes the pattern of sequentially absorbing two photons by one single 

ion and emit a photon with higher energy. The simplified mechanism process is illustrated 

in Figure II-3 (a). When an ion is excited from the ground state to E1, another photon 

acquires high possibility of pumping the ion from E1 to E2 energy level due to the long 

lifetime of E1 state, then upconverting emission occurs at E2 state. Although this emission 

mechanism is simple, it can only happen in units that are doped by few lanthanide ions, 

such as Er3+, Ho3+, Tm3+, and Nd3+(Auzel 2004), since only these few ions have a ladder-

like arrangement of energy state to achieve sufficient ESA.   
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2. Energy transfer upconversion (ETU) 

Different from ESA, ETU process involves two ions working together to achieve 

emission. In a typical ETU shown in Figure II-3 (b), the ion1 known as sensitizer, is first 

excited from ground state to E1 level; then partial of its energy is transfer back to the 

ground state G; the excited state E1 of ion2 known as activator, absorbing the energy of 

ion 1 and then exciting ion2 to its excited state E2, while sensitizer ion 1 relaxed to ground 

state twice. ETU efficiency is highly dependent on the distance between neighbouring 

ions, in other words, the doping concentrations. This mechanism is crucial since the most 

efficient UNCPs employ the ion pairs for enhanced excitation, such as Yb3+/Tm3+, 

Yb3+/Er3+, and Yb3+/Ho3+.  

3. Photon Avalanche (PA) 

Photon avalanche utilizes the thresholds of photon pump to control the luminescence 

intensity. It is a looping process involving ESA for excitation and CR for feedback which 

is sketched in Figure II-3(c). Therefore, the process has typically the highest upconversion 

efficiency as well as the strong emission.        

4. Other Mechanisms 

Cooperative sensitization upconversion (CSU), is existing in many structures. For 

example, as is shown in Figure II-3(c), this process involves the cooperative operation of 

three ions where ion 1 and ion 3 are generally the same type. Upon excitation, ion 1 and 

ion 3 are pumped to the excited state. The two sensitizers interact with ion 2 and transfer 

the energy to excite it to a higher state. Ion 2 will then reduce back to the ground state by 

emitting photons. Although CSU is a less efficient upconverting process then ESA and 

ETU, it still reported in systems such as Yb3+/Tb3+, Yb3+/Eu3+ pairs. Cross-relaxation (CR) 

describes a process resulting from the ion-ion interaction. Ion 1 at already higher energy 

level transfers part of its energy to ion 2. CR is efficient in close ion, and it also causes 

the concentration quenching mechanism of emission.  
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2.1.3 UCNPs synthesis methods 

The various methods are used to synthesize UCNPs including coprecipitation, thermal 

decomposition, hydro(solvo)thermal synthesis, sol-gel processing, combustion, and 

flame synthesis. Table II-1Error! Reference source not found. summarises the output 

and examples of each method(G. Chen et al. 2014). 

Table II-1.Summary of Common UCNPs Synthesis Methods. 

Method Host Examples Synthesis Output 

Coprecipitation LaF3,NaYF4 

GdF3,Y2O3 

Lu2O3 

 Simple protocols 
 Facile and cheap procedure 
 Require high-temperature treatment 
 Poor size control 

Thermal 
decomposition 

LaF3, NaYF4 

Y2O3, Gd2O3 

LaOF 

 High quality 
 Well monodisperse 
 Good size  
 Costly procedure 
 Toxic by-products 

Hydro(solvo)thermal 
synthesis 

LaF3,NaYF4 

Y2O3, Gd2O3 

GdF3 

 Good size and shape control 
 Good dispensability   
 Low amount of by-products 
 Low reaction temperature 

Sol-gel processing TiO2, Y2O3 

Gd2O3 

 Cheap raw materials 
 Relatively long reaction time 
 Tends to aggregate in aqueous solution 

Combustion synthesis TiO2, Y2O3 

Gd2O3, ZrO2 

 Sort reaction times 
 High Temperature 
 Tends to aggregate 

Flame synthesis Y2O3  Short reaction time 
 Readily scalable 

Coprecipitation method is probably the most simple and cost-efficient approach to 

synthesize the nanocrystals with small size and narrow size distribution. In this procedure, 

the post-heat treatment is typically required. The well prepared LaF3 nanoparticles were 

synthesized by Chow’s group (Yi and Chow 2005). They used ammonium di-n- octadecyl 
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dithiophosphate as the capping agent to control nanocrystal growth, and finally produced 

nanoparticles with uniform size at around 5nm. Figure II-4A shows the morphology of 

well-dispersed LaF3 nanoparticles in the organic solvents.  

Yan and co-workers (Mai et al. 2006) developed a thermal decomposition method to 

synthesize monodisperse nanocrystals with high quality. Figure II-4B displays the NaYF4 

products by using Na (CF3COO) and Y(CF3COO)3 as the precursors. Followed by a series 

of delicate study, thermal decomposition method further expended as a standard route for 

high-quality UCNPs synthesis. For example, Capobianco and co-workers have produced 

almost monodisperse distributed NaYF4 UCNPs by thermal decomposition method 

(Boyer, Cuccia, and Capobianco 2007). They utilized trifluoroacetate and oleic acid as 

the precursor the capping ligand, respectively. The as-prepared UCNPs showed high 

colloidal stability and well dispensability in organic solvents. TEM image of NaYF4: Er3+, 

Yb3+ produced by thermal decomposition method is shown in Figure II-4C. Commonly, 

this protocol involves thermal decomposition of metal trifluoroacetate precursors in a 

high boiling organic solvent such as oleic acid and octadecane. During the manufacture 

procedure, carefully control of reaction temperature, metal precursors and their 

concentration, solvent nature, and reaction time are crucial to producing good quality of 

nanocrystals. However, it is worth mentioning that the toxic by-products limit its 

application in large-scale production. 

Hydro (solvo) thermal approach utilizes the setup involving autoclave to produce good 

quality and dispensability of nanocrystals. The significant advantages of this method are 

that the nanocrystals can be synthesized with low toxic by-products and only relatively 

low temperature (<250 ) is required. By tuning the temperature, reaction time, solvent, 

and surfactant concentrations, one can easily control the dimension and morphology of 

nanocrystals. Figure II-4D shows a TEM image of typical example that NaYF4: Eu3+ 

prepared with NaF/Ln(NO3)3 by solvothermal method(L. Wang and Li 2007).  
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Figure II-4. TEM images of UCNPs. (A)LaF3: Yb/Er nanoparticles synthesized by coprecipitation 
method proposed by Chow’s group. (Yi and Chow 2005)(B) NaYF4 nanoparticles synthesized by 
thermal decomposition method proposed by Yan’s group.(Mai et al. 2006) (C) NaYF4: Er/Yb3+ 
nanoparticles synthesized by thermal decomposition method proposed by Capobianco’s group. 
(Boyer, Cuccia, and Capobianco 2007) (D) NaYF4: Eu3+ nanoparticles synthesized by a 
solvothermal method proposed by Li’s group. (L. Wang and Li 2007). 

Metal alkoxide based precursors are treated by hydrolysis and polycondensation process 

in the sol-gel method. To improve the crystallinity and luminescence performance, further 

treatment at high temperature is always carried out. Moreover, the nanocrystals derived 

from this method is not suitable for the biological applications, as they tend to aggregate 

in aqueous solution.  

In contrast of long reaction time that could up to days to finalize reaction in hydro (solvo) 

thermal and sol-gel methods, combustion synthesis method can complete reaction in few 

minutes. Usually, this method involves high exothermic process ranging from 500  to 

3000  to form self-sustained manner that propagating through the materials.  

Flame synthesis is another time-saving technique and generating the nanocrystals in a 

one-step process. Also, nanocrystals are readily scalable making this method stands out 

in other ways.    

2.1.4 Characteristics of UCNPs  

UCNPs, as a new generation of nanomaterial, has drawn growing attention and interests 

because of its unique properties. UCNPs are preferred materials compared with the 

traditional fluorophores and nanoparticles in many applications, especially in biological 

fields. The typical characteristics that drive the growth of needs are including zero auto-
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fluorescence backgrounds, deep tissue penetration, tunable upconversion emission, and 

resistance to photobleaching. The following sections give the detailed explanations. 

1. Zero auto-fluorescence background 

 

Figure II-5. (A) The absorption spectra of significant tissue light absorbers haemoglobin and 
water. (Ref. Phan and Bullen 2010)(B) Phototherapeutic window.(Ref. Dąbrowski and Arnaut 
2015) 

Luminescence nanomaterials are generated as new tools and technologies in life science 

for drug or gene delivery, phototherapeutic, and bio-imaging. Therefore, excitation and 

absorbance of water, the main component of biological tissue or important media, 
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becomes the main concern that would limit the efficiency of real applications of 

nanomaterials. Since traditional fluorescence probes, such as organic dyes and quantum 

dots, are exited under ultraviolet (UV) (100 nm – 400 nm) or visible range (390 nm – 700 

nm) and detected in the visible spectral range as well. However, this is the range that 

biological tissues have strong light absorption and scattering (Figure II-5. (a)). Moreover, 

tissues expose to light in this range naturally generate emissions (terms 

“autofluorescence”), such as mitochondria and lysosome because of the presence of 

endogenous fluorophores (König et al. 2006). Although the spectra method can separate 

artificial and intrinsic biological tissue luminescence, multiple scattering of light induces 

unwanted signals to disturb the detection channels(Z. Song et al. 2012). Therefore, 

traditional fluorophores cause difficulties in obtaining adequate signals with high 

background noise and low practical efficiency.  

To overcome these problems, advanced nanomaterials, UCNPs, are brought into 

applications. In the “optical window” (Figure II-5. (b)), from 700 nm – 900 nm, the water 

and haemoglobin as the main biological components have little light absorption(Phan and 

Bullen 2010), which can be considered optically transparent. Interestingly, UCNPs can 

be excited under 980 nm laser and provide emission at 798 nm, where its excitation 

achieve minimal bio-tissue autofluorescence and its luminescence emission band falls 

into transparent “optical window”. Above property allows simple and efficient spectra 

separation of autofluorescence and UCNPs luminescence and contributes to ultrasensitive 

output in biological assays and advanced quality in bio-image.   
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2. Deep tissue penetration 

 

Figure II-6.UCNPs have deep tissue penetration property. (A)Light penetration depths in human 
tissues. (Ref: https://www.organicolivia.com/2016/12/why-at-home-infrared-light-therapy-is-a-
cheap-easy-way-to-change-your-life/) (B)Different types of excitation and emission 
scenario(Zako et al. 2010).  

Optical methods provide considerable potential for drug screening and phototherapeutic 

due to their non-invasiveness, high sensitivity and resolution(König et al. 2006). UV, 

visible and NIR lights are available excitation sources. However, NIR sources obtain 

strong advantages that can penetrate deep in human skin reaching down to the 

subcutaneous tissues (Figure II-6 (a)) because of their weaker scattering and absorption. 

Comparing with relatively expensive UV source, NIR is a mild excitation especially 

useful in therapeutic and bio-image purposes. Furthermore, according to simplified 

illustration of the imaging system (Figure II-6 (b)), conventional VIS-VIS image has a 

primary issue that it hardly penetrates the targets in tissues. Although NIR-VIS reach the 

targets in deep, it only generates weak visible light (Zako et al. 2010). Therefore, among 

many assaying nanoparticles practically used in vitro and in vivo, UCNP is a more 

advanced candidate than normal nanomaterials, since rare-earth doped nanoparticles are 

suitable in excitation/emission in NIR regions.        
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3. Tunable upconversion emission 

 
Figure II-7. (a) UC luminescence pictures of NaYbF4: Tm, NaYbF4: Ho, NaYbF4: Er, and NaYF4: 
Yb nanocrystals in chloroform solutions. These pictures were taken without the use of any colour 
filter. (Ref Ehlert et al. 2007 (b) Typical UCNPs emissions, ranging from the UV to NIR regions, 
from Yb3+–Er3+ and Yb3+–Tm3+ co-doped UCNPs under 980 nm excitation. (Ref Dong, Sun, and 
Yan 2015) 

UCNPs can generate intrinsic various emission colours by different host/activator 

combinations and vary doping concentrations (Figure II-7 (a)). Many strategies are 

available to further tuning colour emission, which including energy transfer or migration 

pathway, control relaxation processes, adjust architecture (core/shell structure), 

synthesize different particles sizes or shapes, and even utilize the luminescence resonance 
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energy transfer (LRET) by conjugations with other nanoparticles(Dong, Sun, and Yan 

2015). Colour tunability of UCNPs is a visualized consequence of emission shift in 

principle (Figure II-7 (b)). It is different from organic dyes and quantum dots, which have 

broad emission or absorption spectra, UCNPs have many sharp and narrow emission 

bandwidths, which eliminate the possibilities in spectrum overlap, especially in designing 

multi-channel detection platforms.  

These unique properties of UCNPs with tunable luminescence colour and emission 

broaden the UCNPs applications in a multiplexed assay and multimodal image. 

Multiplexed assays develop resource friendly nanoplatforms that enable parallel detection 

of analytes. In this way, genotyping, DNA sequencing, and high throughput screening etc. 

can be combined in one single test. The multimodal image can real-track the multiple 

targets, such as proteins, DNA/RNA molecules and ions, which is essential for clinical, 

therapy and biological purposes.  

4. Resistance to photobleaching 

Photobleaching is main concerns when designing detection platforms based on 

fluorophore molecules. It is caused by cleaving of covalent bonds or nonspecific 

interactions between fluorophores and the surrounding environment. As a consequence, 

their fluorescence ability can be permanently damaged, which lead to unreliable and less 

efficient results in analysing signals. Therefore, UCNPs have efficient emission, and high 

resistance to photobleaching makes them a promising, reliable and robust candidate in 

broad chemical and biological applications.     
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2.2 Chemistry for UNCPs Surface Engineering 

 

Figure II-8. Various schemes for hydrophilic surface modification of UCNPs.(J. Zhou, Liu, and 
Li 2012) 

With increasing development in more advanced, facile and controllable UNCPs synthesis 

methods, it has drawn many interests of applying these nanoparticles in biological assays 

and bio-image study. However, the common lab prepared UCNPs are capped with 

surfactants, normally oleic acid or oleylamine, which has the polar head points towards 

the UCNPs surface while the hydrophobic head points outwards. Therefore, the 

hydrophobic surface of UCNPs becomes an ineligible limit in biological applications. 

Consequently, the desire for effective surface modification strategies that render a 

hydrophilic surface on UNCPs is increased. The most common and broadly used methods 

are sketched in Figure II-8, and the output of each strategy is summarized in Table II-2.  
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Table II-2. Summary of conventionally used methods for UNCPs surface modification. 

Strategies Advantages Limitations 

Ligand Exchange 

simple and direct; 

the desire for further functional groups 

conjugation 

Time-consuming 

Ligand Oxidation 

Simple and direct; 

Stalely conjugate with other 

molecules; 

Good water dispensability 

Poor colloidal stability 

Hydrophobic 

Interaction 

Retain origin ligands; 

Aqueous dispersion and further bio-

conjugation 

Hard to control bilayer 

formation 

Layer by Layer 

Assembly 

Thickness controllable; 

High stability; 

Uniform layers 

Repeated wash step 

required 

Inorganic Shell 

Biocompatibility; 

Cavities on the surface are benefited 

for drug loading 

Tends to aggregate; 

Further surface 

modification required 

Cation-assistant Completely substitute original ligands Strong acid requirement 

Host-guest 

Interaction 
Biocompatible, simple process 

Produce nanoparticles 

with a relatively large 

size 

 

2.2.1 Ligand Exchange 

Ligand exchange is the most straightforward method to render UCNPs a hydrophilic 

surface. The basic strategy is using small hydrophilic molecules or polymers to replace 

the original capping agent, oleic acid or oleylamine ligand. In a typical one-step method, 

the additional more polar ligand is applied to substitute the native ligand to achieve water 

soluble purpose completely. The new ligands are designed to contain the functional group 

to coordinate the UCNP surface, such as –SH, –NH2, –COOH, and –PO3H. The 

commonly used hydrophilic molecules used are citrate, poly(acrylic acid)(PAA)(H. Chen 

et al. 2013), polyethyleneimine (PEI)(Y. Wang et al. 2012) (Hu et al. 2008), and 



20 

 

PEGylated (Tong et al. 2015) compounds. Although is the most simple method in 

principle, the conjugation process may need to continuous stirring from 4 hours to several 

days, and possibly to be aggregated during the ligand exchange process.  

Two-step replacement protocols can also achieve ligand exchange method. Bogdan and 

co-workers proposed a method that using nitrosonium tetrafluoroborate (NOBF4) or 

stronger acids are a reagent to produce bare UCNPs before new ligands introduce(Bogdan 

et al. 2011). In principle, after reaction of NOBF4 and dispersion of UCNPs that BF4- 

replace the original ligands of UCNPs, the secondary functionalization of various capping 

materials can be engineered. The advantages of two-step modification are that it can 

generate different types and varying size or shape of UCNPs. Also, the functionalized 

water-soluble UCNPs can be stabilized in polar media for years without significant 

aggregation or precipitation.   

2.2.2 Ligand Oxidization  

Another broadly used chemical method for UCNPs surface modification is achieved 

through ligand oxidization technique. In principle, the carbon-carbon double bond of 

oleate or oleylamine is oxidized and then forms a carboxyl or epoxy group. In this process, 

many oxidization agents are available, such as Lemieux−von Rudloff reagent (Z. Chen et 

al. 2008), ozone (H. P. Zhou et al. 2009), and 3-chloroper-oxy-benzoic acid (Hu et al. 

2008). Such particles can be covalently attached to other species to reach for specific 

purposes (Dai et al. 2012). Besides, the formation of water-soluble groups can enhance 

the dispensability. After chemical modifications, nanoparticles can achieve subsequent 

bio-functionalized conjugation with other molecules through covalent bindings. However, 

oxidative surface displays poor colloidal stability and has a quite limited number of 

ligands can be generated, such as aldehydes, epoxides, and carboxylic acids.  

2.2.3 Amphiphilic Coatings 

In the above two chemical methods that generate the hydrophilic surface of nanoparticles 

all involves the new ligand formation after getting rid of native ligand. During this process, 
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bare UCNPs are exposed to strong acid or other reagents that can cause etching and 

surface defection. Therefore, the ligand attraction method is introduced to retain the 

original hydrophobic ligands via hydrophobic van der Waals interactions. The 

amphiphilic polymer is the key component that forms an additional layer on the top of 

oleic acid capped UCNPs. This polymer contains long alkyl chains can deposit between 

hydrophobic oleate molecules through hydrophobic attraction, and hydrophilic head 

groups are directed outwards. Therefore, successfully render nanocrystals a bilayer 

surface with adequate water solubility. Furthermore, the amphiphilic molecules can 

present functional groups allowing UCNPs attach with other molecules. However, the 

maximum length of the alkyl chain is limited by oleate capping itself. If the chain length 

exceeds the length of oleate, the interaction becomes too weak to stabilize the bilayer.    

2.2.4 Layer-by-layer (LbL)  

Instead of applying amphiphilic polymer for UCNPs hydrophilic surface modification, 

LbL technique utilizes oppositely charged polyions to engineer a water-soluble surface(L. 

Wang et al. 2005). The major advantages of LbL are that this approach permits the 

preparation of coated nanoparticles with precisely controllable size with uniform layers. 

Moreover, the high stability of biocompatibility coating layers make the water-soluble 

UCNPs attractive materials for a wide range of biological applications.  

2.2.5 Silanization Treatment 

The deposit of silica shell on UCNPs is an alternative approach for the hydrophilic and 

bio-conjugation purpose. A uniform layer of silica coating is based on a reverse 

microemulsion method(Lu et al. 2004), which involves the polymerization and silicate 

precursors. Tetraethyl Orthosilicate (TEOS) and non-ionic surfactant Igepal CO-520 are 

most commonly used precursors. During the coating process, a small amount of ammonia 

is important in keeping the concentration of silicic acid higher than nucleation 

concentration, which is a key step in controlling the growth of uniform silica shell. 

UCNPs encapsulated with silica are disperse in water and readily uptake by the cells. 

Therefore, UCNPs@SiO2 becomes a powerful material in biological and cell image study. 
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Also, the porous silica coating on UCNPs provides many cavities that can be designed as 

drug carriers and explore the applications in drug delivery areas. However, the colloidal 

stability of silica coated UCNPs in aqueous solution is relatively poor and tends to 

aggregate in a short time. Therefore, subsequently, an introduction of charged functional 

groups are required for stability purpose.   

2.2.6 Cation-assistant Ligands Assembly 

The cation-assistant ligands assembly method is a facile approach to produce UCNPs a 

water-soluble surface. In a standard process, the original grafted ligands on the surface of 

UCNPs is cleaved, which exposes the positive charges on nanoparticle’s surface. Then 

the negatively charged ligands are favoured to assemble new hydrophilic surface on 

UCNPs by electrostatic interactions.  

2.2.7 Host-guest Interaction 

The host-guest method mediates a self-assembly interaction between hydrophobic 

UCNPs and hydrophilic molecules, which serve as the “host” and “guest” role, 

respectively. The typical guest molecules are macromolecular, such as cyclodextrin(Ni et 

al. 2015) and Cucurbituril(Sun et al. 2018). These molecules have a hydrophilic outside 

and hydrophobic inside. Through a simply stirring and shaking process, they can be easily 

assembled onto hydrophobic ligands of UCNPs. Therefore enable UCNPs a stable 

hydrophilic outer shell.  

2.3 Applications of UCNPs  

With the past decade’s effort, UCNPs have developed into a bright new era. The 

improvement in UCNPs synthesis, more and more facile and robust surface modification 

strategies, and varies nanoplatforms available provide UCNPs good opportunities in real 

applications, especially in drug delivery and therapy(Bagheri et al. 2016), bio-imaging(J. 

Zhou, Liu, and Li 2012), and bio-sensing and bioassays areas(Dong, Sun, and Yan 2015; 

J. Chen and Zhao 2012) where tremendous examples have been well demonstrated. 

UCNPs have become such a popular material due to its unique photophysical and 

chemical properties. First of all, controllable UCNPs size can be easily adapted with 
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different types of biological entities. Second, UCNPs have a large surface area, which 

enables large possibilities to functionalize nanoparticle surface with varies ligands for 

better cell interactions or uptake. Besides, its metallic core benefit in imaging 

fields(Mejia-Ariza et al. 2017). Importantly, evaluation of cellular morphology and 

mitochondrial function have shown that UCNPs have shown non-/low-toxicity to broad 

cell lines(J. Chen and Zhao 2012).  

2.3.1 Drug delivery 

Drug delivery therapy system based on nanoparticles have many advantages over the 

traditional medical treatment, including the efficient pharmaceutical loadings, better 

solubility, stability, and targeted distribution(G. Chen et al. 2014). Several types of 

nanoparticles employed in a drug delivery system have been demonstrated well in 

literature, such as iron oxide nanoparticle, quantum dot, gold nanoparticle, carbon 

nanotube, and silica nanoparticle. UCNPs emerging as a new alternative to building up 

more advanced drug delivery systems attribute to its special features. Three common drug 

loading strategies for UCNPs based system are briefly summarized below. 

 

Figure II-9. Schematic representation of current approaches to constructing UCNPs based drug 
delivery systems: a) hydrophobic pockets, b) mesoporous silica shells, and c) hollow mesoporous-
coated spheres. (Shen, Zhao, and Han 2013) 

1. Hydrophobic pockets 

Hydrophobic pockets represent the hydrophobic-hydrophobic interaction between the 

hydrophobic ligands on particle surface and drugs. A schematic representation is shown 

in Figure II-9(a). Typically, OA-capped UCNPs are modified with the amphiphilic 
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polymer, which creates a hydrophobic pocket for anticancer drugs molecules, 

doxorubicin (DOX), encapsulated. The loading and release of DOX can be controlled by 

varying pH of the environment, which has been observed that the acidic environment 

increases the DOX dissociation rate. Thus this strategy is favourable in tumour cells (Shen, 

Zhao, and Han 2013).   

2. Mesoporous silica shells 

In this method, drugs are encapsulated in pores of mesoporous silica shell which has been 

deposited on UCNPs surface. Figure II-9(b) shows a simple schematic of a typical 

example. The mesoporous silica shell is fabricated by electrospinning process. The 

mesoporous provide high specific area and large pore volume making the silica-coated 

UCNPs suitable for the efficient and stable drug loadings. The drug-loaded can quench 

the luminescence of UNCPs via energy transfer while the drug release process can be 

monitored by emission recovery.   

3. Hollow spheres with mesoporous surface 

Hollow spheres with mesoporous surface provide an alternative way for drug loading 

(Figure II-9(c)). In this case, drugs are encapsulated in a hollow sphere with higher 

loading capacity while still maintains the upconverting imaging ability. Based on this 

concept, a multifunctional mesoporous nanostructure is proposed with both upconverting 

luminescence and magnetic properties. The nanostructure has a rare earth doped UCNPs 

shell and inner magnetic nanoparticles. Anticancer drugs are loaded into the hollow 

sphere by porous UCNP layer. 

2.3.2 Upconversion-Guided Therapy 

Nowadays, photothermal therapy (PTT) has emerged as a strong candidate to classical 

cancer therapies. It employs photo-absorbers to generate heat from heat absorption and 

provide thermal ablation. Although UCNPs have the less efficient capacity to convert 

light directly to heat due to its intrinsic low excitation coefficient, it is still active in PTT 

application. Since mentioned before, UCNPs can be easily coupled with various 
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nanoparticles which possess strong excitation coefficient. These nanosystems can achieve 

upconverting luminescence, magnetic properties, and PTT function in a single modified 

platform.  

Photodynamic therapy (PDT) is a clinical treatment that utilizes the photosensitizers to 

produce single oxygen (1O2) which is toxic to tumour cells. In a typical PDT process, the 

photosensitizers are excited under a specific light and then jumped from the single ground 

state to a single excited state, which undergoes an intersystem crossing to a longer-lived 

triplet state then react with the surrounding oxygen to produce 1O2. UCNPs have the 

advantages to overcome the limitation of low penetration depth caused by traditional PDT, 

since UCNPs can be excited by NIR light and penetrate significantly deeper in tissues. 

Moreover, visible light can be efficiently generated from NIR light by UCNPs to provide 

a light source for photosensitizers to produce 1O2. Therefore, paving the avenue of UCNPs 

in PDT area.        

2.3.3 Bio-image applications 

Lanthanide-doped UCNPs have become increasingly favourable in biological and 

medical imaging, since they utilize less expensive NIR (980 nm or 808 nm) diode laser 

as the excitation source, and have significant penetration depth which makes the deep 

tissue image available. With the more advanced synthesised methods introduced, a large 

scale of UCNPs with good dispensability, low cytotoxicity and stable luminescence 

capacity enable them used in multifunction applications. Indeed, UCNPs based 

nanoprobes have been successfully demonstrated in multiple cell lines imaging, such as 

prostate cancer cells, Hela cells, breast cancer cells, and ovarian cancer cells, etc.       

2.3.4 Bio-sensing and Bioassays  

The most popular applications of UCNPs are in bio-sensing and bioassay fields, which 

employ the UCNPs as the nanoprobes or reporters. Numerous biological and chemical 

assays have been proposed in recent decades, such as DNA hybridization assays, early 

diseases detections, immunoassays, affinity assays etc. Among them, a DNA assay based 
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on UCNPs is one of the most popular applications as it has great importance in point-of-

care theranostics. Ultrasensitive detection of disease biomarkers makes the early 

diagnosis possible. The biggest advantage of UCNPs as the biosensors attributes to its 

superior signal-to-noise ratio, which largely enhances the detection sensitivity and the 

detection limit compared to classical luminescence materials. So far, the majority of 

UNCPs based bioassay platforms are taking advantages of the luminescence resonance 

energy transfer (LRET) process.  

Homogeneous DNA assays based on UCNPs already gain a lot of mature experience. In 

recent years, many groups have demonstrated their work in developing simple and 

sensitive platforms(Alonso-Cristobal et al. 2015a; Yinghui Chen et al. 2018). What’s 

more, thanks to the effort has been devoted, more advanced DNA detection can be 

transferred from a homogenous system to a paper-based platform, which brings the 

opportunity for Point-of-Care development. For instance, Zhou and coworkers developed 

gene fragment detection on cellulose paper(F. Zhou, Noor, and Krull 2014). The 

developed UCNPs based DNA assay could achieve high sensitivity, selectivity and fast 

response, which may be suited for rapid diagnostic applications.  

 

2.4 Introduction of Luminescence Resonance Energy Transfer (LRET) 
Based Bioassays 

Förster resonance energy transfer (FRET) was firstly introduced over 60 years 

ago(Forster 1946). It describes a physical process of non-radiation energy transfer 

between two chromophores. This process can be delivered in molecular proximity up to 

10-100 Å (Sekar and Periasamy 2003). Over decades’ development, FRET has been used 

as a powerful technique to study tremendous biological or chemical phenomena which 

induce the proximity changes. However, FRER only appears based on the following 

requirements:   

1) Donor and acceptor are placed in proximity, typically between the 1-10 nm. 
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2) The donor’s fluorescence emission spectrum overlaps the acceptor’s absorbance 

or excitation spectrum. 

3) The dipole orientations of donor and acceptor must be approximately parallel. 

 

Figure II-10. FRET mechanisms between donor and acceptor. (Ref. 
https://bitesizebio.com/23012/you-may-not-know-theodor-forster-but-you-know-his-work-fret/) 

When the FRET occurs, it finally leads to fluorescence quench of energy donor or 

acceptor emission increase. Figure II-10 illustrates the FRET mechanism. The donor has 

been excited under a certain wavelength, it emits the emission that overlaps with the 

excitation wavelength of the acceptor, and thus excite the acceptor to produce or enhance 

the emission. FRET is a distance-dependent process. Therefore, the efficiency of FRET 

process (E) is relevant of the inverse sixth power of the distance between the donor and 

acceptor R, as the following equation shows (Forster 1946; Zadran et al. 2012):  

 

Where  represents Förster radius, defining the distance between the fluorophores at 

which half of the excitation energy is transferred to acceptor; and R is the real distance 

between the fluorophores. The  magnitude depends on donor and acceptors’ spectrum 

properties, such as the fluorescence quantum yields, the refractive index of the solvent, 
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dipole angular orientations, and the integral of spectral overlaps. The value of R0 ranging 

from 20 to 90 Å is comparable to the thickness of the organism membranes and diameters 

of many proteins, and therefore, FRET gains powerful applications in biology (Held 

2012). Overall, in many well-established bioassays, biophysics, and biochemistry, FRET 

is broadly used to study protein-protein interactions, protein-DNA interactions, and 

protein conformation change by monitoring the molecule interactions with high 

sensitivity.    

2.4.1 Selection of energy donor-acceptor pairs in FRET 

 

Figure II-11. Schematic diagram of electron transfer in typical FRET process (Ref. Held 2012). 

FRET is a non-radiation energy transmission process from donors to acceptors. Figure 

II-11 illustrates the electron vibrational energy states occurring in a typical FRET process. 

Specifically, the electrons in the donor fluorophore jump from the ground state (  to 

the higher energy levels under appropriate excitation. Then it quickly decays to , the 

lowest energy level. In normal processes, the electron will finally decay back to the 

original ground state, while when FRET between two molecules, the process of electron 

decay from  to compete with the process of energy transfer from donor to acceptor. 
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As a consequence, the electrons in acceptors are excited to higher energy states and 

eventually return to the ground state (Meyer and Teruel 2003).  

To achieve higher efficient FRET and to be accurately detected, the energy donor and 

acceptor are usually designed to be different, for the sake of more obvious luminescence 

change. Quenching in donor or luminescence appearance or enhances are common results 

in a typical FRET process. As one of the main components required in the FRET, energy 

donor can be understood as a fluorescence molecule which transfers the energy to nearby 

acceptor via a non-radiative dipole-dipole coupling. The common options in donor 

selection are listed in Table II-3. Most common types of FRET donors 

Table II-3. Most common types of FRET donors 

Types of donors Highlights Limitations 

Organic dyes small size, large detectable optical 

signal, varies optical color, and 

simple covalent coupling strategies 

Significant emission overlaps, 

difficult to achieve  

“multichannel” , mainly excited 

by ultraviolet light 

Autofluorescent 

proteins 

easier for intracellular loading, 

manipulation, and expression in 

live tissues 

Low quantum yields and broad 

emission and absorbance spectra 

Quantum dots 

(QDs) 

size controllable, broad tunable 

absorption spectra, narrow 

symmetric PL spectra, high 

quantum yields, high 

photobleaching thresholds, 

resistance to photo and chemical 

degradation, and large effective 

“Stokes shift” 

Potential cytotoxicity, intermittent 

emission, excited by ultraviolet 

light 
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Carbon dots convenient synthesis, prominent 

biocompatibility, colorful 

photoluminescence, and low cost 

UV excitations required 

Upconversion 

nanoparticles 

(UCNPs) 

photostability, low toxicity, low 

background interference and 

biocompatibility 

Relatively low luminescence 

emission 

 

Organic Dye 

The organic dye is a type of traditional energy donor to generate FRET. Its special 

advantages, such as small size, large detectable optical signals, varies optical colors, and 

simple covalent strategies make it an excellent candidate to achieve highly efficient 

energy transfer (Clapp et al. 2004) due to the inherent of organic dye that it usually display 

narrow absorption spectra, broad emission and low photobleaching thresholds, it is 

difficult to apply in the multichannel platform. Specifically, when there are more than 

two fluorophores co-exist in the system, organic dyes tend to show significant spectra 

overlaps and cause problems in distinguishing the individual behaviour by donor or 

acceptors.  

Autofluorescent Proteins 

Genetically encoded fluorescent proteins have occupied a space in FRET applications. 

Green fluorescent proteins (GFP) is the most well-known type of this family(Pollok and 

Heim 1999). Their intrinsic properties of easier for intracellular loading, manipulation, 

and expression in living tissues guarantee the broad applications in biological related 

FRET assays. However, proteins usually have relatively low quantum yields, broad 

emission, and absorbance spectra, which limit their potential in more sensitive platforms 

development.  
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Quantum Dots (QDs) 

Quantum dots are one of the new generations of luminescence materials. Colloidal QDs 

are synthesized through the high-temperature solution. As the lab synthesis technique 

getting matured, it has been more frequently employed in diversity assays attribute to its 

excellent performance and properties. For example, QDs are size controllable within the 

range of 2-10 nm, making them suitable for lots of platforms(Walling, Novak, and 

Shepard 2009). Also, it also possess the advantages of broad tuneable absorption spectra, 

large molar extinction coefficient, narrow symmetric PL spectra, high quantum yields, 

high photobleaching thresholds, resistance to photo and chemical degradation, and large 

effective “stoke shift” etc. (Murray, Norris, and Bawendi 1993; Hines and Guyot-

Sionnest 1996; Clapp et al. 2004). All these properties make it a promising FRET donor 

candidate and broaden its applications in bioassays, such as the nanoparticles-based 

platforms to detect protein or DNA conformation change. For instance, Shasimsipur 

attached the QDs on DNA to detect the human papillomavirus 18 and achieved high 

sensitivity up to the nanomolar amount(Shamsipur et al. 2017). QDs can also be designed 

for environmental assays purpose. Abolhasani’s group established a system based on QDs 

to quantitatively determine the copper and nickel contamination is well and dam 

water(Abolhasani et al. 2015). In short, the proposed detection platforms took the 

advantages of the QDs to use it as a FRET energy donor, and the targets can be detected 

by fluorescence intensity change. However, QDs are potentially cytotoxicity, 

photoblinking, and ultraviolet light (UV) excited, which limit their further applications in 

vivo, since the risks to creatures and environment are still unclear. Besides, UV as an 

excitation source also induces the autofluorescence and interferes the fluorescence from 

the analytes, which should also be considered when designing QDs based assay platforms 

(F. Wang et al. 2010). 

Carbon Dots (Cdots) 

Carbon dots or nano carbons compose the discrete, quasispherical particles with the size 

below 10 nm (Baker and Baker 2010), emerged as a new alternative to QDs. Cdots have 
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attracted explosion of interests due to its unique properties, including convenient 

synthesis, prominent biocompatibility, colourful photoluminescence, and relatively low 

cost, which enable Cdots being a strong competitor in sensing, bioimaging, 

nanomedicines, and energy storage. Recently, Yang’s group reported a method of using 

Cdots to successfully establish a drug delivery system by connecting Cdots to a hairpin 

DNA, which loaded with doxorubicin and polyethylene glycol modified folic acid. Such 

a platform allowed drugs release to demand under the stimuli of targets, and fluorescence 

turned on by FRET relief between Cdots and doxorubicin (Yang et al. 2017). However, 

Cdots as the particular quantum dots-like nanoparticles, it possesses the similar 

drawbacks such as it requires continuous UV excitations that limit their potential 

applications.   

Upconversion Nanoparticles (UCNPs) 

Luminescence energy transfer (LRET), as a derivative of FRET, was firstly introduced 

by Selvin(Selvin, Rana, and Hearst 1994) to study the FRET of lanthanide chelated 

complexes. As it introduced before in Chapter II, UCNPs are unique luminescence 

materials with strengths of photostability, low toxicity and biocompatibility, minimal 

background interference, and controllable size, shape, and emission spectra. Till now, 

they have become the youngest substitution of conventional energy donor in FRET 

systems. In this section, some examples of UCNPs utilized in FRET will be shown here. 
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Figure II-12. Examples of LFET employing UCNPs as the energy donor in various assays.(A)(B) 
(Kuningas et al. 2005)(C)(D) (Alonso-Cristobal et al. 2015)(E)(F) (L.-J. Huang, Yu, and Chu 
2015) 

Figure II-12A shows the illustration of the mechanism of Kuningas’ group innovative 

concept of applying UCNPs in LRET (Kuningas et al. 2005). They employed 

streptavidin-conjugated UCNPs as LRET donors and biotinylated phycobiliprotein as the 

acceptor to successfully detect the biotin. Figure II-12B gives the results obtained based 

on their detection system. Detection platforms based on UCNPs can also achieve DNA, 

protein, and metal ions detection. For instance, Alonso’s team reported a target DNA 

detection by UCNPs and graphene oxide system (Figure II-12C). The target presence can 

be reported by fluorescence quenched due to energy transfer. As their results show in 

Figure II-12D, higher concentrations of GO result in reduced upconversion intensity 
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(Alonso-Cristobal et al. 2015b). Also, a sensitive, rapid and selective detection of Hg2+ 

was achieved by UCNPs based biosensor (Figure II-12E), which has high FRET 

efficiency and quenches the luminescence of UCNP when Hg2+ ions exist(Figure 

II-12F)(L.-J. Huang, Yu, and Chu 2015). Though UCNPs are popular in biological 

detection platforms, it can be even improved regarding of relatively low upconversion 

emission efficiency. The strategies to overcome these drawback are proposed, such as 

synthesize the core-shell structure, conduct surface modifications, and introduce the metal 

to increase the luminescence intensity. 

 

Distinct from the donor who donates the energy, acceptor acts as the energy absorbance 

part which will eventually emit the photons. Just as there are numerous types of donors, 

there are many types of acceptors. In the LRET process, a limitation of fluorophores is 

that they have a relatively short lifetime, which limits the opportunities and accuracy of 

emission measurement. In this case, autofluorescence involves in emissions can even 

interfere with the results. Therefore, although emissive fluorophores can be used as donor 

or acceptors, the “dark” quenching dye is preferred and can only be designed as an 

acceptor. As demonstrated in the above section, fluorescent dyes and proteins can be 

designed as acceptor as long as they are in proximity with the donor and have adequate 

spectral overlaps for efficient energy transfer. The first “quencher” dye used in FRET is 

azobenzene, dabcyl. It has a broad absorbance centred at around 478 nm to quench the 

blue to green fluorescence region (Marras et al. 2002; Seidel, Schulz, and Sauer 1996). 
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Figure II-13. Schematic illustration of AuNPs surface Plasmon resonance (SPR) (Ref X. Huang 
and El-Sayed 2010).  

Some metal nanoparticles can be included in consideration as well. For example, gold 

nanoparticles (AuNPs) has been broadly applied in FRET and play the role of acceptor 

attributed to its unique optical properties. The oscillation of free electrons on AuNPs 

surface induces a charge separation on the ionic lattice, producing a dipole oscillation 

under a specific light (Figure II-13). Light absorption and light scattering are two main 

contributions for total light extinction (X. Huang and El-Sayed 2010). Due to SPR 

oscillation, the absorption and scattering can be strongly enhanced by 5-6 order of 

magnitude compared with the other organic dye, and displays higher emission of most 

fluorescent molecules(Jain et al. 2006). Therefore, equipped with strongly enhanced 

radiative properties of adjacent molecules, and its biocompatibility, AuNPs are extremely 

helpful in optical and biological applications, such as cell imaging and proper therapies.    

2.4.2 Design strategies for UCNPs based LRET detections  

Multiple ways are available to monitor the interactions and distance change between two 

complexes in LRET system. The design principle is based on the different energy transfer 

efficiencies of luminescence nanocrystals before and after the targets.    
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Figure II-14. Schematic illustration of LRET system based on distance change between donor-
acceptor pairs. (Ref: J. Zhou et al., 2015)  

As mentioned previously, adequate proximity and spectrum overlap between two 

complexed is a priority to achieve FRET. Same, LRET can only occur based on these two 

requirements. In UCNP LRET system, spectrum overlap can be controlled via selection 

of donor and acceptor, while LRET efficiency is largely dependent on distance. Therefore, 

distance change between donor and acceptor is utilized to construct an LRET detection 

platform. Usually, a linker bond to energy donor is used to respond to target stimuli, 

which will bring the change in distance, and achieve difference LRET efficiency change 

(Figure IV-1). Typically, LRET can be analysed through the frequently applied methods: 

intensity variations of the acceptor and donor emissions, photobleaching rate of the donor 

in presence and absence of targets, and fluorescence-lifetime change as well.   
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Chapter III. Systematic Hydrophilic Surface Modification 

of UCNPs  

3.1 Introduction 

The macromolecule is large molecule created by polymerization of smaller monomers. 

The well-known examples of macromolecules in biopolymers are nucleic acids, proteins, 

and lipids. The polymer is a type of macromolecules constituted of repeated subunits. 

Both natures existed, or synthesized polymers are produced by polymerization of small 

molecules and therefore possess sizeable molecular mass. Importantly, polymers 

naturally exhibit or can be modified with multiple anchoring ligands, such as hydroxyl, 

amine, carboxylic, phosphate, and thiol groups etc. Therefore, varies polymers have been 

used in UCNPs surface modification to render them a hydrophilic surface.  

Some commercially available polymers are used during the UCNPs synthesis process to 

directly produce hydrophilic UNCPs. For instance, polyethylenimine (PEI), poly(acrylic 

acid) (PAA), and polyvinylpyrrolidone (PVP). However, water-soluble UCNPs 

synthesised by this method suffers poor stability and tends to aggregate(M. Wang et al. 

2009). In contrast, the ligand exchange and amphiphilic coating strategies can create 

much more stable and monodispersed UCNPs in aqueous solution. Although a lot of 

polymers have been successfully applied in functionalized nanocrystals, a systematic 

study of four common polymers will be demonstrated here with a simple one-step ligand 

exchange strategy to provide a comparison regarding dispersity, luminescence ability, 

and colloidal stability of lab-synthesized UCNPs. Therefore, this study can be useful in 

choosing the most appropriate polymer to functionalize nanocrystals for a specific 

purpose. In this section, the most popular and widely used polymers have been examined, 

including PEI, PAA, PVP, and POEGA-b-PMAEP(PEG).  
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Figure III-1. Reaction mechanisms of four typical polymers used in UCNPs ligand exchange. 

Polymers employed in UCNPs surface modification via one-step ligand exchange have 

two main groups: bonding groups and functional groups. Since original UCNPs are 

usually capped by oleic acid, bonding groups that possess higher binding affinity than 

oleic acid are essential to substitute the original ligands on UCNPs surface and render the 

nanocrystal hydrophilic ligands. Functional groups, such as NH2, COOH, SH, and N3 etc., 

guarantee the ability that hydrophilic UCNPs can be subsequently conjugated to other 

molecules for diverse application purposes. PEI used in this section is branched type, 

which contains primary, secondary and tertiary amino groups. It has many applications 

in biology, attachment, water treatment, and cosmetic etc. PAA is a high molecular weight 

polymer with the monomer of acrylic acid. It displays negative charge in neutral solution, 

and ideally used as surfactants due to the ability to form hydrogen-bonded complexed in 

low pH environment, and its –COOH groups are useful in bio-applications. PVP is 

polymerized from its monomer N-vinylpyrrolidone. It has been widely used in 

pharmaceutical, cosmetics, blood compatibilizer, and surface modification agent due to 

its good compatibility with numerous chemicals. PEG polymer is synthesized by RAFT 

polymerization. It contains a binding group, a phosphate group, which have strong 

binding affinity to rare earth ions. Besides, UCNPs, after coated by PEG possess a layer 
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of polymer with –COOH group facing outward, which offers an opportunity for as-

synthesized UCNPs broadly used in subsequent attachment to proteins, DNA, and 

bioactive molecules.  

3.2 Experimental 

Materials and Chemicals  

All the chemicals were obtained from Sigma Aldrich (Sydney) with reagent grade or 

higher. Branched PEI, PAA and PVP with an average molecular weight of 25,000 

 by LS, 1800 , and  respectively, were used as 

received. All materials, cyclohexane, chloroform, ethanol and tetrahydrofuran (THF) 

were used as received without further purification, except 2, 2᾿azobisisbutyronitrile for 

PEG polymer synthesis, which was purified through recrystallization from methanol. 

Instrumentation and Apparatus 

The synthesized UCNPs were characterized by D8 Discover diffractometer (Bruker 

Corporation) Powder X-ray diffraction (XRD) and FEI-Tecnai T20 instrument to analyze 

the size and morphology of nanoparticles. Fourier-transform infrared spectroscopy 

(FTIR) spectra tests were carried out using a Nicolet 6700 FT-IR spectrometer (Thermo 

Scientific) to determine the surface ligands. Dynamic light scattering (DLS) was run 

using Zetasizer nano series (Malvern Instrument) to test the hydrodynamic size of 

nanoparticles. Thermogravimetric analysis (TGA) was carried out on a Simultaneous TG-

DTA instrument S600 with a heating program consisting of a heating rate of 10 K/min 

from 373.15K to 923.15 K under N2. Upconversion luminescence intensity spectra were 

measured by an iHR550 spectrometer (HORIBA Scientific Instruments Inc.) with a 

modified external 980nm laser. The excitation irradiance value was up to 1.36 × 106 W 

cm-2.  

 

 



40 

 

Synthesis of NaYF4: Yb, Er UCNPs  

UCNPs used in this project were doped by 20% Yb and 2% Er by traditional co-

precipitation method [2]. Specifically, 1 mmol LnCl3 (Ln=Y, Yb, Er) with the molar ratio 

of 78:20:2 were reacted with 6 mL of oleic acid (OA) and 15 mL 1-octadecene. Then, the 

solution was heated up to 160  under continuous argon gas for 30 min. The clear solution 

was obtained and cooled down to the room temperature, followed by the addition of 5 mL 

methanol solution of 4 mmol NH4F and 2.5 mmol NaOH. After continuous stirring for 30 

min, methanol was evaporated under 100  for 20 min, and water was removed under 

120  for another 20 min. The reaction was finalized by further heating the solution at 

300  for 90 min. The nanocrystals were precipitated by centrifuge at 13,000 rpm and 

washed with cyclohexane, ethanol, and methanol, respectively. The synthesized products, 

dispersed in cyclohexane, were well-monodispersed.  

Surface modifications via one-step ligand exchange 

To synthesize UCNPs@PAA, wash the UCNPs by chloroform and resuspended in 

chloroform. Then 1 mg UCNPs in chloroform were mixed with same volume of the 10 

 PAA dispersed in ethanol. The mixture was stirred overnight. Then centrifuged the 

mixture at 14680 rpm and disposed of the supernatant. Using water and ethanol mixed 

solution to wash the product three times, and then dispense the UCNPs@PAA in 1  

water and stored in 4  fridges for further usage. The UCNPs@PEI and UCNPs@PVP 

were conducted with the same procedure.  

 

To synthesize UCNPs@PEG, we prepared the PEG polymer according to the reported 

method(Duong et al. 2018). Specifically, the copolymer was synthesized by using 

poly(ethylene glycol) methyl ether acrylate as a macro-RAFT agent for chain 

development with mono(2-acryloyloxyethyl) phosphate (MAEP) to form a copolymer, 

POEGA-b-PMAEP, or PEG in short. Then, the amphiphilic solvent THF was used as the 

processing solvent for preparing UCNPs@PEG. Specifically, 10  UCNPs were 
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centrifuged at 14680 rpm to get rid of the cyclohexane. Then mixed 5 mg PEG and 10 

mg UCNPs in THF and stirring overnight. THF and water mixture was used to wash the 

sample three times to remove the excess unreacted PEG. The final product, 

UCNPs@PEG were dispensed in 1  water with the concentration of 10  and 

stored in 4  fridges for further usage.  

3.3 Results and Discussion 

Many surface modifications are essential and important to render a hydrophilic surface 

for UCNPs in terms of the colloidal stability and a specific functional surface purposes. 

In this section, we employed the four popular polymers to do surface modification via a 

simple one-step ligand exchange process. Figure III-1 simply illustrated the four polymers 

utilized to replace the original OA capped UCNPs. To evaluate the behaviour of these 

modified water-soluble UCNPs, various techniques were carried out to compare the 

stability, dispensability, and binding strengths of polymers, which provided a useful 

guideline for polymers coated UCNPs in a large range of bio-applications.    
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Figure III-2. TEM images of OA-capped UCNPs and four polymers anchored UCNPs and XRD 
of NaYF4: Yb/Er. A)UCNPs@OA; B) XRD of UCNPs; C) UCNPs@PEG; D) UCNPs@PEI; 
E)UCNPs@PAA;F)UCNPs@PVP. 

NaYF4: Yb/Er nanoparticles capped by oleic acid (UCNP@OA) used in this work were 

synthesized via a user-friendly method. Oleic acid was used as a capping agent to control 

the growth of nanoparticles and prevent the aggregation. The XRD result (Figure III-2. b) 

of UCNPs revealed a  of as-prepared UCNPs. TEM images of UCNP@OA 

showed a monodispersed nanoparticles in cyclohexane with a uniform size of around 25 
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nm (Figure III-2.a). Figure III-2(c-f) are TEM images of UCNPs grafted by four different 

polymers in water after proposed ligand exchange method. The results proved that the 

ligand exchange process does not affect the UCNPs morphology and still maintains good 

dispensability, except the UCNPs@PAA had a slight aggregation due to the comparably 

large surface charge.   
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Figure III-3. FTIR spectra of UCNPs@OA and UCNPs@polymers. 

Figure III-3, The as-prepared UCNPs were originally capped by OA, which exhibit strong 

transmission bands at 2921 cm-1 and 2854 cm-1 which corresponding to the asymmetric 

and symmetric stretching of methylene(-CH2), respectively, caused by long-chain alkyl 

from OA. The bands appear at 1548 cm-1 , and 1464 cm-1 are assigned to the carboxylic 

group (-COO-). These results proved that the lab synthesized UCNPs were capped in OA 

molecules and surface modification is required prior to further bio-applications. After 
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ligand exchange by PEG, new peaks at 1729  and 1099  shown up 

correspond to C=O and P=O vibration stretches; After ligand exchange PEI, the new 

bands centered at around 1554  and 1476  could be assigned to amine N-H 

stretching and methylene scissoring; After PAA coating, the bands at around 1657 

and 1440  suggested appearances of C=O stretching and methylene scissoring; 

And after PVP ligand exchange, typical bands of 1658  and 1448  represented 

the increasing quantities of C=O and pyrollidone stretching; Furthermore, all 

UCNPs@polymers had an inconspicuous peaks of around 2926  compared with 

UNCPs@OA, which indicated that the polymers had replaced of OA molecules and 

attached to UCNPs surface.   

 

Table III-1. TGA results for UCNPs@OA and UCNPs@polymer 

 Weight loss  

(wt%) 

Grafting density 
(molecules/  

UNCPs@OA 23.20% 5.13 

UCNPs@PEG 12.23% 0.12 

UCNPs@PEI 22.03% 0.71 

UCNPs@PAA 9.43% 0.74 

UCNPs@PVP 8.25% 0.04 

 

To quantitatively confirm the substitution of polymers on UCNPs surface, 

thermogravimetric analysis (TGA) was performed. The weight loss percentage and 

grafting density are shown in Table III-1. Grafting density was calculated by assuming a 

spherical UCNPs with a diameter of 24 nm and bulk density is 4.2 g . The grafting 

density of polymer coated densities was less than original ligand capped UCNPs. This is 

a predictable result as the OA molecules are 30 times lower than polymers in terms of 
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molecular weight. The higher weight loss of PEI grafted UCNPs may due to the water 

consisted of nature. And compared with UCNPs@PEG, UCNPs@PAA and 

UCNPs@PVP also exhibited higher weight loss, this could be attributed to the remaining 

OA due to incomplete ligand exchange. Moreover, as shown in Figure III-4, most of 

weight loss of UCNPs@OA was before 400 , while after ligand exchange with polymers, 

UCNPs@PEG, UCNPs@PAA, and UCNPs@PVP not experienced similar weight loss 

before 400  and exhibited a stable state after 500 . This is a clue that the OA has been 

substituted and new ligands are presented. UCNPs@PEI experienced a dramatically 

weight loss in the whole heating process, this is due to the branched PEI polymers are 

gel-like substance and rich in water molecules. Table III-1. TGA results for UCNPs@OA 

and UCNPs@polymer.  

 
Figure III-4.TGA results for UCNPs@OA and UCNPs@polymers.  

DLS data were collected to test the hydraulic diameter of each nanoparticle. The 

UCNPs@OA has a narrow size distribution of 28.21 nm in cyclohexane. After polymer 

surface modifications, the UCNPs@ polymers show a little bit sizes increase in water 

(  to 50.39 nm, 46.02 nm, and 50.04 nm of PEG, PEI, PAA, and PVP coatings, 
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respectively. Polydispersity Index (PDI) < 0.3 for all results. However, some aggregates 

of UCNPs@PAA also occurs in water due to the largest standard deviation, but just not 

shown in the fitting curve. In this case, the results obtained by TEM and DLS are in 

agreement.  

 

 

Figure III-5.DLS data of OA capped UCNPs and four polymers coated UCNPs in water by one-
step ligand exchange. 

To investigate the long-term colloidal stability of UCNPs@polymers, continuous DLS 

data were collected over one week period. Referring to Figure III-6, UCNPs@PEG 

exhibits a uniform size over one week time without significant changes. In comparison, 

UCNPs@PEI, UCNPs@PAA, and UCNPs@PVP have different degrees of aggregation 

with longer time storing.  
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Figure III-6.Colloidal stability of (A)UCNPs@PEG, (B)UCNPs@PEI, (C) UCNPs@PAA, and 
(D)UCNPs@PVP over one-week storage measured by DLS.  

Buffers selection is a preliminary step in many biological and chemical assays, which 

plays an essential role throughout the experiment and homogeneous system. Various 

buffers are available with different  for specific experiment purposes. For example, 

MES is a conventional buffer broadly used in biochemistry with the merits of minimal 

salt effects, chemically stable, and minimal absorption under visible or UV 

spectra(Ferguson et al. 1980). HEPES buffer is another buffering agent widely used in 

cell culturing attribute to its better ability to maintain physiological , as well as the 

enzyme structure, which do not change much with temperature(Baicu and Taylor 2002). 

Therefore, a systematic comparative study of UCNPs@polymers stability in four 

different common buffers (MES buffer, HEPES buffer, SSC buffer, and Tris Buffer with 

the  value of 5.1, 5.6, 7.0, and 7.6, respectively) was carried out for a potential 

guideline in surface modifications and buffer selections.       
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Figure III-7.Colloidal stability of (A)UCNPs@PEG, (B)UCNPs@PEI, (C) UCNPs@PAA, and 
(D)UCNPs@PVP over one-week storage in MES buffer measured by DLS. 

Size distribution of UCNPs@polymers was tested over one week period in MES buffer 

(  5.1). The result (Figure III-7) shows that UCNPs@PEG has good dispensability of 

around 43.31 nm, and still keep the uniform hydraulic diameter of approximately 41.85 

nm over one week. Although UCNPs@PVP stables at around 600 nm in one-week time, 

it heavily aggregated in MES buffer. Incomparable, UCNPs@PEI and UCNPs@PAA 

distribute both poor dispensability and stability, roughly varying sizes from 100 nm to 

800 nm.   
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Figure III-8.Colloidal stability of (A)UCNPs@PEG, (B)UCNPs@PEI, (C)UCNPs@PAA, and 
(D)UCNPs@PVP over one-week storage in HEPES buffer measured by DLS. 

Similar, UCNPs@polymers in HEPES buffer (  6.5, 0.1 M) were tested again over one 

week (Figure III-7). UCNPs@PEG again shows excellent dispensability of around 34.4 

nm and good stability with a slight size increase to 36.78nm. UCNPs@PEI and 

UCNPs@PVP show good dispensability on the first-day testing, with the size of 42.35 

nm, and 32.12 nm respectively, while both of them aggregate afterwards. In contrast, 

UCNPs@PAA aggregates in HEPES with poor stability while relatively stable over one 

week, which suggests UCNPs@PAA can be used when the stability is more critical than 

dispensability and PEI and PVP coated UCNPs should be freshly prepared prior to each 

experiment.  
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Figure III-9.Colloidal stability of (A)UCNPs@PEG, (B)UCNPs@PEI, (C)UCNPs@PAA, and 
(D)UCNPs@PVP over one-week storage in SSC buffer measured by DLS. 

SSC buffer (pH 7.0) is generally used as a molecular hybridization buffer (Figure III-9). 

UCNPs@polymers size distribution was tested as well. According to the results, all 

samples were unstable from slightly to severely aggregation over long time storage. 

Besides, only the UCNPs@PVP well-dispensed on the first day, others UCNPs grafted 

by other polymers displayed relatively poor dispensability. The results suggest that when 

the analysed media is chosen to be SSC buffer, the freshly prepared UCNPs@polymers 

should be used to prevent aggregation.  
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Figure III-10.Colloidal stability of (A)UCNPs@PEG, (B)UCNPs@PEI, (C)UCNPs@PAA, and 
(D)UCNPs@PVP over one-week storage in Tris buffer measured by DLS. 

Tris Buffer (pH 7.6) is typical media choice for most biological systems, especially in 

DNA electrophoresis and western blotting, because it is an active and robust buffer in the 

range of pH 7-9. Therefore, similar DLS test was conducted based on four polymers 

coated UCNPs (Figure III-10). Over consecutive one week of testing, all of the 

UCNPs@polymers showed good stability without significant size variation except the 

UCNPs@PVP. However, only the UCNPs@PVP displayed relatively good 

dispensability while the rest of UCNPs@polymers tended to aggregate over 100 nm.  

The size variation of UCNPs@polymers or colloidal stability is mostly associate with the 

surface charge, which can be analysed via a powerful technique, zeta potential. In the 

biological environment, charged cationic substance tends to absorb on proteins’ surface 

and also quickly to occur precipitant(Honary and Zahir 2013). However, on the other 

hand, some studies also reported that the negative charged spherical particles could 

benefit in vitro uptake due to the nonspecific interactions(Ayala et al. 2013), and they 
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could also be recognized by cationic sites(Rigotti, Acton, and Krieger 1995). The 

positively charged surface has proven to possess many advantages such as it can prolong 

the drug release in internal tissue due to the electrostatic interaction. However, cationic 

charge is complained to exhibit cytotoxic in some cases(Liu et al. 2007). Therefore, a zeta 

potential value that combines electrostatic and steric stabilization is preferable. In contrast, 

UCNPs@PAA, UCNPs@PVP and UCNPs@PEG were observed to have negatively 

charged surface and had different extent of stability in buffers. UCNPs@PAA with the 

most considerable absolute zeta potential value, -13.3 mA, was stable in more basic 

buffers. UCNPs@PVP could be well suspended in almost all kinds of buffers while hard 

to maintain its stability. Among all the test, UCNPs@PEG with the smallest absolute zeta 

potential value, -4.96 mV, exhibit the best dispersity in almost all buffers, as well as the 

colloidal stability 

Table III-2 summarizes the surface charge of four polymers with different functional 

groups capped UCNPs. The results show that only the UCNPs@PEI, displayed a positive 

charge in water (  5.4) and was unstable in lower  buffers.  

In contrast, UCNPs@PAA, UCNPs@PVP and UCNPs@PEG were observed to have 

negatively charged surface and had different extent of stability in buffers. UCNPs@PAA 

with the most considerable absolute zeta potential value, -13.3 mA, was stable in more 

basic buffers. UCNPs@PVP could be well suspended in almost all kinds of buffers while 

hard to maintain its stability. Among all the test, UCNPs@PEG with the smallest absolute 

zeta potential value, -4.96 mV, exhibit the best dispersity in almost all buffers, as well as 

the colloidal stability 
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Table III-2. Zeta Potential of UCNPs@PEG, UCNPs@PEI, UCNPs@PAA, and UCNPs@PVP 

 Surface Ligands Zeta Potential ( ) 

UCNPs@PEG Carboxyl  -4.96 

UCNPs@PEI Amino +12.7 

UCNPs@PAA Carboxyl -13.3 

UCNPs@PVP Amide -9.34 

 

 

 

Figure III-11. Size distribution of UCNPs@polymers in different temperatures. 

To further evaluate the performance of nanoparticles in vivo, the temperature dependence 

of size distribution was tested again in Figure III-11. Since the average temperature of the 

biological tissue is 37 , the DLS data were measured both under room temperature  

and 37 . The results proved that the UCNPs@PEG, UCNPs@PEI, UCNPs@PAA were 

all acquired a stable and well dispense ability in both rooms and in vivo temperatures, 



55 

 

while UCNPs@PVP tended to create precipitate under 37 . Therefore, both PEG, PEI 

and PAA polymers could be utilized in biological creatures internally, such as drug 

delivery, cell images, photodynamic therapy, etc.  

 

Figure III-12. Emission intensities of UCNPs before and after ligand exchange by polymers. 

Emission intensities were tested before and after the polymers coatings. The NaYF4: 

Er/Yb distributed two sharp peaks at around 550 nm and 650 nm. UCNPs@OA were 

tested in cyclohexane; the UCNPs@polymers were tested in water. All the tested samples 

were concentrated at 1 mg/ml. The results showed that only the PEG polymer did not 

inhibit the emission of UCNPs, while after PEI and PAA polymer coating, only half of 

the original intensity could be achieved. The PEI coated UCNPs quenching effect could 

be related with the tertiary amine groups on the PEI toward fluorophores(Qiao and Zheng 

2016). PVP coated UCNPs largely reduced the intensity to one-sixth of uncoated one. 

This might due be the quenching effect of water and specific polymers, and loss during 

surface modification process could also be a reason.    
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3.4 Conclusion 

Colloidal stability of nanoparticles in chemical, and especially the biological environment 

is always one of the biggest challenges in practical applications. Therefore, four most 

commonly used polymers, PEG, PEI, PAA and PVP, were studied systematically to 

analyse their behaviour in different buffers and environment. Table III-3 summarizes the 

performance of four different polymers coated UCNPs. Overall, UCNPs@PEG are stable, 

and well suspended in all buffers. Also, it is the one can retain the highest luminescence 

intensity after ligand exchange. HEPES buffer is a good choice that quite a lot of polymers 

can be stabilized in. Therefore, PEG is considered as the best UCNPs surface modification 

polymers in terms of the colloidal stability, water dispensability, bio-environment 

stability, and cell toxicity, which does not require careful choice of buffers and operating 

temperature.  

Table III-3. Evaluation of UCNPs@polymers in different buffers. 

 

 

dispensability stability dispensability stability dispensability stability dispensability stability
UCNPs@PEG
UCNPs@PEI
UCNPs@PAA
UCNPs@PVP

MES buffer HEPES buffer SSC buffer Tris Buffer
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Chapter IV. Application of Hydrophilic UCNPs in DNA 

detection 

4.1 Introduction of Molecular Beacon Structure  

Molecule beacon is a single-stranded oligonucleotide twisted in a hairpin structure. It was 

first introduced in 1996 and developed to sensitively detect the specific complementary 

target oligonucleotides(Tyagi and Kramer 1996).  

 
Figure IV-1. The schematic structure of molecular beacon and its function mechanisms. Ref: 
http://www.genelink.com/newsite/products/amp&analysis.asp  

The basic structure of molecular beacon is shown in Figure IV-1. Overall, the molecular 

beacon consists of four parts:  

1) Loop: The loop is an oligonucleotide sequence with 18-30 base pair which is 

complementary with the target sequence 
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2) Stem: The regular stem has 5-7 base pair long at each end of the loop, serving as the 

“arms” of the loop. They are complementary with each other to form a so-called “hairpin” 

structure 

3) 5’ fluorophore: At the 5’ end of the single-stranded oligo, a fluorophore molecule 

attached will be quenched when the hairpin structure formed. 

4) 3’ quencher: At the 3’ end of sequence, a non-fluorescent chromophore, quencher, is 

attached, which prevents the fluorescence of fluorophore in a well-formed molecular 

beacon. 

In a homogeneous assay, the target sequence has a complementary designed loop with 

the molecular beacon. The as-designed probe is firstly formed by annealing and enclosed 

a hairpin structure that brings fluorophore and quencher in close proximity. The quencher 

absorbs the fluorescence from the nearby molecule and emits the energy in a form of heat, 

which results in fluorescence quenching. However, when target present in the solution, a 

sort of energy was “locked” inside the previous hairpin loop will be released by 

hybridization between two matched oligo sequences. Since the hybrid double-stranded 

oligo is longer than stem, it is more rigid and stable than a previous single loop. The 

straight double-stranded oligo pulls the fluorophore and quencher away from each other. 

Therefore, the fluorescence restores can be detected and implied the target oligo has 

successfully hybridized with the hairpin. Moreover, labelling the molecular beacons with 

different colored dyes can be used to simultaneously process multiple targets detection in 

a single assay(Tyagi and Kramer 2012).  
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4.2 Homogenous DNA Hybridization Assay Based on UCNPs and AuNPs 

A Homogeneous DNA Assay by Recovering 
Inhibited Emission of Rare Earth Ions-Doped 
Upconversion Nanoparticles 
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ABSTRACT: Robust and easy-to-use kits specific for a particular DNA sequence are 

desirable for early detection of diseases. However, the major challenge with these tests is 

often the background fluorescence artifacts arising from biological species due to 

employing UV and visible range of light. Here, we have reported a near-infrared (NIR) 

fluorescence “turn-on” kit based on rare earth ions doped nanoparticles, upconversion 

nanoparticles (UCNPs), and gold nanoparticles (AuNPs), which forms a fluorescence-

quencher pair, brought together by a hairpin structure through the formation of double-

stranded DNA (dsDNA), with quenched upconversion luminescence. In the presence of 
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analytes, the molecular beacon opens to push AuNPs away from UCNPs, with a distance 

longer than the efficient quenching distance, so that the inhibited upconversion emission 

will be restored. We demonstrated that this assay provides a homogeneous, facile, simple 

and highly selective HIV-1 based DNA detection system with restore efficiency up to 

85%, and the detection limit of 5 nM. 

Graphical Abstract:  

 

A representative illustration of DNA assay mechanism and simplified emission spectra 
of the probe. 

KEYWORDS: upconversion, rare earth, molecular beacons, gold nanoparticles, luminescence 

quenching, fluorescence recovery, HIV-1, DNA. 

 

1. Introduction 

The human immunodeficiency virus (HIV-1) infection can result in acquired 

immunodeficiency syndrome (AIDS) with high mortality [1, 2]. Nucleic acid detection in 

blood can achieve early diagnosis of HIV even before the expression of retroviral proteins 

and lethal effects of live cells. Although HIV can be transmitted in many ways, reducing 
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the chance of infection through contaminated blood is the most critical and facile 

prevention strategy. Therefore, screening of donated blood is of great importance in 

preventing HIV transmission [3]. Currently, polymerase chain reaction (PCR) assay [4-

6] is a promising and standard method to detect nucleic acids. However, PCR results are 

associated with false-positive signals since the primers can partly hybridize with each 

other [3]. Moreover, expensive equipment, sophisticated, and time-consuming procedure 

limit PCR clinical acceptance. Therefore, there are a lot of interests in developing cheaper 

and more user-friendly DNA hybridization detection platforms. 

In recent decades, the fluorescence resonance energy transfer (FRET)-based techniques 

have been broadly applied in DNA detection due to its simplicity, compatibility with 

various systems, and high sensitivity [7, 8]. These assays require careful choice of 

fluorescence energy donor and acceptor pair. Fluorescent dyes with small sizes and large 

detectable optical signals are popular as donor candidates [9]. However, the narrow 

absorption spectra and broad emission band of most organic dyes limit their applications 

in FRET-based assays [10]. On the other hand, nanoparticles have tremendously 

contributed to ultrasensitive detection platforms [11-14]. Among them, fluorescent 

nanoparticles have attracted tremendous interests often due to their high quantum yield, 

high photobleaching threshold, and resistant to photo and chemical degradation [15-18]. 

For instance, quantum dots (QDs) were utilized as donors to detect nanomolar amounts 

of target DNA [19]. However, these nanoparticles usually require dealing with UV laser 

and, therefore, suffer from the typical limitations of intermittence emission, 
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autofluorescence, and high background signals [20]. This fuels the need for more 

advanced materials to overcome these challenges.  

Lanthanide-doped upconversion nanoparticles (UCNPs) are emerging as a new 

generation of nanomaterials to minimize the background artifact in bioimaging [21-25] 

and biological assays [20, 26, 27]. UCNPs are excited under the irradiation in near-

infrared (NIR) region, where the most biological and organic molecules, and, importantly, 

the water content are transparent [28, 29]. Moreover, by sequentially absorbing two or 

more photons from doped ions in host lattice, UCNPs display sharp f-f emission with long 

lifetime that enhances the luminescent signals. Besides, UCNPs also can be engineered 

to exhibit low toxicity and tunable emission which promise them to be an appropriate 

substitution as energy donors employed in lanthanide resonance energy transfer (LRET) 

[27, 30, 31]. Recently, many novel biosensors and platforms are designed based on 

UCNPs to detect specific nucleic acid sequences [32-35]. Gold nanoparticles (AuNPs) 

are superior to conventional quenchers, organic dyes, as energy acceptors due to their 

favourable biocompatibility and, high chemical stability [36-38]. Typically, AuNPs have 

a broad absorbance band, which largely overlaps with the emission of luminescent 

nanoparticles to process efficient quenching effect [39]. Recently, intensive studies have 

focused on UCNPs and AuNPs couple for bioassays and luminescence mechanisms 

studies, attribute to the interesting quenching or enhancement effect of UCNPs by AuNPs 

due to localized surface resonance. Normally, quenching effect dominates especially in 

the solution caused by LRET, which usually arises when UCNPs and AuNPs are in close 
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proximity (<15 nm) [28, 37, 40, 41]. Therefore, UCNPs and AuNPs are appropriate 

donor-acceptor pair in homogenous detections.   

In this study, we report the design of a NIR fluorescence-quencher DNA assay platform. 

The system employs Er3+ doped UCNPs and AuNPs as the donor-acceptor pair. UCNPs 

were modified with a synthesized polyethylene glycol-like copolymer, which makes the 

nanoparticles water-dispersible and biocompatible. Hairpin shaped ssDNA structures, 

molecular beacons, that specifically hybridized with HIV-1 DNA target molecules were 

attached to polymer coated UCNPs. These molecules also bind to AuNPs to provide the 

required close proximity between donor and acceptor through formation of Au-S bonds. 

The introduction of target molecules resulted in the recovery of the subsequently 

quenched fluorescence, significantly. Here, the application of the developed simple 

platform for rapid detection of HIV-1 has been demonstrated in an amplification and 

enzyme-free manner. 

2. Experimental 

2.1 Chemicals and Materials 

 The chemicals required to synthesize the Er3+ doped UCNPs, and AuNPs with different 

sizes of 5 nm, 10 nm, and 20 nm (OD=1) stabilized in citrate buffer were purchased from 

Sigma-Aldrich (Sydney, Australia). Specifically, Yttrium (III) chloride hexahydrate 

(YCl3∙6H2O, 99.99%), ytterbium chloride hexahydrate (YbCl3∙6H2O, 99.99%), and 

erbium chloride hexahydrate (ErCl3∙6H2O, 99.99%) for UCNPs synthesis were from 

Sigma-Aldrich (Sydney, Australia). All oligonucleotides were purchased from Integrated 
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DNA Technologies (Singapore). The specific sequences are shown in Table S1. The HIV-

I specific oligonucleotide sequence was designed according to Russell’s work [3]. It was 

modified with an amine group (–NH2) on its 5’ end and a thiol group (–SH) on its 3’ end, 

respectively. There were six pairs of complementary bases on the stem part, and 33 bases 

on the loop part, which resulted in a so-called “hairpin structure”. All materials were used 

as received without further purification except 2,2᾿azobisisbutyronitrile for polymer 

synthesis, which was purified through recrystallization from methanol. 

2.2 Instrumentation and Apparatus 

Powder X-ray diffraction (XRD) characterization was performed using D8 Discover 

diffractometer (Bruker Corporation) to confirm the β phase of UCNPs. Transmission 

electron microscopy (TEM) images were recorded on an FEI-Tecnai T20 instrument to 

analyze the size and morphology of nanoparticles. Fourier-transform infrared 

spectroscopy (FTIR) spectra tests were carried out using a Nicolet 6700 FT-IR 

spectrometer (Thermo Scientific) to determine the surface ligands. Dynamic light 

scattering (DLS) was run using Zetasizer nano series (Malvern Instrument) to test the 

hydrodynamic size of nanoparticles. Cary 60 UV-Vis spectrometer (Agilent 

Technologies) was generated to collect the absorbance of AuNPs. Nanodrop 2000 

(Thermos Scientific) was utilized to test the DNA absorbance. Upconversion 

luminescence intensity spectra were measured by an iHR550 spectrometer (HORIBA 

Scientific Instruments Inc.) with a modified external 980nm laser. The excitation 

irradiance value was up to 1.36 × 106 W cm-2.  
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2.3 Synthesis of NaYF4: Yb, Er UCNPs  

UCNPs used in this project were doped by 20% Yb and 2% Er by traditional co-

precipitation method [2]. Specifically, 1 mmol LnCl3 (Ln=Y, Yb, Er) with the molar ratio 

of 78:20:2 were reacted with 6 mL of oleic acid (OA) and 15 mL 1-octadecene. Then, the 

solution was heated up to 160  under continuous argon gas for 30 min. The clear solution 

was obtained and cooled down to the room temperature, followed by the addition of 5 mL 

methanol solution of 4 mmol NH4F and 2.5 mmol NaOH. After continuous stirring for 30 

min, methanol was evaporated under 100  for 20 min, and water was removed under 120 

 for another 20 min. The reaction was finalized by further heating the solution at 300 

 for 90 min. The nanocrystals were precipitated by centrifuge at 13,000 rpm and washed 

with cyclohexane, ethanol, and methanol, respectively. The synthesized products, 

dispersed in cyclohexane, were well-monodispersed.  

2.4 Surface modification of UCNPs with polymer 

NaYF4: Yb, Er nanoparticles in this project required a hydrophilic amendment to replace 

the OA groups and make the structure proper for applications in aqueous biological 

environments. The hydrophilic modification was also designed to pose functional groups 

on the surface of UCNPs to be further conjugated with DNA hairpin structures. This 

surface modification was achieved by anchoring a copolymer containing phosphate and 

carboxyl groups onto the surface of UCNPs. The copolymer was synthesized by using 

poly(ethylene glycol) methyl ether acrylate as a macro-RAFT agent for chain 

development with mono(2-acryloyloxyethyl) phosphate (MAEP) to form a copolymer 
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namely POEGA-b-PMAEP as we have reported previously [42]. This polymer substitutes 

the total original ligands and therefore provide long-term stability. To coat POEGA-b-

PMAEP copolymer on UCNPs, first, cyclohexane on UCNPs (10 mg/ml) was remove by 

centrifuging at 14,680 rpm followed by re-dispersing the precipitate in 500 uL THF. Next, 

UCNPs were mixed with 10 mg of the copolymer dissolved in 2 mL THF and stirred 

overnight. Then, the solution was rinsed three times with THF and water to completely 

remove excess polymer molecules and detached OA groups. The obtained product was 

polymer coated UCNPs (UCNPs@PEG) in water (10 mg/mL) and was stored at 4  for 

further usage. 

2.5 Surface coating of hairpin probe 

Designed HIV based oligonucleotide has amine group modified on its 5’ end and thiol 

group modified on 3’ end. After annealing molecular beacons at 90  and stabling at 72 

 for 20 min, the hairpin structure was formed [43]. For molecular beacons modification 

on UCNPs, the EDC coupling chemistry was used [44]. Briefly, UCNPs@PEG activated 

by EDC were mixed with DNA in MES buffer (pH 5.1) and gently stirring overnight 

under 37 . Then, the solution was rinsed three times with sterilized water to remove the 

excess DNA and re-suspended in SSC buffer (pH 7.0). The –NH2 group on DNA 

processed condensation reaction with –COOH on UCNPs@PEG surface through stable 

covalent binding to form UCNPs@PEG@DNA hybrids. The final product was stored at 

4  for further use.  

 



67 

 

2.6 DNA target detection strategies 

In order to introduce the target molecules to the sensing system, briefly, sample solutions 

containing 0.05 mg/mL UCNPs@PEG@DNA was hybridized with different 

concentrations of target ssDNA at 37  for 2 h. The negative control group with no target 

DNA was also incubated under the same conditions. Next, 15 μL stock solution of 5 nm 

AuNPs were added to each solution and gently shake for 100 minutes. Finally, 

luminescence intensity spectra measurements were done under 980 nm excitation. Each 

sample was loaded in a quartz cuvette, and spectra were collected by wavelength in the 

range of 400-800 nm. 

3. Results and discussion 

It is crucial to optimize the design to fabricate an efficient facile DNA hybridization assay 

platform based on hairpin ssDNA and UCNPs. Fig. 1 illustrates the basis and mechanisms 

of the probe function. Firstly, the synthesized OA capped UCNPs were modified with the 

prepared POEGA-b-PMAEP copolymer to produce water-dispersible UCNPs@PEG 

with long-term stability. The utilized copolymer poses phosphate and carboxyl groups. 

The phosphate group has a higher binding affinity with UCNPs than carboxyl acid of OA, 

and therefore, completely, substitutes the original ligands and formed UCNPs@PEG [45]. 

Secondly, hairpin HIV-1 based ssDNA structures with amine and thiol groups on their 5’ 

end and 3’ end, respectively, were attached to UCNPs@PEG. This bio-conjugation was 

achieved through a covalent bond between the amine and carboxyl groups to form the 

UCNPs@PEG@DNA nanosensor probe. AuNPs attached to probe’s surface due to Au-
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S bond formation between the gold and thiolated ssDNA resulting in luminescence 

quenching. However, when the target is available, the DNA hybridization leads to 

conformational changes of the hairpin molecules. This prolongs the distance between the 

UCNPs and AuNPs, and, restores the luminescence intensity as shown in Scheme 1. 

 

Scheme 1. Schematic illustration of HIV-1 detection based on restoring the inhibited emission of 
UCNPs. 

Various techniques including TEM, DLS, FTIR spectroscopy, and XRD were employed 

to characterize each synthesis and surface modification step. TEM results (Fig. 1A) 

implied that original OA capped UCNPs had uniform structures with average diameter of 

around 25 nm. Fig. 1B-C confirmed that further modification of UCNPs with either the 

copolymer or DNA did not change the UCNPs morphology. XRD results confirmed a β 

phase for the synthesized UCNPs (Fig. 1D). Typical FTIR peaks of OA-UCNPs at 3005 
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 and 1548   confirmed C=C bond and C-O bond vibration stretch, 

respectively, which are attributed to the primary functional groups of OA ligands. After 

surface modification using the POEGA-b-PMAEP copolymer, new peaks at 1729  

and 1099   representing C=O and P=O vibration stretches appeared confirming 

successful ligand exchange (Fig. 1E). DLS was performed to confirm the formation of 

the polymer and DNA layers on UCNPs. UCNPs@OA were dispersed in cyclohexane 

and UCNPs@PEG and UCNPs@PEG@DNA were dispersed in water. The data showed 

a stepwise increase in the average size of UCNPs from 31.29 nm to 37.84 nm, and 58.77 

nm after polymer and hairpin DNA modifications, respectively (Fig. 1F). In addition, the 

appearance of a typical absorbance peak at around 260 nm acquired using nanodrop test 

also confirmed the successful conjugation of molecular beacons to the nanoparticles (Fig. 

S1). The difference of nanoparticle diameters in TEM and DLS can be explained as the 

TEM only shows the UCNPs morphology on grid while the DLS displays the 

hydrodynamic diameter of nanoparticles in solution. 
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Fig. 1. TEM images of (A) UCNPs@OA in cyclohexane, (B) UCNP@PEG with the carboxyl groups, and 
(C) as-prepared UCNP@PEG@DNA. Inner graphs are simplified illustrations of tested nanoparticles. (D) 
XRD results of synthesized UCNPs. (E) FRIT spectra of UCNPs@OA and UCNPs@PEG. (F) Size 
distribution profile of UCNPs, UCNPs@PEG, and UCNPs@PEG@DNA. 

Fluorescence spectroscopy results showed that under the NIR 980 nm excitation, Er/Yb 

doped UCNPs emitted two firm emission peaks centered approximately at 539 nm and 

650 nm (Fig. 2A). The AuNPs displayed the plasmonic absorbance band centered at 

around 525 nm, which mainly overlaps with the emission of NaYF4:Yb:Er UCNPs at 
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around 539 nm (Fig. 2B). This shows that AuNPs are the appropriate quencher candidates. 

The control test was performed to confirm the target itself did not change the optical 

properties in the absence of AuNPs (Fig. 2A). Therefore, the subsequent quenching in the 

assay is inferred to be the consequences of quencher, AuNPs. 

 
Fig. 2. (A) The luminescence spectra of UCNPs@PEG@DNA with and without target. (B)The absorbance 
of AuNPs (black line) and luminescence emission of NaYF4:Yb:Er UCNPs (blue line). Normalized 
intensity values were calculated by dividing the raw data into the highest intensity of UNCPs@PEG@DNA 
in the absence of the target at 539 nm. 

The molar ratio of UCNPs@PEG and hairpin ssDNA was optimized in order to bind 

sufficient AuNPs to UCNPs@PEG@DNA and tune quenching. For this purpose, 15 μL 

of 5 nm AuNPs (5.5  particles/ml) were used and the amount of ssDNA was tuned. 

The quenching efficiency was calculated by dividing the initial luminescence of 

UCNPs@PEG@DNA at 539 nm (F0) into the intensity of probe after AuNPs conjugation 

(F1). Increasing molar ratio of UCNPs@PEG to hairpin ssDNA (1:1, 1:5, 1:10, 1:20, 1:40) 

resulted in gradually luminescence decrease, while the quenching phenomenon alleviated 

for samples with a molar ratio of 1:50 (Fig. 3A). The results implied the saturated molar 

ratio of UCNPs@PEG to ssDNA was 1:40, where the maximum amount of AuNPs could 
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be attached. The DNA addition with the molar ratio up to 1:50 blocked the UCNPs@PEG 

and shielded AuNPs away from the surface, thus, led to less quenching compared with 

1:40 one. It is crucial to select the optimum size of AuNPs and utilize the adequate 

quantity (Fig. S3) to develop an efficient fluorescence-quenching platform. TEM images 

of three different AuNPs candidates were shown in Fig. S4. 15 μL of 5, 10, or 20 nm 

AuNPs were mixed with the same amount of UCNPs@PEG@DNA and gently stirred for 

2 h, followed by examining the emission intensity of the probe (Fig. 3C). Among the 

tested sizes (5, 10, 20 nm), the 5 nm AuNPs gave the most efficient quenching results 

compared with the other dimensions of AuNPs. The phenomena may be due to two 

reasons: 1) the larger size of AuNPs face higher steric hindrance thus harder to access the 

thiolate ssDNA, and 2) the smaller AuNPs possessing more considerable overlap with 

UNCPs emission thus lead to the sufficient quenching. The results shown in Fig. 3B 

confirmed that 5 nm AuNPs had the broadest absorbance band centered at around 520 

nm. In addition, the effects of reaction duration on quenching were examined. Fig. 3D 

displays the intensity of the probe exposed to different sizes of AuNPs at 539 nm versus 

the reaction time (0, 5, 10, 20, 40, 60, 80, 100, 120 min). The normalized intensity was 

firstly divided by the highest values of intensity of UCNPs@PEG@DNA at 539 nm, and 

then the calculated data for each sample was divided into the acquired value at the 

beginning of the reaction (0 min) to provide a systematic comparison over time. 

Quenching of UCNPs quickly appeared within 10 minutes after addition of AuNPs 

followed by a mild decrease after 40 minutes, and finally reached a stable level at around 



73 

 

100 minutes of reaction time. Overall, AuNPs of 5 nm size and the reaction time of 100 

minutes were selected as the most appropriate quenching conditions. 

 
Fig. 3. Optimization of the molar ratio of UNCPs@PEG to hairpin ssDNA to achieve highest quenching 
efficiency by the same amount of gold. (A) Quenching efficiency of AuNPs to UCNPs@PEG as a function 
of the molar ratio of hairpin ssDNA exposed to 5 nm AuNPs. Optimization of AuNPs size selection to 
achieve the most efficient quenching. (B) The absorbance spectra of 5, 10, and 20 nm AuNPs. (C) 
Normalized luminescence spectra of UCNPs@PEG@DNA with different sizes of AuNPs after 100 min 
reaction (D) The normalized intensity of UCNPs@PEG@DNA after reaction with 5 nm, 10 nm, and 20 nm 
AuNPs with increasing reaction time from 0 min to 120 min.  

Avoiding non-specific binding of AuNPs to UCNPs is essential in preventing false results 

in the developed sensing platform. To test this feature, luminescence spectra of 

UCNPs@PEG were compared with those of UCNPs@PEG and UCNPs@PEG@DNA 

reacted with the same amount of AuNPs. Compared with UCNPs@PEG, the 

luminescence intensity of UCNPs@PEG exposed to AuNPs displayed no observable 

difference, while UCNPs@PEG@DNA in the presence of AuNPs showed a significant 
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quenching. These results confirmed that the polymer coated UCNPs prevented the 

nonspecific absorbance of AuNPs. However, coating UCNPs@PEG with thiolated 

ssDNA led to efficient bonding to AuNPs, which pulled AuNPs into close proximity with 

UCNPs@PEG@DNA and thus attributed the significant quenching. It is worth 

mentioning that in addition to the primary quenching that occurred on green emission 

(539 nm emission), the red emission (650 nm) of UCNPs was also partially inhibited (Fig. 

S5). This might be related to the induction of the red emission by nonradioactive decay 

from green emission, and also to the shift of absorbance peak of aggregated AuNPs to 

higher wavelength [46]. 

 
Fig. 4. The normalized luminescence intensity of UCNPs@PEG as the control group versus intensity of 
UCNPs@PEG and UCNPs@PEG@DNA after reaction with 5 nm AuNPs. The inner graph illustrates the 
energy transfer process that causes the luminescence quenching effect.  

Molecular beacons have been used in ultrasensitive detection of diseases biomarkers [11]. 

The sensitivity of the current fluorescence-quencher probe was examined by applying 
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incremental target concentrations into the system until the sensing reached saturation in 

detecting the target DNA molecules. The designed hairpin ssDNA and complementary 

target sequences are listed in Table S1. Fig. 5B illustrates the normalized intensity of 

restored luminescence as the function of various concentrations of target molecules (5 

nM-1000 nM). Hybridization process opens the hairpin loop, stretching the grafted 

AuNPs far away from the UCNPs surface, and, therefore, the luminescence intensity 

recovered. As displayed in Fig. 5A, increasing the concentration of HIV-1 target DNA 

up to 500 nM led to a steady rise in normalized recovered fluorescence intensities. The 

normalized values were calculated using (F-F1)/F1 equation, where F and F1 stand for the 

fluorescence intensity of the probe at 539 nm before and after AuNPs conjugation, 

respectively. We did not observe any further recovery in the luminescence intensity of 

UCNPs by addition of higher concentrations than 500 nM of target DNA (Fig. 5B). The 

results indicate the application of the developed probe for detection of 5 nM to 500 nM 

DNA analytes.  
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Fig. 5. (A) The fluorescence emission spectra of UCNP@PEG@DNA with incremental concentrations of 
target DNA from 0 nM to 500 nM in the presence of 15  of 5 nm AuNPs. (B) The fitting curve of the 
normalized fluorescence restore with increasing concentration of target within range of 0 nM to 1000 nM. 
The inner graph is the linear fitting of target concentration up to 500 nM.  

The performance of the probe with the mismatched target and random sequences was 

tested to investigate the selectivity of the developed platform. The mismatched sequences 

are listed in Table S2. According to the results shown in Fig. 6, the probe intensity 

displayed the highest restore value after hybridization with the complementary target 
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sequence, while showed much lower response with 1 base and 3 base mismatches. In 

addition, the minimum fluorescence recovery was observed when the probe was 

hybridized with the random sequences. The results demonstrated that the designed 

sensing platform is a highly selective probe to detect the HIV-1 target DNA. 

 
Fig. 6. Normalized intensity of UCNPs@PEG@DNA in the presence of complementary target and 
mismatched DNA strands. 

4. Conclusions 

In conclusion, it was demonstrated that the proposed homogenous hairpin coated UCNPs 

detects HIV-1 viral DNA with high sensitivity and selectivity in NIR region. This sensing 

platform is established based on quenching of UCNPs using AuNPs, while the quenched 

fluorescence recovers in the presence of target DNA. The future design of this nanosensor 

may consider employing smaller size of UCNPs and shortening the polymer coating or 

substitute the polymer coatings with small organic compounds to increase the quenching 
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efficiency of UCNPs. The developed platform offers to advance the field of early 

detection and disease prevention owing to its cost-effectiveness, selectivity, and 

amplification/enzyme-free nature and easy to set up. More importantly, the use of the rare 

earth lanthanide-doped nanoparticles provides the opportunity of dealing with 980 nm 

NIR excitation source which avoids the typical false results raising from autofluorescence 

of biological species at UV range. 
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The original synthesized upconversion nanoparticles (UCNPs) were capped by oleic acid (OA). 
In order to render the UCNPs a hydrophilic surface, phosphate-polyethylene glycol (PEG) with a 
carboxyl group were applied to substitute the OA. The formed UCNPs@PEG are water soluble 
and stable. The polymer structure and simple surface modification process is illustrated in Figure 
S1.  

 

Figure S1: Polymer structure and surface modification illustration of OA-UCNPs to UCNPs@PEG   

To functionalize the UCNPs@PEG, hairpin shaped ssDNA were coated on nanoparticle 

surface to form UCNPs@PEG@DNA by classical EDC-catalyzed method. After 
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modification of the DNA, a typical absorbance peak appeared at around 260 nm(Yeates 

et al. 1998), which is a common DNA absorbance band. The result confirms the DNA 

has successfully attached on UCNPs@PEG.  

 

Figure S2: Nanodrop results of UCNPs@PEG (black line) and UCNPs@PEG@DNA (red line) that 

confirm the DNA has successfully attached on UCNPs.   

The normalized intensity of increasing volume ratio of UCNPs@PEG@DNA to AuNPs 

were measures. The higher volume ratio, in the other words, the higher mass of AuNPs 

additions achieved higher quenching efficiency.  
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Figure S3: The normalized intensity of probe (UCNPs@PEG@DNA) exposed to different volume ratio 

(increasing mass of AuNPs).  
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The commercial AuNPs with diameters of 5 nm, 10 nm, and 20 nm were selected 

quenchers in detection experiment. The TEM images show the different AuNPs 

candidates in stock solution (OD=1).  

 

Figure S4. TEM images of 5, 10 and 20 nm AuNPs stabilized in citrate buffer (OD=1).  
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Figure S5: Full emission range of normalized luminescence intensity of UCNPs@PEG as the control group 

versus intensity of UCNPs@PEG and UCNPs@PEG@DNA after reaction with 5 nm AuNPs. The inner 

graph illustrates the energy transfer process that causes the luminescence quenching effect. The intensity 

values were divided by the highest amount of intensity of bare UCNPs at 539 nm to obtain the normalized 

values. 
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The HIV based hairpin ssDNA and complementary target sequences are listed in Table 

S1. The designed mismatched sequences with 1 base mismatch, 3 bases mismatch and 

random sequences are listed in Table S2.  

Table S1: Designed hairpin and target sequences. 

Hairpin Sequence 5AmMC6/GCG AGC CTG GGA TTA AAT AAA ATA GTA AGA ATG 
TAT AGC GCT CGC/3ThioMC3-D/ 

Target sequence 5’-GCT ATA CAT TCT TAC TAT TTT ATT TAA TCC CAG -3’      

 

Table S2. Designed mismatched sequences 

1-mismatch GCT ATA CAT TCT TAC TTT TTT ATT TAA TCC CAG    

1-mismatch GCT ATA CAT TCT TAC TAA TTTATTTAATCCCAG 

3-mismatch GCT ATA CAT TCT TAC ATA TTT ATT TAA TCC CAG     

3-mismatch GCT ATA CAT TCT TAC CGA TTT ATT TAA TCC CAG 

Random TGT GTG TGT GTG TGT GTG TGT TGT GTG TGT GTG      

The red underline represents the mismatched bases. 
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Chapter V. Conclusion and Outlook 

5.1 Concluding Remarks  

In this thesis, I introduced a DNA homogenous detection platform, based on a systematic 

study of polymer surface modifications via one-step ligand exchange. The core material 

employed in this thesis, UCNPs, have been such a favourite selection in numerous 

applications, owing to its excellent properties including biocompatible, low cytotoxicity 

to live cells, resistant to photobleaching and photoblinking, minimal autofluorescence, 

and their profound penetration ability in tissues. Here, UNCPs regarding of architecture, 

synthesis method, characteristics, and surface modification methods are reviewed, 

followed by two significant parts of research outputs, which are highlighted as below:  

1) Four polymers, including three most commercially available polymers, were 

applied to generate a hydrophilic surface of UCNPs via one-step ligand exchange. 

According to a series investigation, POEGA-b-PMAEP polymer coated UCNPs 

are proved to show the best water solubility, dispensability, colloidal stability, and 

they adapted in varies buffers with different pH and temperature. Furthermore, 

HEPES buffer is the one that can stabilize different polymers coated UCNPs in 

solution and also maintain relatively good mono-dispensability over an extended 

period. 

2) UCNPs and AuNPs were joined together by the molecular beacon and acted as 

the LRET energy donor-acceptor pairs. This developed LRET platform was used 

to and quickly achieve single target DNA molecule detection. Luminescence 

quenching could tell the target absence while luminescence recovery indicated the 

presence of target. This system produced high selectivity and satisfactory 

sensitive results (5 ) without the enzyme assistance and amplification process.   
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5.2 Future Works  

In this thesis, significant efforts have put in investigating a simple hydrophilic surface 

modification of UCNPs and developing a user-friendly DNA assay. However, the 

existing works remains potential for further improvement.  

1) To meet the strict clinical acceptance, or being more competitive compared with 

other developed HIV-DNA based detection platform (some of them already 

achieve the detection limit up to 15 Pm(Y. Chen et al. 2018)), limit of detection 

should be pushed lower and matched higher sensitivity. Therefore, multiple ways 

can be considered. (a) A relatively smaller size of UCNP can be selected to 

achieve larger surface-to-volume ratio, and tuning the UCNPs-AuNPs molar ratio 

for higher efficient quenching. (b) The more advanced surface modification can 

be even improved, either by using shorter polymers or small organic compounds 

to produce an evenly hydrophilic surface of UCNPs. In this way, making a better 

water dispensability of UCNPs possible, and bringing a closer distance between 

two nanoparticles for the sake of more efficient LRET quenching. These 

approaches expect the platform to reach the lowest luminescence intensity before 

the target addition, which makes the signal difference as large as possible.   

2) The works demonstrated in this thesis only present a single-stranded DNA 

sequence detection. However, in practical applications, more types of biomarkers 

are used in disease detections. Therefore, the designed platform can be extended 

to broader molecular recognition, such as proteins, enzymes, and even metal ions 

detections. 

3) The DNA assay reported in this thesis is an in vitro test. To move into in vivo 

applications, more cellular relative works should be done. For example, a facile 

surface modification of UCNPs which enhances the cellular uptake efficiency 

should be explored first. Then the detection platform can be designed to achieve 

the specific target recognition in vivo.    
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