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Chapter 1 
 General Introduction 

Silicon is an important component of many materials in daily life, ranging from 

cement to polymers, alloys to electronics, drug delivery to disease diagnosis.1-2 

Silicon-based nanoparticles display quantum confinement effects and have high 

surface-to-volume ratios as compared to bulk silicon. Owing to these characteristics, 

they often have unique physicochemical properties, such as thermal or electrical 

conductivity, magnetic properties, and even antimicrobial activity.3 Silicon-based 

particles can either be made by breaking down bulk materials (top-down) or by 

controlled assembly (bottom up). Their properties usually strongly depend on size, 

synthetic approaches and surface chemistry. Silicon-based particles have been 

widely utilized in biomedical applications, such as drug delivery and bioimaging. 

In this thesis, we explore promising silicon-based particles with favorable size and 

good colloidal stability for application in biomedical imaging, particularly magnetic 

resonance imaging (MRI). 

We focus on two silicon-based ceramic materials: non-porous silicon particles 

(> 10 nm) and silicon carbide (SiC) due to their potential for MRI via 

hyperpolarization. Hyperpolarization is a process in which nuclear spins are 

redistributed in energy states to produce a much stronger signal than thermal 

(Boltzmann) state polarization. The isotope 29Si is magnetic resonance (MR) active 

and some reports have demonstrated that silicon particles can be used for 

hyperpolarized MRI.2, 4 However, there are still important challenges to the 

widespread use of SiNPs in hyperpolarization MRI, such as the lack of large-scale 

synthetic strategies towards non-agglomerated particles, limited colloidal stability 
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of SiNPs and poor size control. The prospect of silicon-based particles as MRI 

probes with high sensitivity, long relaxation time and excellent polarizability is 

highly appealing. Therefore, the research described in this thesis aims at promoting 

the feasibility and versatility of silicon-based particles for hyperpolarized MRI. 

Specifically, for SiNPs with demonstrated hyperpolarization potential, we improve 

their stability by surface modification such as polymer grafting or lipid coating 

(Chapter 3 and Chapter 4), as well as explore available methods for the preparation 

of non-agglomerated silicon particles (Chapter 5). For silicon carbide, optical 

pumping has been demonstrated to polarize SiC nuclear spins.5-6 SiC provides 

paramagnetic impurities and unpaired electrons that might also be used for 

hyperpolarization. Besides, both 13C and 29Si are MR visible and within the tuning 

ranges of commercial multinuclear MRI systems. SiC therefore presents an 

interesting yet hardly explored material for hyperpolarization via DNP. Factors that 

may affect DNP enhancements and T1 relaxation times such as crystal structure, size, 

and chemical composition are under consideration (Chapter 6). The outline of this 

thesis is as follows: 

In Chapter 2, a literature review is given, where synthetic strategies and surface 

modification methods of silicon-based particles are introduced, particularly 

focusing on silicon particles and silicon carbide. A comprehensive overview of 

silicon-based particles in hyperpolarization MRI via dynamic nuclear polarization 

(DNP) is presented, including the basics of the DNP process and mechanism, as 

well as the physicochemical properties of silicon-based particles that affect DNP 

performance. In addition, different biomedical applications, including biomedical 

imaging (fluorescence imaging) and drug delivery with silicon-based nanoparticles 

are also briefly reviewed. The current limitations and challenges that need to be 

overcome for successful application of silicon particles in hyperpolarized imaging 

and multimodal imaging are discussed.  
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In Chapter 3, strategies to improve the colloidal stability of SiNPs are explored 

to promote their potential application in biomedical imaging. The structure of SiNPs 

synthesized via the vapor-phase process is studied in detail, revealing complex, 

agglomerated structures with individual particle sizes of approximately 50 nm. The 

SiNPs exhibit good dispersibility in solvents with relatively high dielectric constants 

and polarity. However, in order to achieve long-term colloidal stability, we adopt 

strategies to reduce particle size and modify particle surface. Efficient methods for 

removing large aggregates, and reducing average particle size, are centrifugation 

and acid etching, though these methods also result in significant material losses. 

Improved colloidal stability of SiNPs was achieved by surface modification with 

polymers, via surface initiated-atom transfer radical polymerization (SI-ATRP). 

The obtained poly(ethylene glycol) methyl acrylate (PEGMA) and poly(methyl 

methacrylate) (PMMA) grafted SiNPs show long-term colloidal stability in both 

aqueous and organic solvents.  

Although the employed SiNPs in Chapter 3 are agglomerated nanoparticles, 

they show promising enhanced DNP signal. In Chapter 4, a versatile, facile and 

effective method to stabilize nano-aggregated SiNPs is developed. Functional 

phospholipids were used to coat the surface of SiNPs by electrostatic interactions, 

without the need for additional chemical modification. PEGylated lipid-coated 

SiNPs (PEG-LC-SiNPs) show a significant improvement of colloidal stability in 

biological media and prevent unspecific protein absorption. Cellular uptake of PEG-

LC-SiNPs was evaluated in Raw 264.7 macrophages, revealing decreased uptake as 

compared to uncoated SiNPs and SiNPs coated with positively charged lipids (LC-

SiNPs). The improved stability of PEG-LC-SiNPs and reduced cellular uptake by 

macrophages, point out their potential as imaging agents and bring their application 

within reach.  

Also, It is known that small nanoparticles (< 200 nm) can cross biological 

barriers and show good biodistribution behaviors and favorable clearance 
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properties.7-8 Therefore, individual, small and non-agglomerated SiNPs are still 

desired for bioimaging. In Chapter 5, a simple, low-cost and scalable method for the 

preparation of non-agglomerated crystalline SiNPs is explored by a top-down wet-

milling process. A blender is used to break down bulk silicon into nano-sized silicon 

particles. This process works efficiently on polycrystalline silicon, but works less 

efficiently on bulk monocrystalline silicon and silicon powder. The obtained SiNPs 

from bulk polycrystalline silicon (indicated as poly-SiNPs) are aggregation-free, 

with a nearly spherical shape and with diameters in the range of 40-200 nm after 

size separation using centrifugation. Poly-SiNPs with excellent colloidal stability 

was functionalized with a fluorescent dye, as well as coated with lipids to enable 

future applications in bioimaging.  

In Chapter 6 the potential of silicon carbide (SiC) in hyperpolarization MRI is 

investigated. The influence of particle size, surface composition and crystal phase 

on DNP is evaluated. 29Si nuclei in α-SiC micro- and nanoparticles with minimal 

surface oxidation were successfully hyperpolarized without the use of exogenous 

radicals, while β-SiC samples did not display appreciable degrees of polarization 

under the same polarization conditions. Besides, α-SiC with average particle sizes 

around 800 nm show long T1 relaxation times of up to 1600 s (~ 27 min). Both 29Si 

and 13C-nuclei can be directly hyperpolarized, resulting in comparably strong signal 

amplifications. Moreover, the T1 relaxation time of 13C nuclei in α-SiC particles is 

also long over 33 min. This Chapter demonstrates the feasibility of DNP on SiC 

micro- and nanoparticles and highlights their potential as hyperpolarized imaging 

agents.  
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Chapter 2 
 Synthesis, Functionalization and Biomedical 

Applications of Silicon-based Particles  

Abstract: Silicon-based particles have long been considered as a promising class of 

materials with exciting physicochemical properties and ample potential for 

emerging applications. In this Chapter, we describe different synthetic methods and 

surface functionalization strategies for silicon-based particles (mainly non-porous 

silicon and silicon carbide particles) and their use in bio-oriented applications. In 

addition, a comprehensive overview is given regarding application of silicon-based 

particles in hyperpolarization MRI. Other biomedical applications, such as 

fluorescence imaging and drug delivery are also discussed. This review Chapter 

provides a summary of the state-of the-art biomedical applications of silicon-based 

particles in emerging areas and outlines a path to new developments and discoveries 

to further advance the field of molecular imaging.  
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2.1 Silicon-based particles: an introduction 

Silicon is the second most abundant element on earth just after oxygen, and it 

is estimated that minerals with a silicate structure make up over 90% of the surface. 

In the past decades, silicon-based particles, including silicon, silica and silicon 

carbide, have been particularly interesting materials for a wide variety of 

applications in the fields of photonics, electronics and biomedicine.1-3 In this review, 

we focus primarily on silicon and silicon carbide materials, exploring their 

applications and in particular hyperpolarized magnetic resonance imaging (MRI).  

Silicon particles. 

Silicon particles can be non-porous or porous (pSi), amorphous or crystalline 

(as shown in Figure 2.1),4 and with diameters ranging from only a few nanometers 

to as large as micrometers, which can dramatically affect their characteristics. Small 

sized silicon nanoparticles (usually below 10 nm in size) are also coined silicon 

quantum dots (SiQDs) or silicon nanocrystals (SiNCs), which are well-known for 

their photoluminescent properties and size dependent bandgap.5-6 SiQDs have been 

thoroughly studied for various applications, such as light-emitting diodes (LEDs), 

sensors, bioimaging and theranostics.7-9 Non-porous silicon nanoparticles (SiNPs) 

with sizes ranging from 10 nanometers to several hundreds of nanometers show 

unique optical and magnetic properties. SiNPs are high-refractive index (~ 3.42) 

dielectric nanoparticles and offer a novel paradigm for light enhancement and 

manipulation at the nanoscale.10-11 Nuclear spin phenomena in silicon have been 

intensively investigated using nuclear magnetic resonance (NMR) spectroscopy, 

while material properties and fabrication have continually developed further. 

Notably, the low natural abundance (4.7%) of spin-½ 29Si nuclei in a lattice of zero 

spin nuclei results in T1 values of several hours and coherence times in the tens of 

seconds in undoped bulk crystalline silicon.12 These remarkable magnetic properties 
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have stimulated interest in silicon as a platform for solid-state quantum computing,13 

and as a long-lived imaging agent for hyperpolarized MRI.14-15  

 

Figure 2.1. Representation of various Si-containing NPs, the image was reproduced from 

reference 4.  

Silicon carbide. 

Silicon carbide (SiC), a hard and refractory semiconductor, is both a useful 

industrial material and an interesting component of naturally occurring systems.16 

SiC can be formed in amorphous, polycrystalline and monocrystalline solid forms. 

SiC has over 200 polymorphic forms, known as polytypes, but 3C-SiC, 4H-SiC and 

6H-SiC are the most easily grown, readily commercially available, and thus these 

are the polytypes for which most biomedically oriented scientific work has been 

done.17-18 Generally, polytype 4H- and 6H-SiC are also designated as α-SiC, and 

3C-SiC is designated as β-SiC. The stacking order of the double layers of Si and C 

atoms defines the different polytypes of SiC, as depicted in Figure 2.2. The three 
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different positions that the stacking sequence takes in the lattice are denoted as A, 

B, and C, where k and h denote cubic and hexagonal crystal symmetry points, 

respectively. For example, 3C-SiC (or β-SiC) is the cubic form, where 3 denotes 

that three bi-layers of Si-C are required to form the basic structure and C denotes 

that the crystal form is cubic. This polytype displays an ABC sequence (Figure 2.2 

far right).19 Primarily synthesis conditions (temperature, pressure, etc.) and the 

impurities influence the formation of SiC of the certain polytype.  

 

Figure 2.2. Atomic stacking sequence of the relevant SiC polytypes viewed in the plane. 

From left to right, 4H-SiC, 6H-SiC and 3C-SiC. The image was reproduced from reference 

19. 

SiC has been recognized as a viable material for applications involving high 

temperatures or hostile environments. For the crystalline form of SiC, the dominant 

application is in power electronic devices.20-21 The chemical inertness of SiC results 

in a high resistance against corrosion in harsh environments, such as body fluids.22 

Therefore, SiC can also be used as a biomaterial and biosensing substrate.23 The 

divacancies in SiC can act as a solid-state quantum bit for quantum computing,13, 24 

while isolated spin elements even gives this material potential to be used as 

hyperpolarized MRI agents.25 Here, we have briefly discussed silicon and silicon 
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carbide, from their types and special properties to bio-related applications. This 

review Chapter is organized as follows: In Section 2.2, different synthesis 

techniques towards silicon and silicon carbide are discussed, as well as methods that 

are suitable to produce silicon-based micro- and nanoparticles for use as 

luminescent agents or hyperpolarized MRI agents. In Section 2.3, chemical surface 

modifications of silicon-based particles, with a particular focus on SiNPs, are 

introduced for improving the colloidal stability in both aqueous and biological 

media. In Section 2.4, we evaluate the application of silicon-based particles in MRI, 

through hyperpolarization of the particles via DNP, elaborating the mechanism of 

polarization and recent developments. Further, SiQDs and SiNPs as optical imaging 

probes and nanocarriers are also briefly introduced. Finally, we show the promising 

future of silicon as multimodal imaging agents and therapeutic tools.  

2.2 Silicon-based particles: synthesis, characterization 

and properties 

Silicon-based particles can be produced via a variety of methods, which can be 

broadly classified as “chemical” and “physical”. Pure physical routes generally 

involve high-energy techniques such as laser ablation,26-27 ball milling28-29 heating 

degradation,30-31 and etc. Chemical or physicochemical routes can produce large 

amounts of material and may be compatible with the conjugation of biological 

molecules on the particle surface including electrochemical32 and chemical 

etching,33 laser pyrolysis,34 hydrothermal method,35 hot-wall pyrolysis,36 solution 

synthesis37, sol-gel techniques,38-39 synthesis in inverse micelles40-41 carbothermic 

reduction and many others.42 Notably, the synthetic approaches for silicon-based 

particles are very different from the procedures with II–VI semiconductor materials, 

for which primarily liquid phase synthetic methods are used. This is because of the 

covalent nature of the Si-Si, Si-N and Si-C bonds that are hardly reversible. Besides, 

there are no wet chemical routes for the preparation of SiC, which is mainly 
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synthesized by inductively coupled plasma (microwave plasma) or carbothermic 

reduction at temperature usually above 800 ℃.43-44 Herein, we will only introduce 

some typical synthetic methods that have been widely used to prepare materials with 

specific luminescent or magnetic properties.  

2.2.1 Solution synthesis of SiQDs or SiNCs 

Seminal work has been done by Kauzlarich and coworkers who developed 

solution synthesis processes using Zintl compounds, such as KSi or NaSi, with SiCl4 

to produce crystalline Si nanoparticles. 45-46 The reaction was performed under 

ambient pressure and yielded a particle surface that could be modified with alcohols 

or siloxanes.47 Some issues regarding the use of Zintl salts in SiNP preparation were 

identified later on.48 Yields were generally low, the reaction was difficult to scale 

up, and the heterogeneous nature of the reaction resulted in poor size control, as the 

initiation of the reaction and thus nucleation occurred over an extended period of 

time. Reaction of SiCl4 with sodium naphthalide in 1,2-dimethoxyethane to produce 

halide-capped SiNPs (mean diameter 5.2 ± 1.9 nm), which could be terminated with 

n-octanol.9 Liu and Kauzlarich et al. further described new synthetic routes for the 

synthesis of hydrogen-terminated Si nanoparticles.49-50 The nanoparticles were 

prepared by first reacting the metal silicide, Mg2Si, with either SiCl4 or Br2, and 

subsequently with LiAlH4. Zou and Kauzlarich et al. synthesized SiNPs (4.5 nm in 

diameter) through the reduction of SiCl4 with sodium (naphthalide), terminated by 

a silanization method for the first time.47, 51 Einarsrud’s group also prepared SiNPs 

(below 5 nm) via the reduction of SiCl4 using potassium-naphthalide or the crown 

ether alkalide K+(15-crwon-5)2K
-.52-53 They observed the photoluminescence (PL) 

intensity of the silanized SiNPs was more stable than other terminated-SiNPs such 

as Cl-terminated and octoxy-terminated nanoparticles. Tilley et al. and Zuilhof’s 

group also synthesized SiNPs by reduction of SiCl4 with strong hydride reducing 

agents at room temperature and pressure.40, 54 The obtained SiNPs were followed by 

hydrogen termination or alkyl-functionalization.  
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Overall, solution synthesis is a versatile, less laborious method for preparation 

of SiNPs, and elevated temperatures can be avoided. However, limited control over 

size, fluorescence emission, complicated characterization is still a major challenge.  

2.2.2 Plasma-assisted synthesis of SiQDs or SiC nanoparticles (SiC NPs) 

Common techniques for the gas-phase production of freestanding Si or SiC 

NPs are plasma synthesis and aerosol synthesis.55-57 Plasma synthesis typically 

produces small-sized SiQDs by decomposing SiH4 in an Ar plasma. SiC powders 

can be generated using a combination of SiCl4 and CH4 in the presence of hydrogen 

gas.58 For example, red to NIR emitting SiQDs with diameters ranging from 2 to 8 

nm formed from a controlled flux of a SiH4/N2 on time scales of a few milliseconds 

after localized radio wave irradiation using the setup as depicted Figure 2.3.59 

Silicon particles with hydrogen-terminated surfaces are produced, due to the 

abundance of atomic hydrogen in the discharge. In some cases, SiCl4 is used as a 

precursor instead of SiH4 in plasma synthesis.60-61 Since the reactivity of SiCl4 is 

lower than that of SiH4, H2 must be added to the Ar plasma to reduce the SiCl4 to 

Si. Surface passivation of SiQDs produced in a plasma reactor can be achieved by 

flowing the formed nanocrystals in a secondary furnace saturated with 1-dodecene 

yielding SiQDs that are dispersible in toluene showing almost no aggregation. The 

plasma set up yields up to 52 mg h-1 of luminescent SiQDs. Shen et al. used plasma-

assisted decomposition of SiBr4 to create NPs with fluorescence emissions ranging 

from blue to yellow and with stable quantum yields of up to 24% in ethanol, 

depending on the pressure in the plasma chamber.  

Important advantages of the non-thermal plasma synthesis are that 

nanoparticles are electrically charged, which helps to prevent particle agglomeration. 

This method is not favored for the preparation of larger-sized Si or SiC particles 

(>40 nm), due to the short precursor residence time in the reactor and low precursor 

partial pressures. Further, it remains difficult to produce monodisperse SiQDs or 

SiC NPs with high reaction yields.  
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Figure 2.3. Experimental set-up for the synthesis and in-flight functionalization of SiQDs. 

The image was reproduced from reference 59. 

2.2.3 Laser pyrolysis of silane for silicon and SiC 

Laser pyrolysis has emerged as a powerful and versatile technique for 

producing a wide range of nanostructured materials, including SiC.62 Cannon et al. 

first demonstrated the use of a laser to effect nucleation and growth of silicon 

particles.63-64 In this process, the gas molecules are directly heated throughout the 

reaction volume by absorbing light emitted from the laser source. The energy 

absorbed by the silane gas leads to its dissociation and nucleation of particles, which 

rapidly grow in size. Under the optimum laser-intensity and gas-pressure conditions, 

the time between photon absorption by reactant gases is much longer than the time 

required for energy distribution to local gas molecules via collisions, and thus they 

are in thermal equilibrium. In this case, only one of the gas species needs to absorb 

the laser energy, since the others will be heated by collisions. 

Si powders were synthesized according to the gas-phase reactions:  
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SiH4(𝑔)
ℎ𝑣
→ Si(𝑠) + 2H2 (𝑔) 

SiC powders were synthesized according to following reactions: 

2SiH4 (𝑔) + C2H4(𝑔)
ℎ𝑣
→ 2SiC(𝑠) +6H2(𝑔) 

SiH4(𝑔) + CH4 (𝑔)
ℎ𝑣
→ SiC(𝑠) + 4H2(𝑔) 

Boron-hyperdoped SiNPs with an average size of 25 nm have been prepared in 

a laser pyrolysis reactor capable of providing non-equilibrium conditions, in which 

doping is governed by kinetics rather than thermodynamics (as seen in Figure 2.4).65 

The temperature of the reaction zone in the laser pyrolysis reactor can reach 

temperatures of up to 1400-1600 °C. Boron diffusion into silicon is rapid at these 

high temperatures, and a uniform distribution can be achieved. Rapid quenching 

enables hyper-doping (42 at%) by reducing the rate of diffusion before boron atoms 

can segregate and decrease the concentration in silicon to the thermodynamic 

solubility limit. The atomic boron concentration in the nanoparticles can reach up 

to 42%, as determined by inductively coupled plasma optical emission spectroscopy 

(ICP-OES). 

Laser pyrolysis allows for the production of SiNPs and SiC in high yields and 

purities (<0.1% oxygen), due to the low levels of contamination in this technique. 

Besides, the absence of hot surfaces which could act as heterogeneous nucleation 

sites, allows for uniform and precise process control. Therefore, the obtained 

powders are spherical and have a uniform particle size (<0.1 μm) and a narrow 

particle size distribution. The powders exhibit excellent characteristics, except for 

their apparent state of agglomeration. Nanoparticles are interconnected in the form 

of chained/branched agglomerates with a “sintering neck” between particles. The 

primary particles are partially fused together, instead of simply held together by Van 

der Waals forces, which means the actual size of freestanding particles is much 

2 



Chapter 2 

16 

 

larger, effectively limiting their application potential as will be discussed later in 

this thesis. 

 

Figure 2.4. (A) TEM image of the 14.6 at% boron-hyperdoped SiNPs; (B-D) HRTEM 

images of the undoped, 1.7 and 14.6 at% boron-hyperdoped SiNPs, respectively. The image 

was reproduced from reference 65.  

2.2.4 Thermal decomposition of silane  

Thermal decomposition of silane in a gas flow reactor, for example, by using 

laser heating, has been demonstrated to yield ultraclean silicon particles with typical 

diameters above 10 nm. Wiggers and coworkers used a hot wall gas-phase reactor 

with an inner diameter of 70 mm for the thermal decomposition of SiH4 at 1000 °C 

under atmospheric pressure (as shown in Figure 2.5a).36 Particle formation proceeds 

by decomposition of SiH4, followed by homogeneous gas-phase reactions, which 

result in the formation of small silicon clusters and hydrogen. In the high 

temperature zone, the small clusters and nuclei grow to silicon nanocrystals with 

average particle sizes of about 25 nm. Fractal polycrystalline particles were formed 

with sizes of a few hundred nanometers in size by sintering. Transmission electron 

microscopy (TEM) images display a typical particle morphology as depicted in 

Figure 2.5b-c. Fractal particles of a few hundred nanometers in size form from 

smaller particles, most likely due to sintering during transport in the reactor’s hot 

zone. The fractal particles coagulate into aggregates with an open structure and low 

density. This process is suggested to occur past the hot zone where thermophoretic 

deposition on the reactor wall was observed. The particle sizes as determined by 

TEM are comparable to the particle diameter of approximately 270 nm calculated 
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from the specific surface area. Size and color of the nanoparticles are affected by 

the time in the hot zone.  

 

Figure 2.5. (a) Schematic diagram of experimental system and typical reactor temperature 

profile; (b) TEM micrograph showing the shape of one particle and the diffraction pattern 

of a small fragment; (c) TEM micrograph of agglomerated particles. Images were 

reproduced from reference 36. 

2.2.5 Wet milling method 

SiNPs can also be produced by top-down wet milling approaches based on 

mechanical attrition of bulk silicon chunks.28, 66-67 Heintz et al prepared stable 

alkyl/alkenyl passivated silicon nanoparticles using high energy ball milling 

(HEBM) and passivated the particle surface with alkyl/alkenyl groups covalently 

linked through strong Si-C bonds.66 The overall procedure for production SiNPs is 

shown in Figure 2.6. The ongoing impacts and collisions of the milling balls during 

HEBM result in a significant amount of mechanical energy to the system which 
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causes the silicon pieces to fracture, thus reducing the particle sizes into the nano-

domain. Besides, as HEBM proceeds, it creates fresh silicon surface with reactive 

Si=Si bond sites for direct reaction with alkene or alkyne in the formation of a 

covalent Si-C bond.  

 

Figure 2.6. Schematic illustration of the ball milling synthesis of functionalized silicon 

nanoparticles. Open circles represent subsurface silicon atoms. This image was reproduced 

from reference 66. 

Plain’s group simply used a kitchen blender to prepare aggregation-free SiNPs 

by breaking silicon lumps into nano-sized particles without the addition of any 

surfactant during the process (as shown in Figure 2.7).68 The obtained SiNPs have 

a spheroidal shape and diameters controlled in the range of 100-200 nm. In this size 

range, both experimental results and theoretical calculations clearly show that 

individual SiNPs exhibit electric and magnetic well-defined Mie resonances in the 

visible region under a dark-field optical microscope.  
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Figure 2.7. Schematic representation of the process (grinding, clarification) used to prepare 

colloidal SiNPs. The image was reproduced from reference 68.  

2.3 Surface modification and colloidal stability of silicon-

based particles 

Numerous optimized strategies have been proposed for the surface 

modification of silicon-based particles.69-72 In this section, we only focus on 

methods that have been demonstrated for improving colloidal stability of particles 

for bioimaging or biomedical applications. Alternative functionalization approaches, 

for example used to change the luminescent properties of particles, are out of the 

scope of this review. 

2.3.1 Surface oxidation and etching 

Successful functionalization and stabilization of silicon-based particles 

requires understanding of the surface chemistry of these particles in their initial and 

aged states, respectively. Freshly prepared silicon particles typically present a  

surface that is mostly composed of Si-H and Si-Si bonds,73-74 which are sensitive to 

oxygen. Therefore, surface oxidation is a spontaneously occurring process upon 

exposure of the surface. HNO3 or atmospheric oxygen usually act as oxidizers in 
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oxidation processes.75 For instance, silicon-based particles in aqueous suspension 

can form an exposed SiO2 layer on the surface at room temperature (see Figure 

2.8).74 A surface Si atom is first attacked by a nucleophile (OH-) to produce a 5-

coordinate Si intermediate, which is then followed by cleavage of the Si-Si bond 

and formation of Si-O bonds. The Si-O surface-exposed layer prevents the Si-Si 

species from further oxidation. However, at higher pH values (i.e., > 7), the exposed 

Si-O bonds in aqueous solution dissociate, resulting in further or even complete 

oxidation/dissolution of silicon particles.76 For example, Si wafers are readily etched 

in e.g., 10 wt% KOH solutions within tens of seconds to several minutes at elevated 

temperature, depending on the crystallinity of the Si wafer.77-78 Besides, silicon-

based particles can also undergo other oxidation processes, such as thermal 

oxidation, or electrochemical oxidation, and the reader is referred to selected articles 

on these topics.74, 79 

 

Figure 2.8. Schematic of the oxidation process for Si-Si/Si-O bonds in an aqueous 

environment. The image was reproduced from reference 74. 

Some reports have shown that the formation of SiO2 can increase the colloidal 

stability of silicon-based particles in water.80 Nevertheless, simple stabilization by 

surface oxidation does not ensure long-term colloidal stability in complex solutions, 

such as biological media.81 Long-term stability of particle suspensions is achieved 

through different approaches, such as steric stabilization by absorption or covalent 

coupling of polymers, which will be discussed in the next section.  
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Chemical etching with hydrofluoric acid is proposed as a process for removing 

oxide layers, creating hydrogen-terminated surfaces, and has also been used to 

control the optical (fluorescent) properties of silicon-based particles. The final 

surface termination after HF etching is well understood in the case of silicon, as 

shown schematically in Figure 2.9. The oxygen atoms are removed from the silicon 

surface, rendering the top-most silicon layer fluorine-terminated. As the reaction 

proceeds, the Si back-bonds become polarized, making them vulnerable to further 

attack by HF, removing the top fluorinated Si atom and leaving the second layer Si 

atoms with hydrogen-termination.82 The obtained Si-H termination opens the 

possibility of modifying silicon-based particles through hydrosilylation, which is 

one of the most widely used methods for attaching unsaturated bonds to a Si surface. 

Hydrosilylation will be discussed in more detail below.  

 

Figure 2.9. Schematic illustration of mechanism for hydrogen-passivation of Si (111). The 

image was reproduced from reference 82. 

2.3.2 Covalent surface modification: hydrosilylation of Si-H surface 

Hydrosilylation is widely regarded as an effective method for modifying 

surface-exposed Si-H groups. Si-H can react with double or triple C-C bonds in the 

presence of heat, light or Lewis acid catalysts.83 For example, Si-H cleavage first 

occurs at sufficiently high temperature based on thermally induced 

hydrosilylation.75 These silicon-based radicals (dangling bonds) will react with 

alkenes via the free-radical chain mechanism described (Figure 2.10).58 Moreover, 

functional species with a second reactive group, such as a primary amine or a 
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carboxylate can be used to produce particles that are directly suitable for 

bioconjugation.  

Si − H → Si∗ + H∗ 

 

Figure 2.10. The reaction of silicon-based radicals with alkenes via free-radical chain 

mechanism. 

After surface modification, silicon-based particles can be rendered water-

soluble and provide possibilities for conjugation of biomolecules for various 

imaging applications.32 For example, Si-H groups were reacted with the unsaturated 

double bond of 10-undecen-1-ol (UDO) through a hydrosilylation reaction.72 

Subsequently, the hydroxyl groups of the UDO ligands on the particle surface were 

reacted with chlorosulfonic acid to convert these into highly hydrophilic sulfonate 

groups as depicted in Figure 2.11.84 Also, Si-H groups could be reacted with double 

bonds of methyl 10-undecenote (MUDO). Then, the methyl esters of the MUDO 

ligands grafted on the particle surfaces were hydrolyzed into carboxylic acids, which 

were then activated by 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) 

and N-hydroxysuccinimide (NHS). Finally, biomolecules, such as bovine serum 

albumin (BSA) and antibodies (HER2-targeted antibody for breast cancer), can be 

conjugated to the silicon particles via peptide bond formation. 

2 



Synthesis, functionalization and Biomedical Applications of Silicon-based Particles 

23 

 

 

Figure 2.11. Functionalization of the silicon nanoparticles via hydrosilylation and followed 

by bioconjugation. The image was reproduced from reference 84. 

To summarize, hydrosilylation is a very versatile reaction that can graft a 

variety of groups onto the particle surface via the formation of robust Si-C bonds. 

However, the high sensitivity of hydrosilylation reactions to oxygen and water, as 

well as the commonly obtained, relatively low surface coverage of functional groups, 

limit their use for large-scale surface modification of SiNPs.  

2.3.3 Covalent modifications: silanization of Si-OH surface 

Silanization chemistry has been widely used to functionalize nanomaterials 

with silanol groups like silica, carbon nanotubes, iron oxide nanoparticles, etc.85 For 

SiNPs or silicon substrates, there are generally two methods to generate Si-OH 

groups: 20% nitric acid treatment or reflux in a mixture of concentrated sulfuric acid 

and 30% hydrogen peroxide (also called “piranha etch”).75 Then, the Si-OH 

terminated surface can be readily functionalized by using organosilane coupling 
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agents. Organosilanes have the general formula RnSi(4-n), where X is a hydrolysable 

group that is typically alkoxy, acyloxy, amine, or chlorine. When reacted with the 

Si-OH surface, each Si-X bond is replaced by a Si-O bond to the surface or another 

organosilane molecule. Aminosilanes, such as 3-(triethoxysilyl) propylamine 

(APTES), are commonly used to modify the Si-OH surface. The obtained amine-

functional SiNPs provide handles for coupling diverse biofunctional molecules.86-87 

For example, mesoporous silicon nanoparticles (MSN) were synthesized by a sol-

gel reaction in the presence of cationic surfactant templates.88 The inner and outer 

surfaces of MSNs were functionalized with amine groups by post-grafting with 

APTES. Negatively charged gadolinium diethylenetriamine pentaacetic acid Gd 

(DTPA)2-, an FDA-approved MRI contrast agent, can interact electrostatically with 

those positively charged amine groups on the inner surfaces and thus increase its 

loading amount. On the outer surface, carboxyl acid telechelic PEG (Mn=2000 Da) 

was conjugated to those amine groups via amide bond formation using a standard 

EDC-NHS coupling reaction. The conjugated PEG seals the pores of the MSNs and 

exposes the cargo molecules only when stimulated by high-intensity focused 

ultrasound (HIFU) as also depicted in Figure 2.12.88 

 

Figure 2.12. Scheme of the synthesis and HIFU-stimulated release of Gd(DTPA)2- from 

PEGylated mesoporous silicon nanoparticles (MSNs-PEG). The image was reproduced from 

reference 88. 
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2.3.4 Non-covalent surface modifications 

The incorporation of silicon-based particles into micellar systems may benefit 

the dispersion of particles in an aqueous environment. Surfactants or phospholipids 

have been successfully used to improve the colloidal stability of particles through 

hydrophobic interactions, hydrogen bonding or electrostatic adsorption.89-90 A large 

neutral surfactant pluronic F127 (12 kDa) has been demonstrated to stabilize SiNPs 

in an aqueous environment.91 Fluorescent and stable micelles were obtained without 

preventive covalent surface capping of SiNPs. Pluronic F127 was also used to 

disperse SiNPs produced by laser pyrolysis and capped with ethyl undecylenate. 90, 

92 This poloxamer was chosen in view of future clinical application of the 

fluorescent particles, because Pluronic F127 was approved by the FDA as an 

injectable material for use in the human body.  

 

Figure 2.13. Schematic of surface functionalization of SiQDs followed by micellar 

encapsulation. Table indicates compounds (R1) grafted onto the SiNPs and functional 

groups (R2) denote the type of functionality on the phospholipids. The image was 

reproduced from reference 93.  
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Swihart and coworkers used phospholipid micelles to encapsulate SiQDs 

prepared by laser pyrolysis and capped by organic low polar residues via 

hydrosilylation (as shown in Figure 2.13).93 Phospholipid micelles have the 

advantage of being more stable, than those formed by conventional detergents as 

they have higher kinetic stability and typically low critical micelle concentrations. 

The SiQDs were incorporated simply by mixing them with the phospholipids, 

evaporation of the solvents, and redispersion of the solid residues in water. The final 

micelles were bioconjugated by functionalizing a fraction of the terminal phosphate 

groups with folate or biotin via a suitable cross-linker. 

2.4 Silicon-based particles for biomedical applications 

2.4.1 Silicon-based particles for hyperpolarized magnetic resonance imaging 

(MRI) 

Introduction of hyperpolarized silicon-based particles 

Recently, the potential of silicon-based particles as magnetic resonance 

imaging probes has attracted great attention.15, 94-95 The spin-½ isotope 29Si has an 

abundance of 4.7% and is the only silicon isotope that is NMR/MRI visible. Direct 

imaging of 29Si is essentially background-free, as the body contains only trace 

quantities of silicon, unlike the high background signal stemming from water 

protons. Silicon-based particles have been demonstrated to be biocompatible,96 as 

well as biodegradable,32, 96 while surface modification is straightforward as 

described above.71 Moreover, the Larmor frequencies of 29Si or 13C are both within 

the tuning ranges of commercial multinuclear MRI systems, building on existing 

imaging infrastructure.  

Unfortunately, direct imaging of 29Si is difficult due to the low inherent 

sensitivity (low gyromagnetic ratio). This sensitivity problem can be overcome by 

employing a technique called hyperpolarization. Hyperpolarization is a process in 

which nuclear spins are redistributed in energy states to produce a significantly 
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enhanced signal compared to that obtained from thermal (Boltzmann) state 

polarization.97 Dynamic nuclear polarization (DNP) is a type of hyperpolarization 

technique in which magnetization is transferred from unpaired electrons to target 

nuclei at cryogenic temperatures such as 1-3 K in a moderate magnetic field of only 

a few Tesla via microwave excitation. Dissolution DNP is the most widespread used 

DNP method and can increase the signal by over 10,000-fold as compared to the 

thermal (Boltzmann) polarization signal at the given magnetic field.94, 98-99  

The polarization will restore to thermal equilibrium with the time constant T1 

(spin-lattice relaxation time). Currently, the majority of hyperpolarized probes are 

13C-labeled molecules like pyruvate, which have a T1 on the order of a minute.100-101 

Nelson et al., for example, used hyperpolarized form of pyruvate (13C-labeled 

pyruvate) to image increased levels of its product, [1-13C] lactate, as well as the flux 

of pyruvate to lactate. The [1-13C] pyruvate agent was used in a first-in-human study 

in men with prostate cancer.102 However, investigations into slower biological 

processes such as protein-cell binding, tracer diffusion and metabolism in tissues, 

have been impeded. Hyperpolarized 29Si has been reported to have a long nuclear 

spin-lattice relaxation time (T1) ranging from several minutes to as long as multiple 

hours.103-105 29Si hyperpolarization decay time constants (T1) are also longer in 

comparison with the T1 values of typical 13C nanodiamonds, which usually have a 

range of 1 to 5 min.119 The increased T1 times in silicon-based particles are mainly 

due to the isolation of 29Si spin elements in a particle that leads to reduced spin-spin 

dipolar interactions. The long depolarization time of silicon-based particles allows 

them to be used as targeted molecular imaging agents over extended periods of time. 

Besides, Si-based particles such as silicon micro and nanoparticles have unpaired 

electrons residing at the crystalline silicon and silicon dioxide (silica) interface that 

can be utilized for hyperpolarization.12, 106-107  
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Overall, silicon-based particles have a great potential to be used as the next-

generation hyperpolarized MR imaging agents, owing to their endogenous unpaired 

electrons, DNP enhancements, long T1 time, biocompatibility and biodegradability.  

DNP mechanism and properties of silicon-based particles 

Despite the versatility of MR imaging, its use is often limited by its intrinsically 

low sensitivity, which is an important drawback for detection of nuclei other than 

1H, like 29Si and 13C with low gyromagnetic ratios (γ). The achievable MR signal is 

proportional to the initial population difference of spins in state α (spin up) and state 

β (spin down), rather than the total number of spins. The sensitivity limitation is 

promoted by small Zeeman energy splitting of nuclear spin states, which give rise 

to only a slight population difference in the two energy levels. This property of the 

MR signal is expressed conceptually as the spin polarization level, which is defined 

as follows (Equation 1):94 

𝑃 =
𝑛𝛼 − 𝑛𝛽

𝑛𝛼 + 𝑛𝛽
= tanh (

𝛾ℏ𝐵0
2 ∙ 𝑘 ∙ 𝑇

) 

Where nα, nβ are the nuclear populations of the two states and the variables γ, 

ℏ, B0 respectively represent the gyromagnetic ratio, reduced Planck’s constant and 

magnetic field, and k and T represent the Boltzmann constant and temperature, 

respectively. From Equation 1, the polarization level can be increased by increasing 

the external magnetic field or by decreasing the measurement temperature.  
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Figure 2.14. Hyperpolarization creating nuclear spin polarization much greater than that 

achieve at normal thermal equilibrium. The image was reproduced from reference 108.  

However, it is difficult to change the external magnetic field or temperature to 

sufficiently large extents. Therefore, directly increasing the intrinsically low 

polarization levels of nuclear spins at room temperature has become increasingly 

attractive. The development of hyperpolarization techniques, in particularly DNP, 

denote the polarization of spins far beyond the thermal nuclear polarization 

generated under Boltzmann equilibrium conditions (as shown in Figure 2.14).108  

In general, DNP is achieved by aligning nuclear spins based on the degree to 

which the electron spin is aligned, since spin polarization is transferred from 

electron to nucleus. The electron spin can be aligned to a higher order via methods 

such as optical pumping, chemical reactions and spin implantation.109-110 DNP may 

also be induced through free electrons generated in the solid through radiation 

damage. When electrons and nuclei deviate from their thermal equilibrium values, 

the polarization transfer between electron and nucleus can occur spontaneously 

through cross-relaxation and/or spin state mixing. Conversely, when the electron 

spin system is in thermal equilibrium, the polarization can be transferred through 

continuous microwave irradiation at a frequency close to the corresponding electro-

magnetic (EPR) resonance frequency of the nucleus of interest.94 The theoretical 

maximum enhancement of nuclear spin polarization by DNP processes is 
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determined by the ratio of gyromagnetic ratios between electron and nuclear spin 

(e.g., γe/γ1H~ 660). The DNP mechanism can be divided into four categories: solid 

effect, cross effect, Overhauser effect and thermal mixing. For a detailed description 

of the mechanism of DNP processes the reader is referred to review articles on 

DNP.94, 111  

For DNP measurements on silicon-based particles, long-lived T1 times and 

high levels of polarization are essential to high-resolution MR imaging. A variety 

of factors affect the DNP properties of silicon-based particles, such as size,104, 112-113 

crystallinity,25 geometry,114 type and extent of doping,12 number of unpaired 

electrons115 and degree of isotope enrichment.116 These factors can potentially be 

controlled through synthetic methods towards silicon-based particles. The detailed 

factors and physicochemical properties of silicon-based particles that affect DNP 

performance will be discussed in the following sections.  

Effect of particle size on DNP performance 

Polarization of spin elements in silicon particles occurs at the particle surface 

using endogenous free electrons originated from surface defects at the silicon/silica 

interface (i.e. the silicon oxide layer  on the surface) and polarization is gradually 

transferred into the core of particles via nuclear spin diffusion.105, 113 Therefore, 

larger sizes of particles tend to have longer T1 times as explained by the diffusion-

mediated relaxation at the particle surface. For example, Dementyev et al. reported 

DNP experiments on undoped silicon microparticles with sizes ranging from 1 to 5 

μm.107 The T1 time at room temperature of hyperpolarized 29Si increased from 

around 200 s to 5 h with the size ranging from 40 nm to 10 μm. The amorphous 

region of particles with high concentrations of structural defects and dangling bonds 

are directly polarized by microwave irradiation, and nuclei in the crystalline regions 

are polarized by nuclear spin diffusion. Larger particles can retain their polarization 

for a relatively long time, while spin relaxation becomes very fast for the smallest 

of particles.  
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Nano-sized silicon is less likely to have amorphous regions and internal defects, 

resulting in fewer free electrons, but also less efficient DNP as compared to micro-

scale silicon. Therefore, micron-sized silicon generally shows higher DNP levels 

and longer T1 times, than nanoscale silicon due to the beneficial combination of both 

surface and internal defects. For example, Whiting et al. evaluated a number of 

different silicon particle sizes ranging from 20 nm to 2 μm average particle 

diameters.113 While the larger microparticles provided greatly enhanced 29Si NMR 

signals ( the enhancement factor ~ 25) and longer T1 relaxation time of about 50 min, 

the smaller nanoscale particles produced minor signal enhancements and shorter T1 

times of approximately 10 min. Longer polarization times are required for larger 

sized particles, since polarization has to be transferred from surface to core through 

the earlier mentioned spin diffusion. Effectively, a balance has to be found between 

polarization with a reasonable period of time, sufficient signal amplification and the 

concomitant loss of polarization over time.  

Apart from particle size and surface defect density, the distribution of defects 

in the particle and particle geometry, also play important roles in efficient signal 

enhancement. For example, some particles with dispersed defects throughout the 

entire particle show larger signal enhancements as compared to particles with 

concentrated defects close to the surface under the conditions of comparable size 

and defect-to-surface ratio.117 Therefore, size and physicochemical properties 

(internal structure) of the silicon-based particles can significantly affect DNP 

enhancement, polarization build-up time, and T1 relaxation time. 

Effect of synthetic methods, surface functionalization and doping on DNP 

performance 

DNP enhancement and T1 time of silicon particles may be tuned when 

physicochemical properties such as doping, exogenous radicals and isotope 

enrichment, are changed, for example through the employed nanoparticle 

preparation methods. For instance, Kwiatkowski et al. investigated DNP 
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characteristics of a series of silicon micro- and nanoparticles prepared via different 

means.117 Silicon nanoparticles produced by laser ablation, with high purity and 

relatively large crystallite sizes, can achieve significant DNP levels (the 

enhancement factor: 66 ± 19) and long T1 times (about 56.7 ± 4.3 min) at room 

temperature. Micrometer-sized silicon particles produced by ball milling show 

desirable DNP properties,12, 104, 118 though small nanometer-sized particles from the 

same synthesis method only gave low polarization enhancements.112, 115 In addition 

to non-porous silicon particles, porous silicon nanoparticles with sizes of 100-500 

nm have been prepared by Lee and coworkers via magnesiothermic reduction of 

silica nanoparticles, and investigated for their MR properties.119 The obtained 

porous silicon nanoparticles show significant DNP enhancements with the addition 

of exogenous radicals (TEMPO radicals) and long T1 times of approximately 25 min.  

Various passivating ligands or functional groups have been used to modify 

silicon particles for optimum biomedical imaging. For example, the Bhattacharya 

group functionalized the surface of silicon particles with PEG and an ESTA-1 

aptamer to target ovarian cancer.113, 120-122 The modified groups showed minor 

changes in hyperpolarization build-up and relaxation times, indicating that surface 

functionalization does not significantly affect DNP performance. Surface 

modification of silicon particles with 3-aminopropyl-triethoxysilane (APTES) did 

not affect DNP characteristics either.  

The influence of doping was investigated by Cassidy et al. on undoped and 

doped silicon microparticles at room temperature and low ambient magnetic field.106 

In nominally undoped silicon particles, nuclear spin relaxation occurs at the particle 

surface via a two-electron mechanism giving two relaxation time scales. Boron-

doped silicon particles, however, display a single relaxation time scale with an 

enhancement of the T1 time by up to 2 orders of magnitude over undoped particles, 

due to direct relaxations in mobile holes and ionized boron acceptors. 
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Applications of silicon-based particles for imaging applications 

Silicon micro- and nanoparticles are promising hyperpolarized MRI agents for 

diagnostic and therapeutic applications. The potential use of hyperpolarized silicon 

particles (1-25 μm in diameter) as MRI agents has been firstly demonstrated in 

phantom imaging of 29Si microparticles by Aptekar et al.112 Cassidy et al. 

demonstrated in vivo imaging with hyperpolarized silicon particles with sizes of 

approximately 2 μm and a long T1 time of up to 40 min.105 Silicon microparticles 

were injected via a catheter into the gastrointestinal (GI) tract of a mouse and the 

particles moved to the smaller intestines after 30 min as also depicted in Figure 

2.15a. The detailed structure of the GI tract can be imaged for more than half an 

hour. Administration via the intraperitoneal (IP) cavity also enabled imaging of the 

external structure of the GI tract. Figure 2.15b shows imaging of the GI tract 

immediately after injection and after 20 min. PEGylated silicon particles were 

administered intravenously (IV) via the tail vein of a mouse. Particles remained 

visible in the vena cava immediately after injection and after 1 and 2 min (Figure 

2.15c). Perfusion imaging with hyperpolarized silicon has been studied as well (see 

Figure 2.15d). Particles were administered into the transgenic adenocarcinoma of 

the mouse prostate (TRAMP) model of mouse. However, the large particle size does 

not allow for entering the cellular structure of the tumor and may even block of 

nearby veins and arteries.  
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Figure 2.15. In vivo imaging of hyperpolarized silicon particles administered intragastrially 

(a), intraperitoneally (b) and intravenously (c) via a tail-vein catheter; (d) demonstration of 

perfusion imaging using 29Si MRI of hyperpolarized silicon particles injected into the tumor 

of a prostate cancer (TRAMP) animal. In b and d, the green circle shows the approximate 

location of the catheter. The image was reproduced from reference 105.  

Kwiatkowski et al. demonstrated that smaller silicon nanoparticles (average 

size of individual particles: 55 nm) can be efficiently polarized and showed the 

feasibility of hyperpolarized 29Si MRI in vivo.123 High resolution 29Si MRI was 

demonstrated in phantoms, where the hyperpolarized dry powder was suspended in 

phosphate-buffered saline (PBS). Overlays of two co-registered images (1H and 29Si 

MRI) confirmed suitable coordination between the different imaging methods and 

demonstrated the potential utility of hyperpolarized silicon particles. In a parallel 

study, Hu et al. reported hyperpolarization of SiNPs of 30-200 nm in a mouse model, 

treated with external radicals TEMPO because a low number of endogenous surface 

defects intrinsically existed in the particles.115 Seo et al. reported that porous silicon 

nanoparticles (PSi) can also by hyperpolarized and used in MR imaging, while 

simultaneously offering possibilities to deliver therapeutics.119 PSi with average 

particle sizes of around 300 nm showed poor hyperpolarization, which was 

enhanced to a maximum polarization of ~ 7% upon addition of 30 mM TEMPO 

under optimized DNP conditions. pSi can be further functionalized with APTES, 
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which improves aqueous suspension of the particles and enables coupling of 

antibodies or aptamers for targeted therapies.  

Potential targeted molecular imaging 

Targeted molecular imaging with hyperpolarized silicon particles is a highly 

interesting prospect. Surface modification of silicon particles with silanes, such as 

APTES, can provide reactive sites for a secondary covalent coupling of PEG 

oligomers to prevent non-specific protein absorption, as well as a tertiary coupling 

of targeting moieties, such as antibodies, peptides or aptamers.124 The targeted 

particle can then be hyperpolarized, administered to the patient and subsequently 

imaged in an MRI scanner with the appropriate 29Si/1H MRI coil. In the case that 

the hyperpolarized particles reach the site of interest and at sufficiently high 

concentrations, a “hotspot” can be observed in the MRI.  

As a proof-of-principle, Whiting et al. used targeted silicon particles (~ 2 μm) 

in the imaging of ovarian cancer in a mouse model (Figure 2.16).113 Silicon particles 

were first treated with APTES, followed by conjugation with ESTA-1, which is a 

thiophosphate-modified oligonucleotide aptamer used to mark E-selectin that 

associated with ovarian cancer. Silicon particles have been administered to mouse 

models in a variety of ways including: injecting into the intraperitoneal (IP) cavity, 

tail vein, and into the large intestines via the rectum, as well as via oral gavage. 

However, tail vein injection, which is the most common method of administering 

contrast agents to mouse models, was shown to not be viable for the employed 

particles due to their large size (~ 2 μm) and relative insolubility despite PEGylation. 

The other administration routes were successful to achieve visible hyperpolarized 

signal.  
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Figure 2.16. In vivo 29Si MRI of ESTA-1 functionalized 2 μm silicon microparticles (100 

mg; dissolved in 400 mL PBS) directly injected into the tumor volume of an orthotopic 

ovarian cancer mouse (HeyA8). Tumor periphery outlined in green. Single image taken 20 

min post-injection, showing the silicon microparticles retain their enhanced signal while in 

the tumor volume. The image was reproduced from reference 113.  

Another example of targeted molecular imaging with hyperpolarized silicon 

particles was achieved in a colorectal cancer mouse model.120 Silicon particles were 

modified with an anti-MUC1 antibody, which can target mucin overexpression in 

colorectal cancer.125 After attachment of hyperpolarized particles to the tumor 

surfaces by injecting via the rectum, tumors were imaged and true signal separated 

from noise using thresholding techniques. These successful studies open the door to 

targeted imaging of tumors in vivo by hyperpolarized MRI, an application with 

broad utility in minimally invasive tumor detection.  

2.4.2 Silicon-based particles for multimodal imaging 

The high biocompatibility, biodegradable nature and unique optical properties 

make silicon micro- and nanoparticles promising materials for multi-modal imaging, 

for example combining fluorescence imaging with hyperpolarized MR imaging.  

Silicon nanoparticles with sizes ranging from 2-5 nm are also called silicon 

quantum dots (SiQDs) and show size-tunabel photoluminescence (PL) due to 

quantum confinement of charge carriers. Previous reports confirm the promising 

optical properties of SiQDs with satisfactory quantum yields, high resistance against 
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photobleaching, inherent non-toxicity and high stability in a physiological 

environment.126-127 Synthetic strategies for the preparation and functionalization of 

SiQDs have been briefly described in Section (2.2), detailed information can be 

gathered from selected reviews.128-130  

The feasibility of using luminescent SiQDs for in vitro and in vivo imaging has 

been demonstrated by multiple research groups.71, 131-133 Erogbogbo et al. prepared 

targeted SiQD probes for several cancer-related in vivo applications, such as tumor 

vasculature targeting, sentinel lymph node (SLN) mapping, and multicolor NIR 

imaging in live mice.93, 134  SiQDs prepared by laser pyrolysis of silane were 

encapsulated inside PEGylated micelles. Conjugation with RGD peptides (giving 

SiQDs-RGD) enables active targeting of αvβ3 integrins that are overexpressed in the 

tumor vasculature. SiQDs-RGD were intravenously injected in nude mice bearing 

subcutaneously implanted Panc1-tumors. Luminescence imaging was performed at 

multiple time points post injection (p.i) as shown in Figure 2.17.134 The 

luminescence intensity at the tumor site increased over the course of 40 h (Figure 

2.17A-E), while SiQDs without RGD conjugation only showed weak luminescence 

(Figure 2.17K-O). This demonstrated the effectiveness of tumor targeting using 

SiQD-RGD.  
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Figure 2.17. Time-dependent in vivo luminescence imaging of Panc-1 tumor bearing mice 

(left shoulder, indicated by white arrows) injected with ~ 5 mg of (A-E) SiQDs-RGD or (K-

O) SiQDs. All images were acquired under the same conditions. The image was reproduced 

from reference 134.  

In addition to the luminescent properties of very small SiNPs (<10 nm), silicon 

particles with sizes of 100-200 nm can also be used as contrast agents for 

photoacoustic imaging.84, 135-136 Silicon particles show high extinction coefficients 

owing to silicon’s large transition dipole moments and high refractive indices at 

optical wavelengths. Therefore, the pulsed excitation light absorbed by the silicon 

particles can be efficiently converted into heat, which in turn leads to thermoelastic 

expansion of biological tissues and emission of ultrasonic waves. For instance, Ye 
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et al. used silicon nanoparticles produced by ball milling of crystalline silicon wafers 

for photoacoustic microscopy imaging in zebrafish.84 The sulfonate-terminated 

silicon particles were suspended in water and microinjected into the zebrafish 

embryonic cells. As the embryo developed and the embryonic cells proliferated, the 

locations of the cells carrying the SiNPs can be clearly detected by the spread of 

photoacoustic signals (Figure 2.18). Further, SiNPs have also been used as carriers 

for the loading of molecular photoacoustic contrast agents like indocyanine green 

(ICG). The ICG encapsulated in mesoporous silicon shows a significantly stronger 

signal enhancement as compared to free ICG. 

 

Figure 2.18. Time-lapse bright-field (BF) and photoacoustic (PA) images of a representative 

zebrafish embryo at (A) 0 h, (B) 2 h, (C) 4 h, and (D) 6 h after its embryonic cells were 

microinjected with the sulfonate-terminated SiNPs. The blue arrow indicates the 

microinjection site. Scale bars are 200 μm. The image was reproduced from reference 84.  

2.4.3 Silicon-based particles as drug delivery carriers 

Silicon-based particles like porous SiNPs also have potentials for applications 

in treatment of several diseases based on their biocompatible, biodegradable natures 

and flexible surface modification. Because the use of SiNPs as theragnostic agents 

are not the focus of this chapter, so only a few typical works will be introduced. For 

in-depth understanding, please refer to some other selected review articles.137-140  
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In general, porous SiNPs with suitable pore size and high porosity (up to 80%) 

can obtain high drug loadings.140 The chemical compositions of particle surfaces 

affect the degradation and the controlled release of the intended drugs. Santos and 

coworkers141 reported red blood cell membrane coated porous SiNPs that were 

loaded with radioactive 155 Tb atoms. The red blood cell membrane coating can 

significantly enhance the blood circulation time compared to uncoated SiNPs. The 

authors showed that the as-prepared 155Tb loaded SiNPs could be used in targeted 

radionuclide therapy combined with a chemotherapeutic payload within the porous 

SiNPs. In another report, Santo’s group142 covalent attachment of a model cancer 

antigen TRP2, either expressed at the membrane surface or covered by membrane 

encapsulation, is promising for treating autoimmune diseases by inducing an 

autoantigen specific immune tolerance.  

Overall, relatively easy tunability of particle geometry and surface chemistry 

to control the SiNPs drug release rate and biodegradability make silicon-based 

particles receive considerable attention during last decades as a multimodal platform 

for bioimaging and theranostic applications.  

2.5 Conclusions and outlook 

In this Chapter, synthetic strategies for the preparation and surface 

modification of silicon-based particles are outlined, the mechanisms and processes 

of 29Si hyperpolarization in relation to their physicochemical properties, and 

examples of in vivo and in vitro bioimaging applications are discussed. 

For hyperpolarized MR imaging, testing of silicon, mesoporous silicon and 

silicon carbide prepared by different methods with varying sizes and degrees of 

isotope enrichment for DNP, relaxation times and therapeutic delivery will help to 

select optimized particles for hyperpolarization. Besides, future challenges should 

focus on increasing the maximum DNP signal and longer relaxation for smaller 

silicon particle sizes (10-200 nm).  
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Multi-modal imaging applications like hyperpolarized 29Si MRI combined with 

optical imaging would be interesting to be achieved for future research. 

Hyperpolarized silicon particles can be functionalized with a targeting moiety 

labeled with a fluorescent probe that can be observed by magnetic resonance system, 

confocal microscopy or in vivo 3D optical tomography. Scalable methods need to 

be developed for the production of silicon particles of controlled size. If in vivo 

imaging can be achieved via intravenous delivery, then the biostability, 

biodistribution, toxicity and blood circulation time and particle clearance rates need 

to be assessed. Other innovative potentials can be the retention of spin polarization 

on silicon-based particles, and transfer to a target site for assessment of other distal 

nuclei in applications like metabolomics. Consequently, the unique 

physicochemical properties, good biocompatibility, flexible surface chemistry make 

Si-based particles excellent candidates for hyperpolarized MRI and even enabling 

multimodality imaging. 

  

2 



Chapter 2 

42 

 

References 

1. Su, X.; Wu, Q.; Li, J.; Xiao, X.; Lott, A.; Lu, W.; Sheldon, B. W.; Wu, J., 

Silicon‐based nanomaterials for lithium‐ion batteries: a review. Advanced 

Energy Materials 2014, 4 (1), 1300882. 

2. Dasog, M.; Kehrle, J.; Rieger, B.; Veinot, J. G., Silicon nanocrystals and 

silicon‐polymer hybrids: synthesis, surface engineering, and applications. 

Angewandte Chemie International Edition 2016, 55 (7), 2322-2339. 

3. Pavesi, L.; Turan, R., Silicon nanocrystals: fundamentals, synthesis and 

applications. John Wiley & Sons: 2010. 

4. Croissant, J. G.; Fatieiev, Y.; Khashab, N. M., Degradability and clearance of 

silicon, organosilica, silsesquioxane, silica mixed oxide, and mesoporous silica 

nanoparticles. Advanced materials 2017, 29 (9), 1604634. 

5. Yu, Y.; Fan, G.; Fermi, A.; Mazzaro, R.; Morandi, V.; Ceroni, P.; Smilgies, 

D.-M.; Korgel, B. A., Size-dependent photoluminescence efficiency of silicon 

nanocrystal quantum dots. The Journal of Physical Chemistry C 2017, 121 (41), 

23240-23248. 

6. Hessel, C. M.; Reid, D.; Panthani, M. G.; Rasch, M. R.; Goodfellow, B. W.; 

Wei, J.; Fujii, H.; Akhavan, V.; Korgel, B. A., Synthesis of ligand-stabilized 

silicon nanocrystals with size-dependent photoluminescence spanning visible 

to near-infrared wavelengths. Chemistry of materials 2012, 24 (2), 393-401. 

7. Chinnathambi, S.; Chen, S.; Ganesan, S.; Hanagata, N., Silicon quantum dots 

for biological applications. Advanced healthcare materials 2014, 3 (1), 10-29. 

8. Morozova, S.; Alikina, M.; Vinogradov, A.; Pagliaro, M., Silicon quantum dots: 

synthesis, encapsulation, and application in light-emitting diodes. Frontiers in 

chemistry 2020, 8, 191. 

9. O’Farrell, N.; Houlton, A.; Horrocks, B. R., Silicon nanoparticles: applications 

in cell biology and medicine. International journal of Nanomedicine 2006, 1 

(4), 451. 

10. Staude, I.; Schilling, J., Metamaterial-inspired silicon nanophotonics. Nature 

Photonics 2017, 11 (5), 274-284. 

11. Zhang, C.; Xu, Y.; Liu, J.; Li, J.; Xiang, J.; Li, H.; Li, J.; Dai, Q.; Lan, S.; 

Miroshnichenko, A. E., Lighting up silicon nanoparticles with Mie resonances. 

Nature communications 2018, 9 (1), 1-7. 

12. Lee, M.; Cassidy, M.; Ramanathan, C.; Marcus, C., Decay of nuclear 

hyperpolarization in silicon microparticles. Physical Review B 2011, 84 (3), 

035304. 

2 



Synthesis, functionalization and Biomedical Applications of Silicon-based Particles 

43 

 

13. Gali, A.; Gällström, A.; Son, N. T.; Janzén, E. In Theory of neutral divacancy 

in SiC: a defect for spintronics, Materials Science Forum, Trans Tech Publ: 

2010; pp 395-397. 

14. Ivády, V.; Szász, K.; Falk, A. L.; Klimov, P. V.; Christle, D. J.; Janzén, E.; 

Abrikosov, I. A.; Awschalom, D. D.; Gali, A., Theoretical model of dynamic 

spin polarization of nuclei coupled to paramagnetic point defects in diamond 

and silicon carbide. Physical Review B 2015, 92 (11), 115206. 

15. Luu, Q. S.; Kim, J.; Jo, D.; Jeong, J.; Lee, Y., Applications and perspective of 

silicon particles in hyperpolarized 29Si magnetic resonance imaging. Applied 

Spectroscopy Reviews 2020, 55 (6), 476-490. 

16. Daviau, K.; Lee, K. K., High-pressure, high-temperature behavior of silicon 

carbide: a review. Crystals 2018, 8 (5), 217. 

17. Saddow, S. E., Silicon carbide biotechnology: a biocompatible semiconductor 

for advanced biomedical devices and applications. Elsevier: 2012. 

18. Saddow, S. E., Silicon carbide materials for biomedical applications. In Silicon 

Carbide Biotechnology, Elsevier: 2016; pp 1-25. 

19. Harris, G. L., Properties of silicon carbide. Iet: 1995. 

20. Capano, M. A.; Trew, R. J., Silicon carbide electronic materials and devices. 

MRS bulletin 1997, 22 (3), 19-23. 

21. Pedersen, H.; Leone, S.; Kordina, O.; Henry, A.; Nishizawa, S.-i.; Koshka, Y.; 

Janzén, E., Chloride-based CVD growth of silicon carbide for electronic 

applications. Chemical reviews 2012, 112 (4), 2434-2453. 

22. Cheung, R., Silicon carbide microelectromechanical systems for harsh 

environments. World Scientific: 2006. 

23. Oliveros, A.; Guiseppi-Elie, A.; Saddow, S. E., Silicon carbide: a versatile 

material for biosensor applications. Biomedical microdevices 2013, 15 (2), 

353-368. 

24. Weber, J.; Koehl, W.; Varley, J.; Janotti, A.; Buckley, B.; Van de Walle, C.; 

Awschalom, D. D., Quantum computing with defects. Proceedings of the 

National Academy of Sciences 2010, 107 (19), 8513-8518. 

25. Lin, M.; Breukels, V.; Scheenen, T. W.; Paulusse, J. M., Dynamic Nuclear 

Polarization of Silicon Carbide Micro-and Nanoparticles. ACS applied 

materials & interfaces 2021, 13 (26), 30835-30843. 

26. Intartaglia, R.; Bagga, K.; Brandi, F.; Das, G.; Genovese, A.; Di Fabrizio, E.; 

Diaspro, A., Optical properties of femtosecond laser-synthesized silicon 

nanoparticles in deionized water. The Journal of Physical Chemistry C 2011, 

115 (12), 5102-5107. 

27. Amoruso, S.; Bruzzese, R.; Spinelli, N.; Velotta, R.; Vitiello, M.; Wang, X.; 

Ausanio, G.; Iannotti, V.; Lanotte, L., Generation of silicon nanoparticles via 

2 



Chapter 2 

44 

 

femtosecond laser ablation in vacuum. Applied Physics Letters 2004, 84 (22), 

4502-4504. 

28. Lam, C.; Zhang, Y.; Tang, Y.; Lee, C.; Bello, I.; Lee, S., Large-scale synthesis 

of ultrafine Si nanoparticles by ball milling. Journal of Crystal Growth 2000, 

220 (4), 466-470. 

29. Shen, T.; Koch, C.; McCormick, T.; Nemanich, R.; Huang, J.; Huang, J., The 

structure and property characteristics of amorphous/nanocrystalline silicon 

produced by ball milling. Journal of materials research 1995, 10 (1), 139-148. 

30. Atkins, T. M.; Thibert, A.; Larsen, D. S.; Dey, S.; Browning, N. D.; Kauzlarich, 

S. M., Femtosecond ligand/core dynamics of microwave-assisted synthesized 

silicon quantum dots in aqueous solution. Journal of the American Chemical 

Society 2011, 133 (51), 20664-20667. 

31. Knipping, J.; Wiggers, H.; Rellinghaus, B.; Roth, P.; Konjhodzic, D.; Meier, 

C., Synthesis of high purity silicon nanoparticles in a low pressure microwave 

reactor. Journal of nanoscience and nanotechnology 2004, 4 (8), 1039-1044. 

32. Park, J.-H.; Gu, L.; Von Maltzahn, G.; Ruoslahti, E.; Bhatia, S. N.; Sailor, M. 

J., Biodegradable luminescent porous silicon nanoparticles for in vivo 

applications. Nature materials 2009, 8 (4), 331-336. 

33. Nishimura, H.; Ritchie, K.; Kasai, R. S.; Goto, M.; Morone, N.; Sugimura, H.; 

Tanaka, K.; Sase, I.; Yoshimura, A.; Nakano, Y., Biocompatible fluorescent 

silicon nanocrystals for single-molecule tracking and fluorescence imaging. 

Journal of Cell Biology 2013, 202 (6), 967-983. 

34. Huisken, F.; Ledoux, G.; Guillois, O.; Reynaud, C., Light‐emitting silicon 

nanocrystals from laser pyrolysis. Advanced Materials 2002, 14 (24), 1861-

1865. 

35. Pei, L.; Tang, Y.; Chen, Y.; Guo, C.; Li, X.; Yuan, Y.; Zhang, Y., Preparation 

of silicon carbide nanotubes by hydrothermal method. Journal of applied 

physics 2006, 99 (11), 114306. 

36. Wiggers, H.; Starke, R.; Roth, P., Silicon particle formation by pyrolysis of 

silane in a hot wall gasphase reactor. Chemical Engineering & Technology: 

Industrial Chemistry‐Plant Equipment‐Process Engineering‐Biotechnology 

2001, 24 (3), 261-264. 

37. Fan, J.; Chu, P. K., Group IV nanoparticles: synthesis, properties, and 

biological applications. Small 2010, 6 (19), 2080-98. 

38. Zhang, L.; Coffer, J. L.; Zerda, T. W., Properties of luminescent Si 

nanoparticles in sol-gel matrices. Journal of Sol-Gel Science and Technology 

1998, 11 (3), 267-272. 

39. Wright, J. D.; Sommerdijk, N. A., Sol-gel materials: chemistry and 

applications. CRC press: 2018. 

2 



Synthesis, functionalization and Biomedical Applications of Silicon-based Particles 

45 

 

40. Tilley, R. D.; Warner, J. H.; Yamamoto, K.; Matsui, I.; Fujimori, H., Micro-

emulsion synthesis of monodisperse surface stabilized silicon nanocrystals. 

Chemical communications 2005,  (14), 1833-1835. 

41. Wilcoxon, J.; Samara, G.; Provencio, P., Optical and electronic properties of 

Si nanoclusters synthesized in inverse micelles. Physical Review B 1999, 60 

(4), 2704. 

42. Mangolini, L., Synthesis, properties, and applications of silicon nanocrystals. 

Journal of Vacuum Science & Technology B, Nanotechnology and 

Microelectronics: Materials, Processing, Measurement, and Phenomena 2013, 

31 (2), 020801. 

43. Andrievski, R., Synthesis, structure and properties of nanosized silicon carbide. 

Rev. Adv. Mater. Sci 2009, 22, 1-20. 

44. Shcherban, N. D., Review on synthesis, structure, physical and chemical 

properties and functional characteristics of porous silicon carbide. Journal of 

Industrial and Engineering Chemistry 2017, 50, 15-28. 

45. Bley, R. A.; Kauzlarich, S. M., A low-temperature solution phase route for the 

synthesis of silicon nanoclusters. Journal of the American Chemical Society 

1996, 118 (49), 12461-12462. 

46. Mayeri, D.; Phillips, B. L.; Augustine, M. P.; Kauzlarich, S. M., NMR study 

of the synthesis of alkyl-terminated silicon nanoparticles from the reaction of 

SiCl4 with the zintl salt, NaSi. Chemistry of materials 2001, 13 (3), 765-770. 

47. Zou, J.; Baldwin, R. K.; Pettigrew, K. A.; Kauzlarich, S. M., Solution synthesis 

of ultrastable luminescent siloxane-coated silicon nanoparticles. Nano Letters 

2004, 4 (7), 1181-1186. 

48. Baldwin, R. K.; Pettigrew, K. A.; Ratai, E.; Augustine, M. P.; Kauzlarich, S. 

M., Solution reduction synthesis of surface stabilized silicon nanoparticles. 

Chemical Communications 2002,  (17), 1822-1823. 

49. Liu, Q.; Kauzlarich, S. M., A new synthetic route for the synthesis of hydrogen 

terminated silicon nanoparticles. Materials Science and Engineering: B 2002, 

96 (2), 72-75. 

50. Zhang, X.; Neiner, D.; Wang, S.; Louie, A. Y.; Kauzlarich, S. M., A new 

solution route to hydrogen-terminated silicon nanoparticles: synthesis, 

functionalization and water stability. Nanotechnology 2007, 18 (9), 095601. 

51. Zou, J.; Kauzlarich, S. M., Functionalization of Silicon Nanoparticles via 

Silanization: Alkyl, Halide and Ester. Journal of Cluster Science 2008, 19 (2), 

341-355. 

52. Balcı, M. H.; Maria, J.; Vullum-Bruer, F.; Lindgren, M.; Grande, T.; Einarsrud, 

M.-A., Synthesis of monodisperse silicon Quantum dots through a K-

naphthalide reduction route. Journal of Cluster Science 2012, 23 (2), 421-435. 

2 



Chapter 2 

46 

 

53. Sletnes, M.; Maria, J.; Grande, T.; Lindgren, M.; Einarsrud, M.-A., Octoxy 

capped Si nanoparticles synthesized by homogeneous reduction of SiCl 4 with 

crown ether alkalide. Dalton Transactions 2014, 43 (5), 2127-2133. 

54. Rosso‐Vasic, M.; Spruijt, E.; Van Lagen, B.; De Cola, L.; Zuilhof, H., Alkyl‐

Functionalized Oxide‐Free Silicon Nanoparticles: Synthesis and Optical 

Properties. Small 2008, 4 (10), 1835-1841. 

55. Rao, N.; Micheel, B.; Hansen, D.; Fandrey, C.; Bench, M.; Girshiek, S.; 

Heberlein, J.; McMurry, P., Synthesis of nanophase silicon, carbon, and silicon 

carbide powders using a plasma expansion process. Journal of Materials 

Research 2011, 10 (8), 2073-2084. 

56. van Laar, J. H.; Slabber, J. F. M.; Meyer, J. P.; van der Walt, I. J.; Puts, G. J.; 

Crouse, P. L., Microwave-plasma synthesis of nano-sized silicon carbide at 

atmospheric pressure. Ceramics International 2015, 41 (3, Part B), 4326-4333. 

57. Gupta, A.; Swihart, M. T.; Wiggers, H., Luminescent Colloidal Dispersion of 

Silicon Quantum Dots from Microwave Plasma Synthesis: Exploring the 

Photoluminescence Behavior Across the Visible Spectrum. Advanced 

Functional Materials 2009, 19 (5), 696-703. 

58. Rao, N.; Tymiak, N.; Blum, J.; Neuman, A.; Lee, H.; Girshick, S.; McMurry, 

P.; Heberlein, J., Hypersonic plasma particle deposition of nanostructured 

silicon and silicon carbide. Journal of Aerosol Science 1998, 29 (5-6), 707-720. 

59. Mangolini, L.; Kortshagen, U., Plasma‐assisted synthesis of silicon 

nanocrystal inks. Advanced Materials 2007, 19 (18), 2513-2519. 

60. Yasar-Inceoglu, O.; Lopez, T.; Farshihagro, E.; Mangolini, L., Silicon 

nanocrystal production through non-thermal plasma synthesis: a comparative 

study between silicon tetrachloride and silane precursors. Nanotechnology 

2012, 23 (25), 255604. 

61. Zhou, S.; Ding, Y.; Pi, X.; Nozaki, T., Doped silicon nanocrystals from organic 

dopant precursor by a SiCl4-based high frequency nonthermal plasma. Applied 

Physics Letters 2014, 105 (18), 183110. 

62. Swihart, M. T., Vapor-phase synthesis of nanoparticles. Current Opinion in 

Colloid & Interface Science 2003, 8 (1), 127-133. 

63. Cannon, W. R.; Danforth, S. C.; Flint, J.; Haggerty, J.; Marra, R., Sinterable 

Ceramic Powders from Laser‐Driven Reactions: I, Process Description and 

Modeling. Journal of the American Ceramic Society 1982, 65 (7), 324-330. 

64. Cannon, W. R.; Danforth, S. C.; Haggerty, J. S.; Marra, R., Sinterable ceramic 

powders from laser‐driven reactions: II, powder characteristics and process 

variables. Journal of the American Ceramic Society 1982, 65 (7), 330-335. 

65. Rohani, P.; Banerjee, S.; Sharifi‐Asl, S.; Malekzadeh, M.; Shahbazian‐Yassar, 

R.; Billinge, S. J.; Swihart, M. T., Synthesis and Properties of Plasmonic 

2 



Synthesis, functionalization and Biomedical Applications of Silicon-based Particles 

47 

 

Boron‐Hyperdoped Silicon Nanoparticles. Advanced Functional Materials 

2019, 29 (8), 1807788. 

66. Heintz, A. S.; Fink, M. J.; Mitchell, B. S., Mechanochemical synthesis of blue 

luminescent alkyl/alkenyl‐passivated silicon nanoparticles. Advanced 

Materials 2007, 19 (22), 3984-3988. 

67. Kuang, L.; Mitchell, B. S.; Fink, M. J., Silicon nanoparticles synthesised 

through reactive high-energy ball milling: enhancement of optical properties 

from the removal of iron impurities. Journal of Experimental Nanoscience 

2015, 10 (16), 1214-1222. 
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Chapter 3 
 Colloidal Stability and Surface 

Modification of Silicon Nanoparticles  

Abstract: One of the main concerns of silicon nanoparticles (SiNPs) synthesized 

via hot-wall pyrolysis or laser pyrolysis is the poor colloidal stability due to their 

complex agglomerated structure. In this Chapter, our purpose is to improve the 

colloidal stability of SiNPs for potential biomedical applications. It is known that 

the colloidal stability of particles mainly depends on the solvent, size and surface 

chemistry. Batch sedimentation experiments in various solvents suggest that SiNPs 

exhibit good dispersibility in solvents with relatively high dielectric constants (> 5) 

and polarity. However, none of the employed solvents proved favorable as an 

optimum dispersion medium for silicon powder, because the SiNPs did not show 

long-term stability. Therefore, the focus was shifted to reducing the aggregate size 

of SiNPs and surface modification to achieve long-term colloidal stability. It was 

found that centrifugation and acid etching are the most efficient ways to remove 

large aggregates, though also resulting in significant material losses. Finally, the 

overall stability of SiNPs was improved by altering the surface chemistry through 

polymer grafting. The obtained poly(methyl methacrylate) (PMMA)- and 

poly(ethylene glycol)methyl acrylate (PEGMA)-grafted SiNPs show increased 

colloidal stability (at least 4 days) in both aqueous and organic solvents, such as 

dichloromethane (DCM) , ethylene glycol, etc.  

3 

The manuscript of this Chapter is in preparation.  



Chapter 3 

56 

 

3.1 Introduction 

SiNPs have long been used in photonics and electronics, such as silicon anodes 

for lithium-ion batteries, Mie resonators, as well as inks for ink jet printing 

techniques.1-2 Very recently, the development of SiNPs for bioimaging and 

magnetic resonance imaging (MRI) in particular, is attracting great attention.3 

However, widespread use of SiNPs, especially as an imaging tool, still faces 

significant challenges due to the agglomeration of SiNPs and overall poor colloidal 

stability in aqueous as well as non-aqueous media. In general, methods for the 

synthesis of silicon nanoparticles (SiNPs) include Zintl salt oxidation,4-5 thermal 

processing of hydrogen silsesquioxane,6 electrochemical etching,7 laser ablation,8 

laser pyrolysis,9-10 hot-wall pyrolysis11 and ball milling,12 and methods derived from 

these. Among these methods, laser and hot-wall pyrolysis of silanes have been 

flexible and large-scale methods, and the yield is sufficient for structural and 

functional applications.13 Unfortunately, the vapor-phase process14 usually results 

in the formation of chained agglomerates of smaller nanosized particles. 

Agglomeration occurs when the NPs leave the high temperature region and 

coalescence becomes much slower than coagulation.15 Therefore, the branched 

chain agglomeration leads to an actual (agglomerated) particle size of hundreds of 

nanometers to micrometers in size, considerably larger than the size of the 

individual particles.13 Several reports suggest interparticle bonds in silicon-based 

particles like silica can be broken by varying approaches, such as appropriate 

dispersion techniques, high-power ultrasonic treatment, ball milling, centrifugation 

or filtration.15-16 Besides, chemical etching of silicon using HF/HNO3 is well known 

to be effective in removing the oxide layer, reduce size and adjust luminescence 

properties.17 However, there is still a lack in strategies to reduce the aggregate size 

of silicon particles prepared by the vapor-phase process.  

Colloidal stability of particles has been extensively studied over the past few 

decades.18-19 For particles in a dispersion, there are different forces between colloids 
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and medium, such as interactions between individual colloids and medium: 

hydrodynamic forces/friction forces, Brownian motion, gravity, osmotic pressure; 

and colloidal interactions via Van der Waals forces, surface force, depletion forces 

etc.20 Therefore, many factors influence colloidal stability, such as particle 

concentration, density, surface charge, particle size/shape, surface chemistry, 

solvent density and viscosity etc.21-22 Several theories like Stokes’ law, DLVO 

theory have been used to predict the stability of nanoparticles, but they are more 

applicable to individual and spherical particles.23-24 For particles with more complex 

morphology, the batch precipitation test more accurately reflects the true 

dispersibility and stability of particles. 

Moreover, much effort has been invested in enhancing the colloidal stability of 

nanoparticles by modifying surface forces in colloidal interactions, such as through 

the introduction of charges, absorbed ions or surfactants, and coating with grafted 

polymers.25 Covalent attachment of polymer chains to nanoparticles creates steric 

hindrance that diminishes particle aggregation. Generally, two main approaches to 

anchor polymer chains to nanoparticles surface are distinguished, namely “grafting 

to” and “grafting from”.26-27 In a “grafting to” approach, pre-formed end-

functionalized polymers react with an appropriate substrate to form polymer brushes. 

However, the steric hindrance leads to only small amounts of polymer being 

immobilized onto the surface by the “grafting to” approach. In the “grafting from” 

method, functional initiators are covalently attached to the particle surface. The 

“grafting from” method is more promising for synthesizing polymer brushes with a 

high grafting density because of the low steric hindrance and well-defined initiation 

mechanism. Also, surface-initiated atom transfer radical polymerization (SI-ATRP) 

used in the “grafting from” process is considered one of the most effective 

approaches to synthesize polymer-particle hybrids.27-30 Here, poly(methyl 

methacrylate) (PMMA) and poly(ethylene glycol) methyl acrylate (PEGMA) were 
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selected to change the surface chemistry of SiNPs, which would be suitable to 

disperse for a broad range of solvents from non-polar to polar.  

In this Chapter, we aim at gaining a better understanding of aggregation and 

sedimentation processes of SiNPs and their physicochemical stability. To achieve 

this goal, we have developed the following strategies: (1) investigation of the 

dispersibility and colloidal stability of SiNPs in various solvents with different 

dielectric constants, polarity and viscosities, and basic understanding of the solvent-

SiNPs interactions; (2) studying the agglomerated structure and exploring methods 

to reduce the state of agglomeration by several methods, including ball milling, acid 

etching, and centrifugation; (3) utilizing surface passivation to obtain long term 

colloidal stability of SiNPs by grafting polymers via SI-ATPR reactions.  

3.2 Results and discussion 

3.2.1 Characterization of SiNPs 

Size and morphology of SiNPs, prepared either via hot-wall or laser pyrolysis, 

were evaluated by electron microscopy as shown in Figure 3.1. The primary 

particles syntheses by hot-wall pyrolysis (indicated as SiNP50, according to the 

average particle size) and laser pyrolysis (indicated as SiNP80, according to the 

average particle size) are noticeably not separated, but rather connected to each 

other through a “sinter neck” (see Figures 3.1c and 3.1f, magnified images from 

Figure 3.1b and 3.1e, respectively). TEM images (Figures 3.1b and 3.1e) show a 

chain/branch-like agglomerated structure of silicon particles, which consist of 

several tens of primary particles. The individual particles of B-SiNP50 and SiNP80 

have a sphericity close to unity and average particle sizes of 50 ± 17 nm and 80 ± 

14 nm, respectively. Due to the aggregated state of SiNPs, the actual size of silicon 

particles should be much larger than the individual size.  
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Figure 3.1. Characterization of SiNPs. (a, d) SEM images of the morphology of SiNP50 and 

SiNP80; (b, e) TEM images of SiNP50 and Si80 and (c, f) the magnified images of “sinter neck” 

from the red box area shown in b and e.  

Dynamic light scattering (DLS) measurements were used to determine the size 

of particles in suspension. DLS measurements are depicted in Figure 3.2a, and 

reveal for both types of SiNPs hydrodynamic diameters of hundreds of nanometers, 

as expected from their agglomerated structures. XRD patterns (Figure 3.2b) suggest 

both SiNP50 and SiNP80 have a polycrystalline structure with diffraction peaks for 

the (111), (220), (311), (400) and (331) planes. The grain sizes of SiNP50 and SiNP80 

are approximately 9.4 nm and 20.4 nm as calculated from the Scherrer equation. 

Detailed information on the SiNPs, such as surface charge and mean crystallite size, 

is summarized in Table S3.1.  

 

Figure 3.2. (a) Hydrodynamic diameters of SiNPs dispersed in ethanol at a concentration of 

50 μg mL-1 and (b) XRD pattern of SiNPs with indices showing Si crystal phases.  
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3.2.2 Dispersion and stability test of SiNPs 

Dispersion and stability were evaluated for the two types of SiNPs. Herein, we 

show the dispersion results of SiNPs in various liquids after an ultrasound treatment. 

Three classes of dispersion behavior were distinguished and summarized in Table 

3.1.  

Table 3.1. Physical properties of solvents and dispersion test of SiNPsa. 

 

Liquid 

Relative 

polarity 

Dielectric 

constant 

Surface tension 

(mN m-1) 

Dispersion 

test results 

n- hexaneb 0.009 1.89 18.4 Poor 

 Toluenec 0.099 2.40 28.5 Poor 

Anisole 0.198 4.33 35.0 Poor 

Methanold 0.762 32.7 22.5 Good 

Ethylene glycole 0.790 38.7 48.4 Good 

Acetone 0.355 20.7 25.1 Good 

Tetrahydrofuran 0.207 7.58 26.4 Good 

Dichloromethane 0.304 8.93 26.5 Good 

Dimethylformamide 0.386 36.7 37.1 Good 

Dimethylsulfoxide 0.444 46.7 43.5 Good 

Acetonitrile 0.460 37.5 29.3 Good 

Water 1 80.1 72.8 Flotation 

a. Two types of SiNPs, SiNP50 and SiNP80, show similar dispersion behaviors. b. The 

representative of alkyl. Different alkanes and cycloalkanes, n-octane and cyclohexane, have 

also been tested and their dielectric constants are < 5; c. The representative of benzene. A 

different benzene, p-xylene, has also been tested and the dielectric constant is < 5; d. The 

representative alcohol. Other alcohols, ethanol, 1-propanol and isobutanol, have also been 

tested and their dielectric constants are > 5; e. Representative for glycol. Another glycol, 

diethylene glycol, has also been tested and the dielectric constant is > 5.  

Good dispersibility (Figures 3.3a and 3.3d, left side) refers to most particles 

being well dispersed after 30 min of ultrasound treatment. This was observed for 
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solvents such as alcohols, ketones and glycols, which display relatively high 

polarities (> 0.2) and dielectric constants (> 5). Poor dispersion (see for example 

Figures 3.3b and 3.3e, middle side) refers to the situation where most of the particles 

do not remain in dispersions even after intense ultrasound treatment (> 1 h) and 

settle from the suspension very fast, e.g., within1 h. This phenomenon was observed 

for solvents such as 1-hexane, cyclohexane, toluene, p-xylene and anisole, which 

display a lower relative polarity (< 0.2) and lower dielectric constants (< 5). Finally, 

flotation as depicted in Figures 3.3c and 3.3f, right side, refers to silicon powder 

remaining on top of the liquid interface, where no significant quantities of particles 

could be brought into solution, even after intense sonication. This phenomenon was 

only observed for water and might be related to its high surface tension, which is 

too high to ensure that particle agglomerates are even immersed in the liquid. Based 

on the test results, it is anticipated that SiNPs-solvent interactions are weak for 

liquids with very low dielectric constants. Increased interactions between powder 

and solvents can be achieved with increased polarity or dielectric constant.  

 

Figure 3.3. Dispersion behaviors of SiNPs in 1-propanol (left side), n-hexane (middle side) 

and water (right side). The suspension state in water is the sedimented state.  
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In order for SiNPs to remain stably dispersed, repulsive inter-particle forces 

are required to overcome the attractive Van der Waals (VdW) forces between the 

particles. Without external electrolytes, the repulsive forces originate only from the 

SiNP surface charges. The VdW forces strongly depend on the polarizability of the 

medium according to the Lifshitz theory and the Hamaker equation.31 Besides, from 

the Clausius-Mossotti equation:32 

𝛼 = (3 4𝜋𝑁⁄ ) [(𝜀 − 1) (𝜀 − 2)⁄ ]⁄  eq.1 

α is the polarizability and ε is the dielectric constant of the medium. Therefore, the 

attractive forces between particles are weaker in a medium with a high dielectric 

constant. Further, increased solvent viscosity can reduce Brownian motion (the 

collision rate between particles and/or molecules) and increase the friction drag 

force,33 which acts as the force opposite to the settling force of particles. Therefore, 

particles in ethylene glycol and diethylene glycol (high dielectric constants and high 

viscosities) are predicted to remain more stably in solution, than particles in media 

like acetone or dichloromethane. Dispersions of SiNPs in methanol and ethanol 

were also relatively more stable than other solvents like tetrahydrofuran. Although 

particles in methanol and ethanol have smaller drag forces, the alcohol molecules 

can form hydrogen bonds with silanol and silicon oxide moieties on the particle 

surface and form a solvation shell, which can effectively reduce the settling rate. 

However, SiNPs cannot achieve long-term stability in all the above solutions. 

Therefore, the size of particles and surface chemistry are also important factors for 

colloidal stability in solvents. 

3.2.3 Reduction of aggregated size of SiNPs 

Previous reports13, 15 show that high-power ultrasonic treatment and/or ball 

milling are effective strategies to reduce mean nanoaggregate size through 

disaggregation of soft-agglomerates, whereas partially sintered aggregates can only 

be eliminated by centrifugation or filtration. SiNP80 has a somewhat larger size than 
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SiNP50 and they also show similar dispersibility behaviors observed in the previous 

section. Therefore, ball-milling was attempted for SiNP80, however, TEM analysis 

revealed that this is not effective in breaking the chained agglomerate structure 

(depicted in Figure S3.1), suggesting there are primarily sintered aggregates. 

Centrifugation was therefore used to reduce the aggregate size of SiNP80. Size 

fractionated SiNP80 were evaluated by TEM (see Figure 3.4) and DLS, summarized 

results are shown in Table 3.2.  

 

Figure 3.4. TEM images of SiNP80 in ethanol (a) before and (b-c) after centrifugation.  

TEM images reveal only few individual nanoparticles, while the majority of 

particles are still part of (small sized) aggregates. The hydrodynamic diameters of 

SiNP80 in both water and alcohols are below 200 nm, which is a favorable size for 

biological applications due to good clearance properties.34 These suspensions 

remain stable for extended periods of time (no significant settling after 90 + days, 

Figure 3.5). A major downside of size fractionation by centrifugation are the 

substantial material losses (yield < 15%). Final isolated concentrations of SiNP80 

after centrifugation in different solvents are shown in Table 3.2.  
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Table 3.2. DLS values and concentration of SiNP80 after centrifugation for various solvents. 

Sample Liquid DLS (nm) 
Concentration (μg mL-

1) 

SiNPs (80) Water 117.6 21 

SiNPs (80) Methanol 90.7 28 

SiNPs (80) Ethanol 119.6 47 

SiNPs (80) 1-propanol 153.1 287 

SiNPs (80) Tetrahydrofuran 113.4 15 

SiNPs (80) Dimethyl sulfoxide 130.6 35 

SiNPs (80) Ethylene glycol 310.5 23 

 

Figure 3.5. The dispersions of SiNP80 in 1-propanol, ethylene glycol (EG), methanol and 

ethanol after centrifugation at 11,000 r.p.m. during 10 min. 

3.2.4 Chemical etching of SiNPs 

Chemical approaches have also been used to reduce aggregate size and etch the 

surface by mixtures of hydrofluoric acid (HF) and nitric acid (HNO3). The acid 

etching of silicon powder in HF/HNO3 mixtures is described as a two-step chemical 

process including (i) the formal oxidation of silicon to silica (SiO2) by nitric acid 

(eq. 2) and (ii) the subsequent dissolution of formed SiO2 by HF (eq. 3). The overall 

reaction is shown in eq. 2-4.17  

3Si + 4HNO3 → 3SiO2 + 4NO + 2H2O eq.2 
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SiO2 + 6HF → H2SiF6 + 2H2O eq.3 

3Si + 4HNO3 + 18HF → 3H2SiF6 + 4NO + 8H2O eq.4 

After HF/HNO3 etching, the agglomerates are broken up as observed in the 

SEM images in Figure 3.6b. The resulting particles were subsequently washed with 

DI water and ethanol, and approximately 20-30% of the original mass of SiNP80 was 

recovered. In Figure 3.6c, IR spectra of SiNP80 before and after HF/HNO3 treatment 

are depicted. A new signal at around 2110 cm-1 confirms the formation of Si-H 

bonds after HF etching (blue curve), though signals at 1070-1080 cm-1 remain, 

which are assigned to Si-O, indicating SiNP80 is not free of oxygen. Upon addition 

of HNO3, the nanoparticle surface can be further oxidized to form SiO2 (peaks at 

around 3400 cm-1 and 1100 cm-1, pink curve) that can be removed by HF.  

 

Figure 3.6. SEM images of SiNP80 (a) before and (b) after acid etching; (c) IR spectra of 

SiNP80 (black curve), SiNP80 after HF treatment (blue curve) and SiNP80 after HF/HNO3 

treatment.  

3.2.5 Surface modification of SiNPs and characterization 

Both B-SiNP50 and SiNP80 were modified with polymer shells via SI-ATRP 

using methyl methacrylate (MMA) and PEGMA. In this section, we present the 

modification results of B-SiNP50 and the data of SiNP80 can be seen in the following 

supporting information (Figure S3.2-S3.3). The different surface modification steps 

are depicted in Figure 3.7. First, HCl was used to hydrolyze the oxidized SiNPs 

surface to introduce silanol groups. The surface-exposed silanol groups were 

subsequently reacted with (3-aminopropyl) triethoxysilane (APTES). Amino-
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functionalized SiNPs were further reacted with α-bromoisobutyryl bromide (BiBB) 

to form initiator functional SiNP. Finally, PMMA and PEGMA brushes were 

grafted from the obtained SiNP initiators via SI-ATRP with the respective 

monomers.  

 

Figure 3.7. Reaction scheme for the preparation of polymer-coated SiNPs via SI-ATRP.  

Grafting of polymer shells and evaluation of the number of polymer chains on 

the SiNP50 were assessed by FT-IR spectroscopy and thermogravimetry. Figure 

3.8a-b shows a single reflection FTIR absorbance spectrum of the unmodified 

SiNP50, SiNP50-NH2, SiNP50-Br, SiNP50-PMMA and SiNP50-PEGMA. After surface 

modification with APTES, the new peak at 1391 cm-1 is assigned to the -CH2, the 

stretching of C-H is observed at 2933 cm-1 and assigned to alkanes, while the 

bending of N-H was detected at 683 cm-1 (Figure 3.8a, green curve).35-36 The result 

suggested that APTES was successfully grafted onto the SiNP50 via chemical 

bonding. Besides, a new peak at 1721 cm-1 was attributed to the C=O group from 

amide, indicating that the initiator BiBB was also successfully immobilized on the 

surface of SiNP50 (Figure 3.8a, grey curve).36 After polymer grafting, new bands are 

observed at around 2900 cm-1 and 1720 cm-1 on both SiNP50-PMMA and SiNP50-

PEGMA are ascribed to carbonyl (C=O) absorbance of the ester and C-H 

absorbance in the polymer backbone. The characteristic C=O and C-H absorbance 
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bands confirm the modification of PMMA and PEGMA on SiNP50 surface. Non-

isothermal thermogravimetric analysis (TGA) was used to determine the weight loss 

upon heating for SiNP50, SiNP50-Br, and PEGMA/PMMA grafted Si NPs as 

depicted in Figure 3.8c. Approximately 2.1 wt% of ATRP functional initiator was 

coupled to the surface of SiNPs. The amounts of grafted PMMA and PEGMA on 

the SiNPs was approximately 8.2 wt% and 11.9 wt%, respectively.  

 

Figure 3.8. Characterization of polymer coated SiNPs. (a-b) FT-IR spectra of SiNP50, 

SiNP50-NH2, Si50-Br, SiNP50-PMMA and SiNP50-PEGMA. (c) TGA analysis of SiNP50, 

SiNP50-Br, SiNP50-PMMA and SiNP50-PEGMA. 

TEM, as depicted in Figure 3.9, was used to visualize the SiNPs and as-

prepared polymer-grafted SiNPs. A core-shell structure can be discerned for both 

PMMA (Figure 3.9d, the magnified image from Figure 3.9c), as well as PEGMA 

(Figure 3.9f, the magnified image from Figure 3.9e). Due to the irregular shape of 

Si NPs, the shell thicknesses are not uniform. The dry shell thickness is 

approximately 1.8 ± 0.5 nm and 1.7 ± 0.3 nm for SiNP-PMMA and SiNP-PEGMA, 

respectively. Overall, TEM images and previous FT-IR and TGA results confirm 

that both SiNPs-PMMA and SiNPs-PEGMA were successfully prepared.  
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Figure 3.9. TEM images of SiNP50 (a and d), SiNP50-PMMA (b and e) and SiNP50-PEGMA 

(c and f). The red arrows indicate the grafted polymer shells around SiNP.  

3.2.6 Sedimentation behavior of polymer-coated SiNPs 

The colloidal stabilities of as-prepared SiNP50-PEGMA and SiNP50-PMMA 

were investigated through batch sedimentation experiments in ethanol and 

dichloromethane (DCM), respectively. SiNP50 without any polymer coating were 

also suspended in ethanol and DCM as control group. It can be observed that both 

the PEGMA and PMMA coatings enhance particle stability in the corresponding 

solvents. For SiNP50-PEGMA suspended in ethanol, there was also a certain degree 

of sedimentation, but in which almost all the SiNP50 were sedimented. For SiNP50-

PMMA suspended in dichloromethane, no observable changes in the suspension 

take place after 4 weeks. At the same time, SiNP50 showed significant precipitation. 

The sedimentation test of SiNP80 can also be seen in Figure S3.4, the SiNP80-PMMA 

in dichloromethane show no obvious changes within 9 days.  
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Figure 3.10. Sedimentation test of SiNP50, SiNP50-PMMA and SiNP50-PEGMA in ethanol 

and DCM solution. The concentrations of samples were 100 μg mL-1. 

3.3 Conclusion 

In this work, several strategies have been adopted to improve the colloidal 

stability of SiNPs prepared by a vapor-phase process, taking into consideration the 

solvent, size and surface chemistry of SiNPs. First, the dispersion and sedimentation 

behaviors of SiNPs have been investigated in various solvents. The dielectric 

constants and viscosities of the solution play important roles in the dispersion and 

stability of SiNPs. SiNPs can be dispersed in liquids with a dielectric constant higher 

than ~5 and show good stability in alcohols and glycols. In order to reduce the size 

of particles, we used several techniques like ball-milling, centrifugation and acid 

etching to reduce the agglomerated size of SiNPs preparation from hot-wall and 

laser pyrolysis methods. Among them, ball-milling is not efficient to break nano-

agglomerated structures of SiNPs. Acid etching and centrifugation can eliminate 

sintered aggregates but also result in significant material losses. Finally, the overall 

colloidal stability of SiNPs was improved by polymer coating. SiNPs-PMMA and 

SiNPs-PEGMA with a core-shell structure were prepared via SI-ATRP of their 

respective monomers. The grafted polymers are determined to be a powerful tool to 
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improve the long-time stability of SiNPs in both organic liquids and aqueous 

solution. From our opinion, we suggest more efforts should be taken to prepare 

SiNPs with non-agglomeration and in large-scale in the future.  

3.4 Materials and methods 

Materials. Boron doped silicon nanoparticles (SiNPs, the doping level of 5*1017 

atom/cm3) prepared by hot-wall thermal decomposition were gifts from Prof. Julius 

Vancso group. Silicon nanopowder (silicon, 98+%, < 80 nm) was purchased from 

US research nanomaterials Inc via laser synthesized. Copper(I) bromide (CuBr) 98% 

was purchased from Aldrich (Milwaukee, WI, USA). (3-aminopropyl)-

triethoxysilane (APTES) 97%, copper (II) bromide ≥99%, α‐bromoisobutyryl 

bromide (BiBB) 98%, triethylamine (TEA), methylmethacrylate (MMA) and poly 

(ethylene glycol) methacrylate (Mn~ 500) were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). N,N,N’,N”,N”‐pentamethyldiethylenetriamine (PMDETA) 98% 

was purchased from Acros Organics (Geel, Belgium). Acetic acid ≥ 99% was 

purchased from Merck (Darmstadt, Germany). Dichloromethane (DCM)> 99% was 

purchased from VWR International (Germany). Copper (I) bromide was purified by 

stirring in glacial acetic acid, followed by filtration and drying in a vacuum oven for 

overnight at 60 °C. MMA and PEGMA were run over an aluminum oxide column 

to remove the inhibitor. Milli-Q water was produced by a Millipore Synergy system 

(Billireca, MA, USA). All other chemicals were used as received.  

Dispersion and sedimentation test. A simple screening was used to determine the 

dispersibility and stability of suspensions consisting of the silicon powder and the 

various solvents. Preparation of SiNPs dispersions were conducted by introducing 

a small amount of SiNPs powder (20 mg) into 10 mL of solvents that cover a broad 

range of dielectric constants and viscosities such as methanol, ethanol, 1-hexane, 

ethylene glycol and diethylene glycol etc., followed by ultrasound treatment to mix 
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thoroughly. Subsequently, the as-prepared suspensions were sealed in the bottle and 

stand in the fume hood for visually evaluation. 

Centrifugation. After mixing silicon powder (20 mg) in solvents like 1-propanol, 

ethanol, EG, THF etc. The suspensions were subjected to the ultrasonic probe for 

10 min. Samples were centrifugated at 11,000 rpm for 10 min to remove large 

agglomerates, which obtained a little powder less than 3 mg of the initial powder.  

Etching of silicon in HF/HNO3 mixtures. 100 mg silicon powder was dispersed in 

40 mL etch solution, prepared by the mixing of diluted HF (1% w/w) and HNO3 

(20% w/w). The etching mixing solution was treated with sonication at min. After 

that, the etched particles were washed with water and ethanol.  

Hydrolysis. 500 mg SiNPs were suspended in a mixture of 230 mL Mili-Q water 

and 20 mL ethanol by using sonication for 1 h. Diluted HCl was added dropwise to 

the suspension and the final pH value of the suspension was approximately 1. 

Subsequently, the suspension was left to stir at 500 rpm at room temperature 

overnight. The particles were collected by centrifuging at 10,000 rpm for 10 min to 

collect the hydrolyzed SiNPs (SiNPs-OH). SiNPs-OH particles were then 

redispersed with ethanol and centrifuged. This washing process was repeated two 

more times.  

Amino-modification. The obtained SiNPs-OH were redispersed in 80 mL 

water/ethanol (3/7, v/v%) solution by sonication for 30 min and then APTES is 

added to the solution. The suspension was left for stirring at 500 rpm overnight. 

Particles were isolated by centrifugation at 10,000 rpm for 10 min and the 

supernatant is removed. Particles were washed three times with ethanol and the final 

wash with DMF, and then collected by centrifugation.  

ATRP Initiator Immobilization. The as-prepared SiNPs-NH2 were dispersed in 

50 mL DMF by sonication for 30 min. The suspension was cooled down to 0 °C 

with an ice bath, followed by dropwise addition of 4.5 mL TEA and 1.5 mL Bibb 
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within 30 min under stirring at 500 rpm. The mixture solution was then moved to 

room temperature and stirring for 17 h. The reaction mixture was centrifuged at 10, 

000 rpm for 30 min. The isolated initiator immobilized SiNPs (SiNPs-Br) were 

redispersed in ethanol and centrifuged again to remove unreacted TEA, Bibb and 

other residues. The washing process was repeated at least 2 times. After that, the 

obtained SiNPs-Br were dispersed in DMF and used for ATRP.  

Polymer modification. The obtained SiNPs-Br were dispersed in 40 mL DMF, and 

then 4.3 mL MMA was added to the suspension. Simultaneously, 30.4 mg CuBr2, 

45.5 mg CuBr and 15 mL DMF were prepared in a 25 mL round bottom flask. Both 

of two solutions were bubbled with nitrogen for 30 min. Next, 95 μl PMDETA was 

added to the CuBr/ CuBr2 mixture, followed by 30 min nitrogen purging and then 

the mixture solution was transferred to the flask containing the SiNPs-Br/PEGMA 

dispersion. Subsequently, the reactants were reacted at 70 °C and stirred at 500 rpm 

for 1 h under nitrogen atmosphere. The particles were collected by centrifugation at 

10,000 rpm for 30 min. Then the obtained PEGMA grafted SiNPs (SiNPs-PEGMA) 

were redispersed and centrifugation again for washing for 2 more times. After that, 

the as-prepared SiNPs-PEGMA were dispersed in ethanol.  

For PEGMA modification of SiNPs, the procedure is similar, expect that 4 mL 

PEGMA, 8 mg CuBr, 2.5 mg CuBr2 and 50 μl PMDETA were used. Besides, SiNPs-

PMMA was eventually dispersed in DCM instead of ethanol.  

Characterization. The morphology and structure of SiNPs and polymer modified 

SiNPs were characterized by the field-emission transmission electron microscopy 

(TEM) using Philips CM300 microscope operating at 300 kV (FEI/Philips CM300, 

Eindhoven, the Netherlands) and Scanning electron microscope (SEM) by a JEOL 

Field Emission JSM-633OF system (JEOL Benelux, Nieuw-Vennep, the 

Netherlands). X-ray diffraction measurements were used to determine the lattice 

parameters of SiNPs by x-ray diffraction (XRD) on a PANalytical Philips X’Pert 

MPD diffractometer at room temperature using Cu-Kα. Fourier Transform Infrared 
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(FTIR) spectrum was measured with a Bruker ALPHA single attenuated total 

reflection (ATR) FTIR Spectrometer equipped with an ATR single reflection crystal 

(Bruker Optic GmbH, Ettlingen, Germany). Thermal gravimetric analysis (TGA, 

TGA7, Waltham, MA USA) was used to characterize the weight loss of the pristine 

and functionalized SiNPs. A sample weighing ~ 6-10 mg was loaded into a platinum 

pan and set to 50 °C to stabilize. Subsequently, the sample was heated to 800 °C at 

a heating rate of 10 °C /min with an N2 flow of 25 mL min-1. A Malvern Zetasizer 

Nano-ZS (Malvern Instruments, Malvern, UK) was used to determine the values of 

the hydrodynamic radius and surface charge of SiNPs.  
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3.5 Supporting information 

Table S3.1. Detailed information of characterized SiNP80 and SiNP50. 

Samples Size (nm)a 
Hydrodynamic 

diameter (nm)b 

Mean crystalline 

size (nm)c 

Zeta-

potential 

SiNP80 ~80 549 20.4 -32.6 

SiNP50 ~50 280 9.4 -38.1 

a. Size from individual particles; b. Hydrodynamic diameter size of SiNPs from DLS 

measurements in ethanol at a concentration of 50 μg mL-1; c. The grain size of SiNPs is 

calculated by Scherrer equation.  

 

Figure S3.1. TEM images of SiNP80 after ball milling.  

 

Figure S3.2. TEM images and dispersion of SiNP80 functionalization with (a, c left side) 

PMMA and (b, c right side) PEGMA.  

3 



Colloidal stability and surface modification of silicon nanoparticles 

75 

 

 

Figure S3.3. IR spectra of SiNP80 (black curve), SiNP80-PEGMA (red curve) and SiNP80-

PMMA (blue curve).  

 

Figure S3.4. Sedimentation test of SiNP80-PEGMA and SiNP80-PMMA in water and DCM. 

The concentrations of samples are 100 μg mL-1. 
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Chapter 4 
 PEGylated Lipid-coated Silicon 

Nanoparticles with Enhanced Biostability  

Abstract: Silicon particles are becoming a promising diagnostic platform due to 

their potential for hyperpolarized 29Si magnetic resonance imaging (MRI). However, 

biomedical application of silicon particles has been impeded by the poor colloidal 

stability. In this work, silicon nanoparticles (SiNPs) with average individual particle 

sizes of around 50 nm and demonstrated enhanced dynamic nuclear polarization 

(DNP) signals, are stabilized by functional phospholipids. SiNPs coated with 

PEGylated lipids (PEG-LC-SiNPs) show a significant improvement of colloidal 

stability in biological media as determined by dynamic light scattering and 

turbidimetry. Cellular uptake of SiNPs, lipid-coated SiNPs (LC-SiNPs) and PEG-

LC-SiNPs was evaluated in HeLa and Raw 264.7 macrophage cells. Upon exposure 

to HeLa cells, both uncoated SiNPs and coated SiNPs (PEG/LC-SiNPs) can adhere 

to the cell surface and be internalized. However, when the cellular uptake was 

evaluated in Raw 264.7 cells, PEG-LC-SiNPs exhibited decreased uptake as 

compared to uncoated SiNPs and LC-SiNPs. This study indicates that PEGylated 

lipids can enhance the stability of SiNPs and significantly reduce cellular uptake by 

macrophages, bringing their biomedical application within reach. 

  

This Chapter has been submitted.  
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4.1 Introduction 

Silicon micro- and nanoparticles have long been used for applications in 

photonics and electronics.1-3 Recently, the development of silicon micro- and 

nanoparticles for bioimaging,4 and magnetic resonance imaging (MRI) in particular, 

has attracted great attention.5-6 The unique isotope composition of silicon, with only 

4.7% of the spin isotope 29Si, effectively enhances spin isolation with long 

relaxation times T1 and enables hyperpolarization via dynamic nuclear polarization 

(DNP). DNP enhances MR signal by increasing the nuclear spin polarization far 

beyond thermal equilibrium, allowing high sensitive MR imaging over prolonged 

periods of time.7 For example, Cassidy et al. have shown that silicon microparticles 

(~ 2 μm) can be used as long-lived hyperpolarized imaging agents, demonstrating 

in vivo imaging of the gastrointestinal tract.8 However, large sized particles have 

only limited potential in biomedical applications due to their restricted distribution 

within the tissues.9 In general, nanoparticles with sizes below 200 nm are favorable 

for intravascular delivery and show good clearance properties.5, 10 Smaller sized 

SiNPs (10-200 nm) with high purity and relatively large crystallite sizes are 

commonly synthesized by vapor-phase processes like laser pyrolysis or hot wall 

thermal decomposition of silanes, as they are proven flexible and scalable 

methods.11-13 However, the obtained SiNPs still pose considerable challenges 

regarding intravascular use, due to the nanoparticles forming large aggregates of 

hundreds of nanometers to micrometers in size. Alternative approaches for the large-

scale synthesis of non-agglomerated SiNPs are still scarce.3, 14-15  

Previous reports have explored high-power ultrasonic treatment and ball 

milling16 to reduce the aggregate size by disaggregation of soft agglomerates, 

though partially sintered aggregates can only be eliminated by centrifugation or 

filtration, which results in significant material losses.11 Stabilization of nano-

aggregated SiNPs in aqueous solution and biological media is therefore of major 

interest.  
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Numerous studies are devoted to improving the biostability and 

biocompatibility of SiNPs by surface modification of the particles with organic 

ligands.17-18 In general, there are two main approaches towards surface 

functionalization of SiNPs, i.e. hydrosilylation of Si-H moieties on the surface and 

silanization of Si-OH groups.19-21 Typically harsh and often toxic chemicals, such 

as hydrofluoric acid and chlorosilanes, are required to prepare the SiNPs for 

hydrosilylation. Besides, the high sensitivity of hydrosilylation reactions to oxygen 

and water, as well as the commonly obtained relatively low surface coverage of 

functional groups, limit their use for large-scale surface modification of SiNPs. 

Coating with surfactants is a widely used strategy to stabilize inorganic 

nanoparticles and prevent aggregation by providing electrostatic or steric repulsion 

between the nanoparticles, and has also been used to improve the stability and 

dispersibility of SiNPs.1, 25 Some surfactants show toxicity issues, for example, ionic 

surfactants like sodium dodecyl sulfate (SDS) or cetyltrimethylammonium bromide 

(CTAB) coated nanoparticles show significant cytotoxicity.26 Therefore, a versatile, 

straightforward, and effective method with minimized toxicity to stabilize SiNPs is 

of prime interest. 

Phospholipids, which are composed of hydrophobic tails and hydrophilic head-

groups, are natural constituents of the cellular membrane. Phospholipids therefore 

form an interesting/potential candidate for stabilizing SiNPs, owing to their well-

recognized biocompatibility and biodegradability.27-28 Contrary to conventional 

modification approaches, phospholipids can readily coat the surface of NPs via Van 

der Waals forces, electrostatic or hydrophobic interactions, without the need for 

additional chemical modification.29-31 Earlier reported lipid-coated nanoparticles, 

such as lipid-coated zinc oxide nanoparticles32 and lipid-coated gold nanoparticles33 

usually exhibit good stability and biocompatibility due to the structural features of 

lipids. Moreover, functional molecules like polymers, metabolic labels and targeting 

ligands can be incorporated into fluid lipid layers to promote bioactivity.34-35 For 
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instance, PEGylated lipids are often used to form a hydrophilic steric barrier on the 

surface of AuNPs, silica NPs and calcium phosphate NPs to prevent interactions 

with plasma proteins and unspecific uptake by macrophages, thereby ensuring long 

blood circulation times for drug/gene therapy and target imaging.36-38 

In this work, we investigate the DNP characteristics of SiNPs and develop 

strategies to improve their colloidal stability. Herein, we engineer the surface of 

SiNPs with lipids and PEGylated lipids with various PEG molecular weight (MW) 

and density. The PEGylated lipids coated-SiNPs (PEG-LC-SiNPs) are evaluated in 

detail, in comparison with uncoated SiNPs or lipid coated-SiNPs (LC-SiNPs) in 

terms of dispersion stability in biological media, cytotoxicity and cellular uptake 

efficiency. 

4.2 Results and discussion 

4.2.1 Characterization of SiNPs 

Size and morphology of the SiNPs doped with boron (with a doping level of 5 

× 1017 atom/cm3), prepared via hot wall thermal decomposition of diborane and 

silane (see Materials & Methods), were evaluated by electron microscopy. The 

obtained particles are noticeably not separated, but rather connected to each other 

through a “sinter neck” (Figure 4.1a). TEM analysis (see Figure 4.1b) shows a 

chain/branch-like agglomerated state for the SiNPs, which is consistent with earlier 

reports on SiNPs synthesized by thermal decomposition.13 The individual particles 

predominantly display crystalline structures (Figure 4.1b inset) with a lattice 

spacing of 0.31 nm, in agreement with Si(111). SiNPs have a polycrystalline 

structure as determined from the XRD pattern (Figure S4.1) with diffraction peaks 

for the (111), (220), (311), (400) and (331) planes. The grain size of SiNPs is about 

9.4 nm calculated from the Scherrer equation.  

The MRI properties of SiNPs were investigated first, in order to confirm 

similarly promising DNP characteristics as reported earlier for SiNPs prepared via 

4 



PEGylated Lipid-coated Silicon Nanoparticles with Enhanced Biostability 

83 

 

laser pyrolysis,8 ball milling39 and thermal decomposition.40 Surface defects in 

crystalline silicon particles form a source of unpaired electrons that are essential for 

hyperpolarization. Electron paramagnetic resonance (EPR) was therefore performed 

to determine the nature of the defects and the density of free electrons. EPR 

measurements (Figure 4.1c) indicate a high level of surface electronic defects in the 

SiNPs with a g factor of 2.0055 corresponding to Pb defects at the interface of 

crystalline Si and SiO2. More importantly, SiNPs exhibit a significantly enhanced 

hyperpolarized MR signal under proper DNP conditions, as compared to the thermal 

signal without DNP (see Figure 4.1d). These investigations confirm promising MR 

properties, though further more detailed investigations need to be carried out. In the 

current work, we will focus on improving colloidal stability and biocompatibility of 

the SiNPs, their MR characteristics will be described in more detail elsewhere.  

 

Figure 4.1. Characterization of SiNPs prepared by the hot-wall thermal decomposition 

method. (a) SEM and (b) TEM images of the morphology and crystalline structure (inset of 

b) of SiNPs; (c) EPR spectrum of SiNPs displaying a nearly symmetrical line with a g-value 

of 2.0055; (d) Overlay of a thermal intensity (blue curve, after 5000 scans) and DNP 

enhanced signal (green curve, after 18 scans) of 29Si at 11.7 T. 
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4.2.2 Preparation and characterization of Lipid-coated SiNPs  

The employed strategy to stabilize SiNPs entails the use of phospholipid layers 

to coat the SiNP surface, to yield a hydrophilic and biocompatible shell (depicted in 

Scheme 1). The lipid coating process involves adsorption of (aggregates of) SiNPs 

by lipid vesicles via electrostatic interactions; changes in osmotic pressure causes 

lipid vesicles to rupture and eventually form continuous lipid bilayers around the 

SiNPs.29 Poly(ethyleneglycol) (PEG)- modified lipids are used to further improve 

the colloidal stability of SiNPs in biological media because PEG can create steric 

hindrance and resist opsonins, thereby inhibiting protein adsorption and reducing 

macrophages recognition.36 Besides, length and grafting density of PEG chains are 

known to affect the protein adsorption and cellular uptake. PEG with two molecular 

weights (550 Da and 2000 Da) at various densities (2.5-15 wt%) were used to coat 

the SiNPs (depicted in Scheme 1).  

Lipid-coated SiNPs were prepared at a weight ratio of SiNPs to lipids of 1:1, 

and the detailed process is provided in the Supporting Information. TEM images 

show a clear core-shell structure, with a shell thickness of around 3 nm (Figure 4.2a-

b), which corresponds well with the thickness of the phospholipid membrane .41 FT-

IR spectra of non-coated and coated SiNPs are shown in Figure 4.2c. LC-SiNPs and 

PEG-LC-SiNPs present new bands at 2920, 2855 and 1730 cm-1 corresponding to 

stretching vibrations of -CHx and C=O groups of the lipid molecules. In addition, 

vibrations at 1230 cm-1 and 1155 cm-1 are characteristic of the P-O and P=O bonds 

in phospholipids. A quantitative evaluation for each component of the lipid-coated 

SiNPs was carried out by thermogravimetric analysis (TGA) as depicted in Figure 

4.2d. No significant weight losses were observed for uncoated SiNPs. The observed 

weight losses for LC-SiNPs, PEG550-LC-SiNPs and PEG2000-LC-SiNPs are 6.5%, 

4.4% and 3.5%, respectively, indicating minor changes upon altering DOPC 

composition of lipids.  
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Scheme 1. Schematic representation of the formation of lipid-coated SiNPs and the 

composition of lipids/PEGylated lipids.  

DLS and zeta-potential measurements were performed to evaluate the 

hydrodynamic diameter and surface charge of SiNPs before and after modification 

with lipids (Figure 4.2e-f). Uncoated SiNPs show hydrodynamic sizes of 285 ± 4 

nm, while after coating the hydrodynamic size increases to 328 ± 5 nm, indicating 

the presence of lipid layers on the SiNP surface. Uncoated SiNPs further show a 

zeta-potential of -38 mV, and the bare lipid vesicles (small unilamellar vesicles, 

SUV) display a strongly positive zeta-potential value (+ 45.6 mV) due to their 

cationic lipid composition. After coating with lipid layers, the phospholipid shell 

largely neutralizes the negative charges of the SiNPs and the zeta potential increases 
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to +7.3 mV. Similar changes in zeta-potential and particle size were observed upon 

coating with PEGylated lipids (see Figure 4.2e-f). The hydrodynamic sizes of PEG-

LC-SiNPs are slightly larger than LC-SiNPs, likely due to the length of the PEG 

chains (550 and 2000 Da). Homogeneity of these samples was confirmed by low 

polydispersity indices (PDI < 0.2).  

 

Figure 4.2. Characterization of LC-SiNPs/PEG-LC-SiNPs. (a-b) TEM measurements of 

LC-SiNPs; (c) FT-IR spectra and (d) TGA of SiNPs and LC/PEG-LC-SiNPs; (e) DLS and 

(f) zeta-potential measurements of vesicles, PEG-vesicles, SiNPs and LC/PEG-LC-SiNPs. 
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Another weight ratio of SiNPs to lipids at 2:1 was also used to prepare lipid-

coated SiNPs. The DLS and zeta-potential values of the as-prepared PEG/LC-SiNPs 

(as seen in Figure S4.2) show no significant difference from the ratio of 1:1. 

According to the surface area of the employed lipids and SiNPs, the amount of lipids 

are excess for coating SiNPs at both ratios and the details can be seen in supporting 

information. 

Fluorescence microscopy was used to observe the lipid-coated SiNPs (see in 

Figure S4.3). Uncoated SiNPs do not show any fluorescence and can only be 

observed in bright field mode as brown spots. However, after coating with R6G-

labeled lipids, red fluorescent spots are observed, which co-localize well with SiNPs, 

indicating the lipids are attached to SiNPs. These results together indicate successful 

functionalization of the SiNPs surface with cationic lipids, PEG550-coated lipids and 

PEG2000-coated lipids.  

4.2.3 Stability of LC-SiNPs/PEG-LC-SiNPs in biological media 

Many studies have suggested that the stability of NPs in biological solution is 

of great importance to their fate in the human body, as it affects biosafety, blood 

circulation, tissue penetration and cellular uptake.32, 42 Therefore, the stability of 

SiNPs before and after coating with cationic lipids and PEGylated lipids was 

evaluated by dispersing the particles in different media. The stability of SiNPs, LC-

SiNPs and PEG-LC-SiNPs was first evaluated in PBS buffer and 20 wt% NaCl 

solution by sedimentation experiments, DLS and turbidimetry measurements. 

Nanoparticle sedimentation over time is depicted in Figure S4.4-S4.5. Whereas 

uncoated SiNPs settle fully in both PBS and 20% (wt) NaCl solution after 24 h 

standing, LC-SiNPs appeared to be more stable than uncoated SiNPs, but there is 

also some precipitation (as seen in Figure S4.4-S4.5, second samples from left to 

right). PEG-LC-SiNPs with longer PEG chains and at higher chain densities tend to 

remain stable without apparent precipitation. For example, lipids with 2 kDa PEG 

(from 2.5 to 15 wt% of PEG) all display good stability in PBS as no significant 
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precipitation is observed. Coatings with 550 Da PEG are stable only at higher 

densities (7.5 to 15 wt% of PEG), as lower chain densities (2.5 and 5 wt% of PEG) 

still show precipitation. Therefore, PEG2000-LC-Si NPs with a chain density of 10 

wt% was selected for stability comparison with Si NPs, and following evaluations 

in biological media.  

DLS measurements reveal that uncoated SiNPs form micrometer-sized 

aggregates in saline solutions within 5 min, while PEG2000-LC-SiNPs (10 wt% of 

PEG) do not show apparent aggregation and the mean hydrodynamic diameter 

remains almost unaltered over the course of 1 h (depicted in Figure 4.3a, c, 

respectively). These results indicate that hydroxyl groups on the SiNP surface after 

oxidation treatment may help in their dispersion in water due to charge stabilization, 

but this effect is reduced in buffers because of charge screening. After coverage of 

lipids, the silanol groups of SiNPs are concealed and the obtained PEGylated lipid-

SiNPs can be stably dispersed in solution, even at a high ionic strength (3.4 M saline 

solution).  

The sedimentation phenomenon of SiNPs and PEG-LC-SiNPs in PBS and 

high-salt solution was further monitored with a turbidimeter as shown in Figure 4.3b, 

d. Turbidity decreases as particles precipitate out; thus, this decrease of turbidity can 

be used to indicate the stability of the colloidal solution. A sharp decrease in 

turbidity is observed for uncoated SiNPs in both solution (Figure 4.3b, d, blue curve), 

while no significant changes are observed for PEG-LC-SiNPs samples (Figure 4.3b, 

d, yellow curve). Both DLS and turbidity data confirm PEGylated lipids (10 wt% 

of PEG) can improve the stability of SiNPs in saline solution.  
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Figure 4.3. The stability performance of SiNPs after coating with PEGylated lipids bilayers: 

(a, c) DLS measurements of the SiNPs and PEG2000-LC-SiNPs (10 wt% of PEG) in PBS and 

20% (wt) NaCl, respectively; (b, d) Turbidity of SiNPs and PEG2000-LC-SiNPs dispersed in 

PBS and 20% (wt) NaCl as a function of time, the insert pictures represent uncoated SiNPs 

(left sample) and PEG-LC-SiNPs (right sample).  

To better understand the behaviors of SiNPs in biological media, the stability 

of PEGylated lipid-coated SiNPs was evaluated in 1 mg mL-1 bovine serum albumin 

(BSA) and 1 mg mL-1 lysozyme solution, which contain mostly negatively and 

positively charged proteins at neutral pH, respectively. DLS data show that PEG2000-

LC-SiNPs maintain similar hydrodynamic diameters after exposure to both 

solutions for 1 h (Figure 4.4a). In contrast, uncoated SiNPs do not remain stable and 

show rapid aggregation. SiNPs with only a (positively charged) lipid coating is 

insufficient to ensure their stability in a solution containing oppositely charged 

proteins (see Figure S4.6), demonstrating the necessity of PEGylation as stealth 

barrier. DLS results of PEG-LC-SiNPs show no significant changes in either 
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solution, indicating that coverage with PEGylated-lipids can also help maintaining 

SiNPs stable in solution, besides electrostatic repulsions by similarly charged 

proteins. Further, PEG-LC-SiNPs and uncoated SiNPs were also exposed to 10% 

FBS (fetal bovine serum) solution at 37 °C for 24 h to determine their stability under 

physiologically relevant conditions. The hydrodynamic diameter and sedimentation 

tests on PEG-LC-SiNPs (Figure 4.4b and Figure S4.7) reveal only minor changes 

as compared to SiNPs, which suggests moderate PEGylation (10 wt% of PEG) can 

effectively reduce protein binding, but does not fully prevent protein absorption on 

the SiNP surface.  

 

Figure 4.4. Stability of SiNPs and PEG-LC-SiNPs (wt% of PEG: 10%) in biological media. 

Hydrodynamic size of SiNPs and PEG2000-LC-SiNPs after incubation in (a) protein solution 

and (b) dilute serum.  

4.2.4 Cytotoxicity assay of lipid-coated SiNPs 

Cytotoxicity of SiNPs, LC-SiNPs and PEG-LC-SiNPs was investigated in 

HeLa tumor cells (Figure 4.5a) and Raw 264.7 macrophages (Figure 4.5b). 

Metabolic activities of HeLa cells exposed to increasing concentrations of 

nanoparticles are shown in Figure 4.5a, and are all cases higher than 80%. It should 

be noted, however, that SiNPs and LC-SiNPs form sediments and attach to the cell 

surface when employed at higher concentrations (e.g., 50 and 100 μg mL-1). These 
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particles are difficult to remove and might even interfere with the cytotoxicity study 

because the high extinction coefficient of Si NPs may interfere with the reduction 

product resazurin from the AlamarBlue assay as shown in Figure S4.8. PEG-LC-

SiNPs are more stable in solution and do not show significant amounts of aggregated 

nanoparticles in cell culture media compared to SiNPs and LC-SiNPs. Based on 

these observations, we conclude that all samples do not display significant 

cytotoxicity at concentrations of 10 and 20 μg mL-1.  

The Raw 264.7 macrophages are a type of immune cells that are well known 

for recognizing foreign nano- and microparticles and will phagocytize them as a 

way to remove them from the body.43 Metabolic activity of uncoated SiNPs (Figure 

4.5b) suggests that the cells are healthy only when the concentration of particles 

does not exceed 20 μg mL-1, the result is also comparable to previous reports.43 

However, lipid-coated SiNPs show the strongest cytotoxicity even at low 

concentrations. This is likely due to the strong affinity of lipids with the cell 

membrane, in addition to their positive charge, resulting in increased phagocytosis 

by the cells. As for the highest concentration at 100 μg mL-1, the metabolic activity 

value of LC-SiNPs is higher than samples exposed to low concentrations of particles 

(e.g., 20 μg mL-1 and 50 μg mL-1). We hypothesize that this might be due to the 

formation of larger aggregates at elevated concentrations, which cells cannot take 

up. Therefore, the remaining particles may lead to inaccurate cytotoxicity results 

due to overlapping absorption bands as mentioned above. PEGylated-lipids, and 

PEG2000-covered SiNPs in particular, did not display significant cytotoxicity at 

concentrations of 20 μg mL-1. The morphology of the cells did not change, nor did 

cells detach from the surface. At higher concentration (like 50 μg mL-1 and 100 μg 

mL-1), the statistics differences of metabolic activity levels on PEG550-LC-SiNPs vs 

uncoated SiNPs and PEG2000-LC-SiNPs vs uncoated SiNPs are observed (p-value < 

0.001). The cytotoxicity results in Raw cells indicate that PEG550-LC-SiNPs and 

PEG2000-LC-SiNPs perform slightly better in comparison with uncoated SiNPs. 

4 



Chapter 4 

92 

 

 

Figure 4.5. Cell metabolic activity of (a) HeLa and (b) Raw 264.7 cells after exposure to 

varying concentrations of uncoated and modified SiNPs for 24 h. Bars represent from left to 

right exposure to SiNPs, LC-SiNPs, PEG550-LC-SiNPs and PEG2000-LC-SiNPs. Statistics 

differences are indicated by * for p-value < 0.05, ** for p-value < 0.01 and *** for p-value 

< 0.001.  

4.2.5 Cellular uptake experiments of lipid-coated SiNPs 

For biomedical applications, NPs need to resist nonspecific cellular uptake, 

especially by macrophage cells, in order to ensure long blood circulation times and 

prevent unwanted side effects. LC-SiNPs and PEG-LC-SiNPs were first incubated 

with Raw 264.7 macrophages and the qualitative uptake results after 2 h, 6 h and 18 

h incubation are shown in Figure 4.6 and Figure S4.9-S4.10. Increased cell 

attachment and/or cell internalization of LC-SiNPs is observed as compared to PEG-

LC-SiNPs. The behavior of LC-SiNPs is likely due to the positive surface charge, 

promoting strong interactions with the negatively charged cell membrane. Cellular 

uptake of uncoated SiNPs with negative charge was also studied and compared with 

LC-/PEG-LC-SiNPs (Figure S4.11). Although SiNPs show no fluorescence, 

fortunately, the high refractive index of silicon provides sufficient contrast in bright 

field microscopy. SiNPs show uptake/adhesion by Raw 264.7 due to randomly 

uptake because macrophages can recognize foreign nano- and microparticles. Both 

SiNPs and LC-SiNPs in Raw 264.7 cells is similar show stronger interactions with 

cells (uptake/adhesion) than in the case of PEGylated-lipids. Therefore, the steric 
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hindrance created by PEGylated lipids plays the most important role in inhibition of 

protein adsorption, and especially opsonins (as studied by previous reports),36, 44 

which are immediately recognized by the mononuclear phagocytic system and 

cleared from the bloodstream. Optical microscopy cannot distinguish whether the 

NPs are internalized into the cells or only adhere to the external surface of the cell 

membrane.45-46 The notable differences in fluorescence intensity between LC-SiNPs 

and PEG-LC-SiNPs do, however, indicate that PEGylation better prevents 

unspecific absorption or uptake by macrophages. 

 

Figure 4.6. Fluorescence imaging of LC-SiNPs, PEG550-LC-SiNPs and PEG2000-LC-SiNPs 

after incubation 6 h with Raw 264.7 cells. SiNPs were observed by the coverage of lipids 

marked with R6G dyes (red color) (the second column), the cell membrane was stained with 

CF®405S 405 WGA S dye (green color) (the third column). The concentration of SiNPs 

used for imaging was 40 μg mL-1. The scale bars indicate 200 μm. 

HeLa cells were also exposed to SiNPs and lipid-coated samples. Both LC-

SiNPs and PEG-LC-SiNPs) are gradually internalized by the cells during the 

incubation time (from 2 h to 24 h, see Figure 4.7 and Figure S4.12). After 2 h 

incubation (Figure S4.12), all SiNP samples are taken up by the cells to a certain 

extent and are mainly distributed on the cell membrane. LC-SiNPs are relatively 

easily taken up by HeLa cells due to the stronger positive surface charge and their 

smaller size as compared to PEG-LC-SiNPs. With increasing incubation times (6 h 
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and 24 h, Figure 4.7 and Figure S4.12), all samples are internalized and moving 

from cell membrane to the asymmetric perinuclear region (outside the cell nucleus) 

also known as microtubule organizing center (MTOC).44,47 Unlike Raw 264.7 cells, 

PEGylated SiNPs can be internalized by HeLa cells that suggest the chain length 

and density of PEG is not excessive, since otherwise inhibition of cellular uptake 

would be observed.44, 48  

 

Figure 4.7. Fluorescence imaging of LC-SiNPs, PEG550-LC-SiNPs and PEG2000-LC-SiNPs 

after incubation 4 h with HeLa cells. SiNPs were observed by their coated lipids marked 

with R6G dyes (red color) (the second column). The cell membrane was stained with 

CF®405S 405 WGA S dye (green color) (the third column). The concentration of SiNPs 

used for imaging was 40 μg mL-1. The scale bars indicate 200 μm. 

4.3 Conclusions 

In the present study, the investigated SiNPs show potential for use in 

hyperpolarization MRI. The poor stability of SiNPs in biological media was 

improved by a facile approach to engineer the surface of SiNPs via electrostatic 

interaction with lipids or PEGylated lipids, without the need for complicated 

chemical conjugations. PEGylated lipids-coating SiNPs (PEG-LC-SiNPs) show 

high stability in both salts and protein solutions without large aggregates, thus 
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suggesting PEGylation plays an important role in increasing the colloidal stability 

of SiNPs. Besides, PEG-LC-SiNPs display limited macrophage cell uptake 

compared to uncoated SiNPs and lipid-coated SiNPs indicating the potential of this 

material for long blood circulation in vivo. Both LC-SiNPs and PEG-LC-SiNPs can 

effectively adhere or be internalized into HeLa cells. This work demonstrates that 

lipid-coating is a versatile strategy to improve the solution stability of inorganic 

silicon nanoparticles, while the incorporation of PEGylated lipids provides stealth 

behavior, facilitating the application of SiNPs in biomedical imaging and 

theranostics.  

4.4 Materials and methods 

Materials. Boron doped SiNPs (the doping level of 5*1017 atom/cm3) prepared by 

hot-wall thermal decomposition were gifts from Prof. Julius Vancso group. 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-3-

trimethylammonium-propane (chloride salt) (DOTAP), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (Liss 

Rhod PE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-550] (ammonium salt) (PEG550 PE), 1,2-dioleoyl-

sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] 

(ammonium salt) (PEG2000 PE), bovine serum albumin (BSA), lysozyme, 

Dulbecco modified Eagle’s medium (DMEM), fetal bovine serum (FBS), penicillin-

streptomycin (containing 10.000 units penicillin, 10 mg streptomycin mL-1), 4’, 6-

diamidino-2-phenylindole dihydrochoride (DAPI, 98%), phosphate buffered saline 

(PBS) tablets and sodium chloride (NaCl) were all purchased from Sigma Aldrich. 

Nitric acid (HNO3, 65%) was purchased from VWR chemicals. CF®405S Wheat 

Germ Agglutinin (WGA) was purchased from Biotium. All chemicals were used 

without further purification, unless stated otherwise. 
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Preparation of suspension of silicon nanoparticles (SiNPs). SiNPs were 

suspended in Mili-Q water using sonication for 30 min. Subsequently, diluted nitric 

acid (HNO3) was added to the suspension while stirring at 500 rpm at room 

temperature and the pH value of the suspension is about 2~3. The suspension was 

left for stirring overnight, followed by centrifuged at 10,000 rpm (10,509 rcf) for 10 

min to collect the SiNPs. The obtained SiNPs were re-dispersed with water and 

centrifuged, the washing process were repeated for at least three times. Then the 

SiNPs were dried in an oven and re-dispersed in water again. 5 mg mL-1 SiNPs 

suspension was prepared as a stock solution for lipid-coating. 

Preparation of small unilamellar vesicles (SUV) and PEG-SUV. Small 

unilamellar vesicles (SUVs) were prepared beforehand by using the hydration and 

extrusion method.1 Briefly, lipid mixture for making SUVs with 70 mol% DOPC, 

and 30 mol% DOTAP was prepared by mixing a stock solution of DOPC (10 mg 

mL-1) and DOTAP (10 mg mL-1) in chloroform. Different amount of PEG-modified 

lipid and Rhod DOPE was added at this step when it is needed. This lipid mixture 

was injected into a glass vial and evaporated under a gentle flow of nitrogen gas 

until lipid films formed on the wall. Then, the vial was put into a vacuum desiccator 

for at least 1 hour to remove the chloroform completely. Afterward, 1 mL of Milli-

Q water was injected and shaken until all lipids were hydrated and dissolved from 

the wall of the vial. The opaque aqueous solution was then extruded 11 times with 

a Mini-Extruder kit (Avanti Polar Lipids), equipped with a polycarbonate membrane 

of 100 nm pores (Whatman) to form SUVs. This SUVs solution was stored in the 

refrigerator and used within 2 weeks. 

Fabrication of the LC-SiNPs and PEG-LC-SiNPs. The fusion of cationic 

SUVs/PEG-SUVs and electronegative SiNPs were proceeded by mixing the 

prepared solutions of SUV and SiNPs. The solution of cationic SUVs/PEG-SUVs 

(1 mg mL-1) was mixed with SiNP suspension (1 mg mL-1) with a volume ratio of 

1:1. The surface ratio of vesicles to SiNPs is calculated to be around Slipids/SSiNPs ≈ 
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5.7, indicating vesicles are in excess. After 20 mins incubation, 10×PBS buffer (0.1 

M sodium dihydrogen phosphate and 0.15 M sodium chloride, pH 7.4, volume ratio 

of mixed solution to PBS buffer solution is 1:1) was added and incubated for 30 min 

at room temperature. Excessed lipids were removed by centrifugation at 8,000 rpm 

(5,900 rcf) for 5 min. The obtained LC-SiNPs and PEG-LC-SiNPs were washed 

once with water and dispersed in 1×PBS.  

Characterization of LC-SiNPs and PEG-LC-SiNPs. The morphology and 

structure of SiNPs, LC-SiNPs and PEG-LC-SiNPs were characterized by the field-

emission transmission electron microscopy (TEM) using Philips CM300 

microscope operating at 300 kV (FEI/Philips CM300, Eindhoven, the Netherlands). 

The hydrodynamic diameter of SiNPs, LC-SiNPs and PEG-LC-SiNPs were 

measured by dynamic light scattering (DLS) using Zetasizer Nano ZS (633 nm, 

scattering angle 173 °C Malvern Instruments, Herrenberg, Germany). The zeta-

potential measurements were performed by Zetasizer Nano ZS in a clear disposable 

folded capillary cell (DTS 1070, Malvern Instrument). Thermal gravimetric analysis 

(TGA, TGA7, Waltham, MA USA) was used to characterize the weight loss after 

lipid coating under N2 atmosphere. Changes of surface groups of SiNPs after coating 

were analyzed using a Bruker Alpha single attenuated total reflection (ATR) FTIR 

Spectrometer equipped with an ATR single reflection crystal (Bruker Optic GmbH, 

Ettlingen, Germany). 

EPR measurements. The continuous wave EPR spectrum was recorded at room 

temperature using a X-band EMX spectrometer (Bruker Biospin GmbH, Germany). 

The magnetic field was swept from 3100 – 3600 Gauss with 1024 points, 100 kHz 

modulation frequency, 60 ms conversion time and 163.84 ms time constant. The g-

value was determined by the zero-crossing in the spectrum.  

DNP polarization. Polarization was performed in a 3.38T in-house built polarizer 

similar to described earlier, comprising a pumped bath cryostat, an iSpin NMR 

spectrometer (Spincore Technologies, FL, USA) and a 94-96 GHz microwave 
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source (Virginia Diodes Inc., VA, USA). The standard coil was modified to increase 

the signal to noise ratio. A fixed 29Si tuned Alderman-Grant coil made to fit the 

sample was inductively coupled to an un-tuned saddle coil connected to the 

spectrometer. Microwave irradiation with frequency modulation was performed 

with a triangular shaped modulation from 94.70 to 94.85 GHz, with a modulation 

frequency of 500Hz. Spectra were processed using the ssNake software package, 

using a 500 Hz line broadening prior to Fourier transform. DNP build-up curves 

were recorded with a series of pulse-acquire experiments with a repetition time of 

60 s and a low ~15-degree flip angle. The DNP profile was recorded using CW 

microwave irradiation for 600 s and a single pulse-acquire readout using a ~90-

degree flip angle. 

Stability assay. To evaluate the stability of LC-SiNPs and PEG-LC-SiNPs, the 

obtained samples were suspended in PBS, 20% (wt) NaCl, 1mg mL-1 BSA, 1mg 

mL-1 lysozyme and 10% FBS at the concentration of 50.0 μg mL-1. Stability tests in 

salt and single protein solutions were conducted for 1h at room temperature. For 

serum stability tests, samples were suspended in 10% FBS and incubated at 37 °C. 

The stability of samples was characterized by DLS and turbidity meter.  

Cell culture and cell viability. HeLa cells and Raw 264.7 cells were cultured in a 

complete DMEM medium containing 10% fetal calf serum, 1% penicillin and 

streptomycin and at 37 °C in a humidified atmosphere with 5% CO2. HeLa and Raw 

264.7 cells were seeded at 10 × 103 cells/well on 96-well plates and incubated at 

37 °C with 5% CO2. Sample solutions like uncoated SiNPs, LC-SiNPs and PEG-

LC-SiNPs in water were radiated under UV lamp overnight and diluted with 10% 

FBS DMEM to the final concentrations (100, 50, 20, 10 μg mL-1). After 24 h of 

seeding, 100 μl of sample solutions or medium for the references were added per 

well. The medium of the negative control was aspirated 30 min prior to the assay 

and replaced by 70% methanol. After 24 h incubation, the medium was aspirated 

and the cells were washed with 100 μl PBS. Subsequently, 100 μl of freshly 
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prepared resazurin solution. After incubation for 4h the cell viability of each SiNPs 

concentration was determined on a Tecan infinite m200 plate reader at excitation 

and emission of 560/590 nm. All experiments were performed in triplicate in order 

to ensure reproducibility. Results were expressed as mean and standard deviation to 

perform one way ANOVA followed by a Tukey’s post-testing using origin 2019 

software and significance level was considered at p-values of p < 0.05 (*), p < 0.01 

(**) and p < 0.001 (***). 

Internalization experiments in HeLa and Raw 264.7 cells. HeLa and Raw 264.7 

cells were seeded at 10 × 103 cells/well on a 35-mm imaging Dish (ibidi GmbH). 

Sample solutions like SiNPs, LC-SiNPs and PEG-LC-SiNPs in DMEM with 10% 

FBS were diluted to a final concentration of 50 μg/mL. The day after seeding, 

sample solutions were added and incubated for different time intervals: 2, 4, 16 and 

24h. Then the cells were washed with PBS followed by the fixation of the cells using 

4% formaldehyde. The cells were stained with DAPI for 10 min and CF®405S 405 

WGA S for 20 min. Finally, cells were washed and stored in PBS for imaging using 

Fluorescence microscopy (Olympus, BX53), confocal laser scanning microscopy 

(CLSM, Nikon A1) and differential interference contrast (DIC) accessories. 
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4.5 Supporting information 

 

Figure S4.1. XRD pattern of SiNP, with indices showing Si crystal phase. 

 

Figure S4.2. (a) DLS and (b) zeta-potential measurements of SiNPs and LC/PEG-LC-SiNPs; 

the weight ratio of SiNPs to lipids is at 2:1 (SiNPs: 2 mg mL-1, lipids: 1 mg mL-1, the volume 

of SiNPs and lipids is the same). 
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Figure S4.3. Fluorescence imaging of lipids-coating samples. PEG-LC-SiNPs show red 

fluorescent spots indicating the coverage of lipids; Only in the presence of SUV show red 

fluorescence in the wide-field image; SiNPs show no fluorescence and the image is dark. 

Scale bar: 20 μm. 

 

 

Figure S4.4. Sedimentation tests of SiNPs, LC-SiNPs and PEG-LC-SiNPs (wt% of PEG 

from 2.5-15%, PEG chain 550 Da and 2000 Da) in PBS after 24 h standing. 
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Figure S4.5. Sedimentation tests of SiNPs, LC-SiNPs and PEG-LC-SiNPs (wt% of PEG 

from 2.5-15%, PEG chain 550 Da and 2000 Da) in salts solution after 24 h standing. 

 

Figure S4.6. Sedimentation tests of SiNPs, LC-SiNPs and PEG2000-LC-SiNPs (wt% of PEG 

10%) samples in BSA and lysozyme solution (1 mg mL-1) after 4h standing.  

 

Figure S4.7. Sedimentation tests of SiNPs, LC-SiNPs and PEG-LC-SiNPs (wt% of PEG 

from 2.5-15%, PEG chain 550 Da and 2000 Da) in 10% FBS solution after 24 h standing 

under 37 °C. 

4 



PEGylated Lipid-coated Silicon Nanoparticles with Enhanced Biostability 

103 

 

300 400 500 600 700 800

0.2

0.4

0.6

0.8

1.0

1.2

In
te

n
si

ty
 (

a.
u

.)

Wavelength (nm)

 SiNPs

 

Figure S4.8. UV-vis spectra of SiNPs.  

 

 

Figure S4.9. Fluorescence imaging of LC-SiNPs, PEG550-LC-SiNPs and PEG2000-LC-SiNPs 

after incubation 2 h with Raw 264.7 cells. SiNPs were observed by the coverage of lipids 

marked with R6G dyes (red color) (the second column), the cell membrane was stained with 

CF®405S 405 WGA S dye (green color) (the third column). The concentration of SiNPs 

used for imaging was 40 μg mL-1. The scale bars indicate 200 μm. 
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Figure S4.10. Fluorescence imaging of LC-SiNPs, PEG550-LC-SiNPs and PEG2000-LC-

SiNPs after incubation 2h and 18h with Raw 264.7 cells. SiNPs were observed by the 

coverage of lipids marked with R6G (red color). The concentration of SiNPs used for 

imaging was 40 μg mL-1. The scale bars indicate 200 μm.  
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Figure S4.11. The bright field images of LC-SiNPs, PEG550-LC-SiNPs and PEG2000-LC-

SiNPs after incubation 2h, 18h and 24h with Raw 264.7 cells. The scale bars indicate 200 

μm. 
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Figure S4.12. Fluorescence imaging of LC-SiNPs, PEG550-LC-SiNPs and PEG2000-LC-

SiNPs after incubation 2 h and 24 h with HeLa cells. SiNPs were observed by their coated 

lipids marked with R6G dyes (red color) (the second column). The cell nucleus was stained 

with DAPI dye (blue color) (the third column). 
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Chapter 5 
 Facile Preparation and Functionalization 

of Aggregation-free Silicon Particles 

Abstract: A simple, low-cost and scalable method for preparation of non-

agglomerated crystalline silicon nanoparticles is demonstrated, using a top-down 

wet-milling process in which silicon lumps are broken down to give micro- and 

nanoparticles. Bulk silicon and silicon powder with different crystal structures have 

been used as starting materials for the milling process. It was found that the blender 

works more efficiently in breaking polycrystalline bulk silicon to silicon 

nanoparticles as compared to bulk monocrystalline silicon and silicon powder. The 

as-prepared silicon nanoparticles from polycrystalline silicon lumps (poly-SiNPs) 

are aggregation-free with a nearly spherical shape. After a size separation process 

using different centrifugation speeds, the particle diameters can be below 200 nm, 

which is a favorable size for biological applications. To evaluate their potential 

applications in bioimaging and to facilitate tracking of the SiNPs, fluorescein 5-

isothiocyanate (FITC) is coupled on the surface of amine-modified SiNPs to form 

fluorescently labeled SiNPs (FL-SiNPs). Further, FL-SiNPs are coated with 

rhodamine-B (Rhod-B) labeled lipids in a solvent-exchange method. The formation 

of FL-SiNPs and lipid-coated SiNPs (LC-SiNPs) with non-agglomeration and good 

colloidal stability are promising to be used as targeted imaging probes in the future.  
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5.1 Introduction 

Silicon has been extensively studied in a wide variety of applications, in 

particular also in the diagnosis and therapy of diseases.1-3 Silicon particles can be 

non-porous or porous and the size of individual particles usually ranges from a few 

nanometers to hundreds of nanometers depending on the synthetic method.4-6 

Various procedures have been developed to prepare silicon particles that can be 

divided into top-down and bottom-up methods including both physical and chemical 

approaches. Silicon nanoparticles with sizes below 5 nm, also coined silicon 

quantum dots, can be prepared by bottom-up approaches such as wet-chemical 

synthesis. Approaches include the oxidation of silicon species, typically Zintl salts, 

and reduction of SiCl4 or SiBr4 using reducing agents such as alkali metals, sodium 

naphthalide or LiAlH4. The obtained small silicon nanoparticles show size-

dependent photoluminescence due to quantum confinement effects, and thus are 

mainly used as fluorescent imaging agents or sensors in biomedicine.7 However, a 

lack of control over photoluminescence emission, complex synthesis, and 

characterization are still the main challenges for the preparation of small-sized 

SiNPs.8 Recently, crystalline silicon nanoparticles (SiNPs) with sizes of 10-200 nm 

were demonstrated to show unique optical and hyperpolarized magnetic properties 

due to their high-refractive index dielectric and large semicrystalline network.9-10  

However, only a few methods for large-scale preparation of SiNPs in the 

specific size range (10-200 nm) are known, i.e. top-down approaches like ball 

milling of bulk silicon,11-13 or vapor-phase processes, such as the thermal 

decomposition of silane14-15 and laser pyrolysis of silane.16-18 For example, Shi et al. 

prepared silicon particles with larger size around 400-500 nm on a large scale by 

trisilane decomposition using a batch-scale reactor.19 The obtained SiNPs are 

amorphous, however, it is well-known that optical properties and polarizability are 

directly correlated with the crystallinity of the particles. Ball-milling12, 20 can be a 

low-cost and scalable method to prepare SiNPs, but the method usually results in 
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high reaction temperatures (up to 500 °C) and is time consuming, as well as the size 

distribution of particles is broad ranging from a few nanometers to hundred 

nanometers. Silicon nanoparticles are produced on large scale by vapor-phase 

processes.21 However, the morphology of silicon prepared by laser pyrolysis of 

silane shows typical high degrees of agglomeration and polydispersity.  Non-

agglomerated spherical nanoparticles of uniform size are desired in many potential 

applications especially in biomedicine. Despite all these advances, facile, scalable 

and low-cost methods to produce freestanding, crystalline SiNPs is currently still 

challenging.  

Plain and coworkers were the first to use a wet milling approach to prepare 

aggregation-free silicon nanoparticles that show strong electric and magnetic Mie 

resonances in the visible range.22 In this work, we explore a similar top-down route 

to prepare silicon particles from bulk silicon or silicon micropower with different 

crystallinity. The starting materials are silicon micropowder, silicon wafers and 

silicon lumps with monocrystalline or polycrystalline structures. These silicon 

materials are milled under aqueous conditions to yield micro- and nanoparticles, 

which are characterized in detail. The obtained SiNPs from polycrystalline silicon 

lumps is subsequently functionalized with (3-aminopropyl) triethyoxysilanes 

(APTES) to make it chemically active.23 Fluorescein 5-isothiocyanate (FITC) as a 

model molecule was coupled on the surface of SiNPs through the reaction between 

-N=C=S groups and surface -NH2 groups.24-25 Phospholipids can also be coated on 

SiNPs by a solvent-exchange method.26-27 There are two main reasons for 

functionalization of FITC and phospholiqids on SiNPs surface. First, coupling 

fluorescent agents is one of the most useful approaches for cellular imaging and 

diagnostics. The fluorescently labeled SiNPs may have the potential to be used as a 

dual imaging probe that combines fluorescence imaging with hyperpolarized 29Si 

MRI in the future. Second, the lipids coating may ensure SiNPs with better 
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biocompatibility and stability in biological media, also provide a broad range of 

potential applications such as targeted imaging and diagnosis.  

5.2 Results and discussion 

5.2.1 Preparation of free-standing silicon particles 

Therefore, colloidal silicon particles were first prepared from materials with 

different crystallinity and hardness like monocrystalline silicon wafers, 

polycrystalline silicon lumps and silicon powder in deionized water using a blender 

as schematically depicted in Figure 5.1.  

 

Figure 5.1. Scheme representation of the milling process used to prepare silicon particles 

with different starting materials.  

The preparation time depends on the starting material ranging from 4 h to 8 h, 

and the color of the colloidal solution turns dark brown or brown, after which the 

results are shown in Figure 5.2. The obtained products after milling are referred to 

as mono-Si and poly-Si according to their crystal structure. The obtained dispersion 

of mono-Si is dark gray in color and settled almost entirely within 2 h, due to large 

size of particles. SEM images are depicted in Figure 5.2a and reveal the mean and 
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median sizes of mono-Si are 11.8 μm and 9.8 μm, respectively, with irregular shapes 

even after several milling runs (2-3 times), as compared to poly-Si (date not shown).   

Only a minor part of the particles has sizes below 1 μm (Figure 5.2a, the inset image), 

though with near-spherical morphology. X-ray powder diffraction (XRD) analysis 

(depicted in Figure 5.2d) shows that the obtained mono-Si particles are in fact 

polycrystalline, despite the fact that the starting material, the silicon wafer, is single 

crystalline (Figure 5.2c). The change in crystallinity might be caused by the change 

of surface strain during the milling process, which was observed earlier for ball 

milled silicon particles28 and Ti2O3 nanoparticles.29  

 

Figure 5.2. Characterization of mono-Si particles: (a) SEM analysis and (b) size distribution 

of mono-Si particles after 8 h milling process; XRD patterns of (c) single crystalline silicon 

wafer (i.e., starting material) and (d) as-prepared mono-Si particles. 

The freshly milled poly-Si is brown/gray in color and, when left to settle for 

one day, becomes a lighter brown. Poly-Si samples show a mixture of nano- and 

sub-micron silicon particles as determined by SEM analysis (see Figure 5.3a). 

Importantly, the obtained poly-Si particles are free-standing particles without 
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agglomeration (Figure 5.3a, the inset image), unlike particles prepared via vapor-

phase synthesis.14, 21, 30 Figure 5.3b depicts the XRD pattern of poly-Si particles with 

sharp signals indicating the presence of particles with high crystallinity. Diffraction 

peaks corresponding to the (111), (220), (311), (400) and (331) planes of 

polycrystalline Si are consistent with the source polycrystalline silicon lumps. These 

characterizations suggest poly-Si particles are present, with high purity and 

crystallinity. However, the particle size distribution of these poly-Si particles is 

relatively broad. In order to obtain the particle size of interest (nanosized particles, 

sub-200 nm), size separation needs to be carried out, as will be discussed in the 

following section.  

 

Figure 5.3. (a) SEM image of poly-Si particles deposited onto a silicon substrate and (b) 

XRD pattern of poly-Si particles powder where indices indicate Si phase.  

A similar milling process was also used to prepare silicon particles from 

polycrystalline silicon powder with an average size of around 44 μm (~ 325 mesh). 

However, the size of the obtained silicon particles shows no significant change 

compared to the size of the starting material, even under the same blending time as 

polycrystalline silicon lumps. The size results of the obtained silicon particles from 

different starting materials suggest the wet-blending method is more suitable for 

breaking up bulk materials instead of soft materials like powder. Therefore, we 

mainly study the product prepared from silicon lumps.  
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From SEM results on mono-Si and poly-Si particles, the blender process is not 

efficient to prepare single crystalline silicon particles with nano-scale size. 

Monocrystalline silicon has considerably higher mechanical strength and hardness 

than polycrystalline silicon and amorphous silicon,31 therefore, a higher energy 

method like ball milling28 may be more suitable to break monocrystalline silicon 

wafers and reduce particle sizes. Since the wet-milling technique gives most readily 

access to nano-sized poly-Si (< 200 nm), these particles will be explored further in 

the following experiments.  

5.2.2 Size separation of poly-Si particles 

The initially obtained poly-Si particles display a broad size distribution as 

shown in the previous section. Fractionation by centrifugation at different rotation 

speeds was used to narrow the size distribution and reduce average particle size. 

After each different speed of centrifugation, larger particles were left to settle to the 

bottom and 75% of the supernatant was collected as final product. Morphologies 

and size distributions of selected representative samples are depicted in Figure 5.4. 

At a low centrifugation speed (100 rcf, Figure 5.4a-b), sub-micron sized particles 

with irregular shapes are observed. As the centrifugal speed increases (from 640 g 

to 2640 g, Figure 5.4c-h), the particle sizes become smaller and the particle 

morphologies shift to nearly spherical. None of the colloidal silicon particles 

presents visible aggregation.  
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Figure 5.4. SEM images of poly-Si particles after centrifugation at different speed; (a) 100 

g, (c) 640 g, (e) 2000 g and (g) 2640 g, and their respective size distributions (b, d, f and h) 

after counting at least 150 particles.  

Detailed characterization data of all centrifuged samples (denoted from A to H) 

is summarized in Table 5.1, including size measured by DLS and concentration 

determined by UV-vis using Beer-Lambert law (see Methods and Materials section). 

Figure 5.5 shows the vials containing poly-Si particles after centrifugation, with 

sample colors changing from dark brown to light yellow, indicating the variation in 
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particle sizes and concentration. Samples D-H remain stable in solution for several 

months without noticeable precipitation (3+ months) due to their small size and the 

dilute sample concentration.  

Table 5.1. Dynamic light scattering results and concentration of final suspensions after 

centrifugation.  

Sample 
Relative centrifugal 

force (g) 

Particle size 

from DLS (nm) 
PDI 

Concentration 

(μg mL-1) 

A - 266.6 0.169 223.6 

B 100  225.5 0.133 143.9 

C 400  178.6 0.153 93.5 

D 640  156.6 0.111 72.3 

E 1260  138.2 0.132 43.5 

F 1640  129.9 0.125 31.4 

G 2000  123.1 0.149 24.9 

H 2640  113.5 0.129 17.4 

 

Figure 5.5. Pictures of vials containing poly-Si particles dispersed in deionized water after 

centrifugation at different speeds from 0 rcf (no centrifugation, sample A) to 2640 rcf 

(sample H).  

5.2.3 Fluorescent labeling 

Sample D, designated here as “poly-SiNPs” (centrifugation at 640 g), was used 

in a subsequent surface functionalization, due to its high stability in aqueous 

solution and small particle size. The colloidal poly-SiNPs show a zeta-potential of 

-31.4 mV, indicating the presence of a negatively charged oxide layer on the particle 
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surface. Poly-SiNPs were treated with dilute hydrochloric acid to promote the 

adsorption of APTES, and subsequent silanization to introduce amino groups 

(Figure 5.6, step 1). The resultant surface amine groups readily react with 

fluorescein isothiocyanate (Figure 5.6, step 2), to yield fluorescently labeled FL-

SiNPs.  

 

Figure 5.6. Fluorescent labelling of poly-SiNPs with APTES and FITC by a two-step 

modification. 

FT-IR spectra of the obtained products from the above reactions can be seen in 

Figure 5.7a. All measurements are performed after the purification process using 

centrifugation and washing steps. Poly-SiNPs and NH2-SiNPs share similar spectral 

properties at wavelengths of 1100-1200 cm-1 corresponding to silicon oxide bonds 

(Si-O-Si). The spectrum of poly-SiNPs (black curve), however, displays a band at 

1620 cm-1 corresponding to silanol (Si-OH) groups. The spectrum of NH2-SiNPs 

(blue curve) shows a shifted band at 1594 cm-1, which is assigned to the symmetric 

-NH2 stretch. The spectrum of FITC (green curve) displays a characteristic strong 

isothiocyanate (-C=N=S) peak at 2022 cm-1, as well as absorption peaks at 1585, 

1532 and 1461 cm-1, which are characteristic for aromatic ring stretching vibrations. 

The spectrum of FL-SiNPs (orange curve) reveals new peaks at 1419, 1512 and 

1436 cm-1, which are ascribed to the S=N bond of the thiourea group and the 

aromatic ring of the fluorescein fluorophore. Besides, the isothiocyanate peak at 
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2022 cm-1 is no longer observed in the spectrum of FL-SiNPs, indicating conversion 

of the isothiocyanate groups upon reaction with amine groups. Together, these 

results confirm the presence of a covalent link between FITC and poly-SiNPs in the 

FL-SiNPs sample.  

 

Figure 5.7. Characterization of FITC-labeling of poly-SiNPs; (a) FT-IR spectra of poly-

SiNPs (black curve), SiNPs-NH2 (blue curve), FL-SiNPs (orange curve) and FITC (green 

curve); (b) UV-vis absorbance spectra of Poly-SiNPs (black curve), FL-SiNPs (orange curve) 

and FITC (green curve); (c) Fluorescence microscopy image of FL-SiNPs (bright field) and 

(d) the green channel. Scale bar: 200 μm.  

UV/vis absorption spectra were recorded for FITC, poly-SiNPs and FL-SiNPs 

in aqueous solution (Figure 5.7b). Poly-SiNPs (black curve) showed no 

characteristic absorption peaks in the 250-800 nm wavelength range. FITC (green 

curve) exhibited a characteristic peak of the dianionic form at 485 nm and anionic 

form at 463 nm (shoulder peak), in accordance with previous findings, when 

dissolved at pH 6.0.32 In comparison, the spectrum of FL-SiNPs (orange curve) 

shows a significant absorption peak at 504 nm, corresponding to the dianionic form 

of APTES-coupled FITC, which is slightly red-shifted. Micrographs of fluorescence 

measurements are shown in Figure 5.7c-d. Poly-SiNPs show no fluorescence, while 
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upon FITC conjugation, green fluorescence is observed for FL-SiNPs (Figure 5.7c-

d, the position of particles is indicated by arrows). The labeling is not perfect 

because non-labeled particles are also present.  

5.2.4 Lipid-coating of poly-SiNPs/FL-SiNPs and characterization 

In our previous chapter (chapter 4), lipids were used to modify nano-

aggregated SiNPs and achieve improved stability in biological media. For this 

current work, it is also worth trying to functionalize non-agglomerated SiNPs and 

expand their potential applications. Lipid-coated SiNPs (LC-SiNPs) were prepared 

by a solvent-exchange method using commercially available phospholipids DOPC 

(1,2-dioleoyl-sn-glycero-3-phosphocholinez) and DOTAP (1,2-dioleoyl-3-

trimethylammonium-propane) as previously reported (as shown in Figure 5.8).  

 

Figure 5.8. Procedure of lipid-coating of SiNPs, and lipid composition. 

Dynamic light scattering (DLS) experiments were performed to evaluate the 

hydrodynamic diameter of poly-SiNPs in water upon coating with lipids (Figure 

5.9a). Pristine poly-SiNPs exhibit a mean hydrodynamic diameter of 159 nm. Upon 

coating with lipids, LC-SiNPs revealed a larger mean hydrodynamic diameter of 
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249 nm. The absence of micrometer-scale aggregates suggests good dispersion and 

no obvious aggregation taking place. Zeta-potential measurements were carried out 

on lipids, pristine poly-SiNPs and LC-SiNPs in water at neutral pH. As shown in 

Figure 5.9b, the lipids present a positive zeta-potential of + 52.6 mV, ascribed to the 

cationic DOTAP lipid. The measured zeta-potential for pristine poly-SiNPs is -31.4 

mV, owing to the oxide layer on the surface of the particles as described above. 

After coating with cationic lipids, the zeta-potential increased to +29.5 mV for LC-

Si NPs, indicating the presence of cationic lipids on the SiNPs surface. DLS and 

zeta-potential measurements suggest successful lipid functionalization, shielding 

the poly-SiNPs in a protective lipid shell.  

 

Figure 5.9. (a) Hydrodynamic diameters and (b) zeta-potential data of lipids, poly-SiNPs 

and lipid-coated poly-SiNPs. 

Based on these positive results, lipids were also deposited on green 

fluorescently labeled FL-SiNPs to yield LC-FL-SiNPs. which were analyzed by 

fluorescence microscopy as shown in Figure 5.10. The lipid shell is marked with 

R6G dyes, giving a red fluorescent signal upon excitation at 510-550 nm. Merging 

the two microscopy images reveals overlapping green (FL-SiNPs) and red (lipid 

shell) spots, confirming successful coverage of phospholipids on the FL-SiNPs 

surface. 
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Figure 5.10. Co-localization of lipids and nanoparticles in lipid-coated FL-SiNPs; (a) FL-

SiNPs with green fluorescence; (b) lipid-shell labeled by R6G giving red fluorescence; (c) 

merged images revealing co-localization of the lipid-shell with FL-SiNPs. Scale bar: 200 

μm. 

5.3 Conclusion  

Non-agglomerated silicon nanoparticles with a polycrystalline structure (poly-

SiNPs) can be readily prepared via a simple, low-cost simple wet-milling process 

using a commercial blender. Small sized (< 200 nm) SiNPs can be isolated by 

centrifugation. The aggregation-free colloidal SiNPs remain stable in aqueous 

solution for several months without discernible sedimentation. The obtained poly-

SiNPs were successfully modified with APTES and fluorescently labeled. Coating 

of the SiNP surface with Rhod-B labeled lipids was confirmed by good co-

localization of lipid and SiNP fluorescence. These lipid-coated SiNPs may promote 

potential applications for SiNPs in future applications such as bioimaging or 

biomedicine. 

5.4 Materials and methods 

Materials. polycrystalline silicon lumps (99.99% purity) were purchased from Alfa 

Aesar. Monocrystalline silicon wafers (100) were purchased from OKMETIC. 

Silicon powder (~ 325 mesh, 99% trace metals basis), (3-Aminopropyl) 

triethoxysilane (APTES) 97%, fluorescein isothiocyanate (FITC) were purchased 

from Sigma-Aldrich. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-

dioleoyl-3-trimethylammonium-propane (chloride salt) (DOTAP), 1,2-dioleoyl-sn-
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glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium 

salt) (Liss Rhod-B PE) were purchased from Avanti Polar Lipids.  

Preparation of silicon particles and size separation. A piece of silicon wafer was 

cut into small pieces, with a maximum length of 1 cm. Silicon lumps were firstly 

sorted by size, removing relatively large lumps and only using small lumps (< 1cm) 

for following experiments. The preparation process for silicon particles is similar to 

the one previously reported.22 Starting silicon materials (5.0 g) were weighed and 

added to a blender (Princess, 212079 blender) with 350 mL of deionized water. The 

blender is fitted with a 700 W motor with variable speed control. The working time 

of grinding/cooling cycles (5 min ON followed by 5 min OFF) is dependent on the 

starting materials ranging from 4 h to 8 h. Afterwards the resultant dispersions were 

transferred to glass bottles and left to settle during different time spans. For 

dispersions obtained from polycrystalline silicon lumps, 75% supernatant solution 

was collected as final product. Particle size separation was carried out by using 

centrifugation at speeds ranging from 100 g to 2570 g.   

Determination of particle concentration in suspensions A-H. A standard linear 

curve of SiNPs was first generated. Poly-Si powder was collected by centrifugation 

and subsequent drying in the oven at 80 °C, 24 h. A series of Si particle samples 

was prepared at different concentrations: 10, 20, 40, 50, 60, 80 and 100 μg mL-1. 

Measurements were taken in triplicate and UV absorption was measured at 365 nm 

(since no characteristic absorbance peak is observed). The linear curve and the 

absorption values of samples A-H are as follows (Figure S5.1): 
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Figure S5.1. (a) Standard calibration curve of poly-SiNPs; (b) UV-vis absorbance spectra 

of the poly-SiNPs dispersed in water for all samples (A-H).  

Silane and fluorescein modification of silicon nanoparticles (SiNPs). Amine 

groups were conjugated to the surface of Si NPs by reaction between hydroxyl 

groups and the APTES. SiNPs (4 mg) were dispersed in 10 mL ethanol-water (50/50, 

v/v) by ultra-sonication for 15 min. Then, APTES (the mass concentration was at 

1.0%) was added in the dispersion and the mixture was reacted at 50 °C for 2 h. 

After that, dispersed particles were collected by centrifugation (10 min at 10,000 

rpm) followed by washing with ethanol and water alternatively for at least 2 cycles 

to remove residual unreacted APTES. 3.6 mg amine-modified SiNPs were 

redispersed in 10 mL absolute ethanol, 0.4 mL FITC (0.5 mg mL-1) was added to 

the solution. The reactants were stirred (500 rpm) for overnight at room temperature 

in a dark environment, and the solid product was isolated by centrifugation (10 

min,10,000 rpm). Then the final product was purified by washing couple of times 

with ethanol and water until no fluorescence detected in the supernatant solution.  

Lipid assembly. The lipid and lipid-coated SiNPs preparation methods are similar 

as previously reported.26 The following lipids were used: a mixture of 70 vol% of 

DOPC (72.4 μL, 10 mg mL-1) and 30 vol% of DOTAP (27.6 μL, 10 mg mL-1), with 

0.2 mol% Rhod-B labeled DOPE lipid (20 μL, 0.1 mg mL-1), all the compounds are 

in chloroform. Chloroform was subsequently evaporated and the lipids were dried 

under vacuum for at least 1 h. Lipids were then dissolved in a 1 mL mixture of 40 
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vol% ethanol and 60 vol% water (conc. 1 mg mL-1). The preparation of lipid-coated 

FL-SiNPs was carried out with the same procedure.  

Preparation of lipid-coated SiNPs. 50 μL of lipids (1 mg mL-1 in a mixture of 40 

vol% EtOH and 60 vol% water) were mixed with 1.5 mL poly-SiNPs 

(approximately 70 μg mL-1) aqueous dispersion. The water content of the solution 

is shifted toward 100 vol%, allowing lipids to self-assemble into solid surface-

supported bilayers or liposomes, resulting in the formation of supported lipid 

bilayers (SLB) on the external surface of SiNPs.33 The lipid-coated SiNPs were then 

centrifuged and redispersed in 1 mL MQ water to eliminate unsupported lipids and 

ethanol.  

Characterization of silicon particles. The morphological and structural 

characterization of silicon particles was carried out by field-emission transmission 

electron microscopy (TEM) using a Philips CM300 microscope operating at 300 kV 

(FEI/Philips CM300, Eindhoven, the Netherlands) and scanning electron 

microscopy (SEM) using a JSM-6010LA microscope. TEM and SEM samples were 

prepared by dropping dispersions of Si colloids on a carbon/copper grid and a clean 

silicon substrate, respectively. The lattice parameters of the obtained silicon 

powders were investigated by X-ray diffraction (XRD) on a PANalytical Philips 

X’Pert MPD diffractometer at room temperature equipped with a Cu-Kα source. A 

diffraction pattern was collected to 2θ values from 10° to 90°. Attenuated total 

reflectance (ATR) – FT-IR spectroscopy (Bruker Alpha) was used to analyze the 

surface groups of silicon particles before and after modification. Dynamic light 

scattering (DLS) measurements and zeta-potential were carried out by using 

Zetasizer Nano ZS (633 nm, scattering angle 173 °C Malvern Instruments, 

Herrenberg, Germany). The cuvettes used for zeta-potential measurements are DTS 

1070 cuvettes from Malvern. Fluorescence spectroscopy was measured with a 

fluorescence microscopy (Olympus, BX53). A 100× oil-immersion objective was 

used for fluorescence measurements.   

5 



Chapter 5 

130 

 

References 

1. Peng, F.; Su, Y.; Zhong, Y.; Fan, C.; Lee, S.-T.; He, Y., Silicon nanomaterials 

platform for bioimaging, biosensing, and cancer therapy. Accounts of chemical 

research 2014, 47 (2), 612-623. 

2. Fan, J.; Chu, P. K., Group IV nanoparticles: synthesis, properties, and 

biological applications. Small 2010, 6 (19), 2080-2098. 

3. Dasog, M.; Kehrle, J.; Rieger, B.; Veinot, J. G., Silicon nanocrystals and 

silicon‐polymer hybrids: synthesis, surface engineering, and applications. 

Angewandte Chemie International Edition 2016, 55 (7), 2322-2339. 

4. Kang, Z.; Liu, Y.; Lee, S.-T., Small-sized silicon nanoparticles: new nanolights 

and nanocatalysts. Nanoscale 2011, 3 (3), 777-791. 

5. Park, Y.; Yoo, J.; Kang, M.-H.; Kwon, W.; Joo, J., Photoluminescent and 

biodegradable porous silicon nanoparticles for biomedical imaging. Journal of 

Materials Chemistry B 2019, 7 (41), 6271-6292. 

6. Jaganathan, H.; Godin, B., Biocompatibility assessment of Si-based nano-and 

micro-particles. Advanced drug delivery reviews 2012, 64 (15), 1800-1819. 

7. Montalti, M.; Cantelli, A.; Battistelli, G., Nanodiamonds and silicon quantum 

dots: ultrastable and biocompatible luminescent nanoprobes for long-term 

bioimaging. Chemical Society Reviews 2015, 44 (14), 4853-4921. 

8. Wilbrink, J. L.; Huang, C.-C.; Dohnalova, K.; Paulusse, J. M., Critical 

assessment of wet-chemical oxidation synthesis of silicon quantum dots. 

Faraday discussions 2020, 222, 149-165. 

9. De Marco, M. L.; Semlali, S.; Korgel, B. A.; Barois, P.; Drisko, G. L.; 

Aymonier, C., Silicon‐Based Dielectric Metamaterials: Focus on the Current 

Synthetic Challenges. Angewandte Chemie International Edition 2018, 57 (17), 

4478-4498. 

10. Luu, Q. S.; Kim, J.; Jo, D.; Jeong, J.; Lee, Y., Applications and perspective of 

silicon particles in hyperpolarized 29Si magnetic resonance imaging. Applied 

Spectroscopy Reviews 2020, 55 (6), 476-490. 

11. Rousselot, S.; Gauthier, M.; Mazouzi, D.; Lestriez, B.; Guyomard, D.; Roué, 

L., Synthesis of boron-doped Si particles by ball milling and application in Li-

ion batteries. Journal of Power Sources 2012, 202, 262-268. 

12. Goyal, A.; Demmenie, M.; Huang, C.-C.; Schall, P.; Dohnalova, K., 

Photophysical properties of ball milled silicon nanostructures. Faraday 

discussions 2020, 222, 96-107. 

13. Mu, T.; Zhang, Z.; Li, Q.; Lou, S.; Zuo, P.; Du, C.; Yin, G., Scalable 

submicron/micron silicon particles stabilized in a robust graphite-carbon 

5 



Facile preparation and functionalization of aggregation-free silicon particles 

131 

 

architecture for enhanced lithium storage. Journal of colloid and interface 

science 2019, 555, 783-790. 

14. Wiggers, H.; Starke, R.; Roth, P., Silicon particle formation by pyrolysis of 

silane in a hot wall gasphase reactor. Chemical Engineering & Technology: 

Industrial Chemistry‐Plant Equipment‐Process Engineering‐Biotechnology 

2001, 24 (3), 261-264. 

15. Holunga, D. M.; Flagan, R. C.; Atwater, H. A., A scalable turbulent mixing 

aerosol reactor for oxide-coated silicon nanoparticles. Industrial & engineering 

chemistry research 2005, 44 (16), 6332-6341. 

16. Cannon, W. R.; Danforth, S. C.; Flint, J.; Haggerty, J.; Marra, R., Sinterable 

Ceramic Powders from Laser‐Driven Reactions: I, Process Description and 

Modeling. Journal of the American Ceramic Society 1982, 65 (7), 324-330. 

17. Cannon, W. R.; Danforth, S. C.; Haggerty, J. S.; Marra, R., Sinterable ceramic 

powders from laser‐driven reactions: II, powder characteristics and process 

variables. Journal of the American Ceramic Society 1982, 65 (7), 330-335. 

18. Rohani, P.; Banerjee, S.; Sharifi‐Asl, S.; Malekzadeh, M.; Shahbazian‐Yassar, 

R.; Billinge, S. J.; Swihart, M. T., Synthesis and Properties of Plasmonic 

Boron‐Hyperdoped Silicon Nanoparticles. Advanced Functional Materials 

2019, 29 (8), 1807788. 

19. Shi, L.; Harris, J. T.; Fenollosa, R.; Rodriguez, I.; Lu, X.; Korgel, B. A.; 

Meseguer, F., Monodisperse silicon nanocavities and photonic crystals with 

magnetic response in the optical region. Nature communications 2013, 4 (1), 

1-7. 

20. Lam, C.; Zhang, Y.; Tang, Y.; Lee, C.; Bello, I.; Lee, S., Large-scale synthesis 

of ultrafine Si nanoparticles by ball milling. Journal of Crystal Growth 2000, 

220 (4), 466-470. 

21. Swihart, M. T., Vapor-phase synthesis of nanoparticles. Current opinion in 

colloid & interface science 2003, 8 (1), 127-133. 
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Chapter 6 
 Dynamic Nuclear Polarization of Silicon 

Carbide Micro-and Nanoparticles 

Abstract: Two dominant crystalline phases of silicon carbide (SiC): α-SiC and β-

SiC, differing in size and chemical composition, were investigated regarding their 

potential for dynamic nuclear polarization (DNP). 29Si nuclei in α-SiC micro- and 

nanoparticles with sizes ranging from 650 nm to 2.2 μm and minimal oxidation were 

successfully hyperpolarized without the use of free radicals, while β-SiC samples 

did not display appreciable degrees of polarization under the same polarization 

conditions. Long T1 relaxation times in α-SiC of up to 1600 s (~27 min) were 

recorded for the 29Si nuclei after 1 h of polarization at a temperature of 4 K. 

Interestingly, these promising α-SiC particles allowed for direct hyperpolarization 

of both 29Si and 13C-nuclei, resulting in comparably strong signal amplifications. 

Moreover, the T1 relaxation time of 13C nuclei in 750 nm sized α-SiC particles was 

over 33 min, which far exceeds T1 times of conventional 13C DNP probes with 

values in the order of 1-2 min. The present work demonstrates the feasibility of DNP 

on SiC micro- and nanoparticles and highlights their potential as hyperpolarized 

magnetic resonance imaging agents.  

  

This work has been published: Lin, M.; Breukels, V.; Scheenen, T. W.; Paulusse, 

J. M. J; ACS Appl. Mater. Interfaces 2021, 13 (26), 30835-30843.  
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6.1 Introduction 

Magnetic resonance imaging (MRI) is a noninvasive, radiation-free diagnostic 

imaging tool giving exquisite soft tissue contrast and high anatomical resolution. 

However, its application in molecular imaging has often been restricted due to its 

inherently low sensitivity.1-2 Conventional MRI modalities usually detect high 

natural abundance nuclei, such as the protons in water or lipid molecules, to obtain 

sufficient signal intensity in spite of the low degree of polarization under thermal 

equilibrium.3 Contrast agents are frequently used to improve measurement 

sensitivities by shortening T1 or T2-relaxation times of water protons in close contact 

or proximity to the agent.4-5 However, accumulation of gadolinium-based contrast 

agents after (repeated) administration gives concerns regarding toxicity issues.6-7 A 

different approach is to perform imaging of the contrast agent or labeled particle 

itself instead of its effect on water protons, and use the high proton signal of water 

as an anatomical reference. Particles containing different nuclei can be observed 

without issues regarding the high proton background signal of water; and in 

principle any nucleus with a non-zero net spin number, such as 13C, 15N, 19F, 29Si, or 

31P can be imaged with MRI.8-10 Unfortunately, direct detection of nuclei other than 

protons remains difficult due to low gyromagnetic ratios, low natural abundancies, 

and low concentrations of particles of interest, leading to long acquisition times and 

low spatial resolutions. 

An interesting alternative strategy that alleviates the sensitivity problem of 

MRI is hyperpolarization of the spins of interest, which increases nuclear spin 

polarization far beyond thermal equilibrium.11 Dynamic nuclear polarization (DNP) 

is a technique that utilizes the much higher spin polarization of unpaired electrons 

to hyperpolarize nearby nuclear spin elements by transferring the electron 

polarization under microwave irradiation. The most widespread DNP method in 

MRI is dissolution DNP, which results in up to 10,000-fold signal amplification as 

compared to typical thermal polarization.1 Dissolution DNP has been used to 
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investigate metabolic pathways and to study enzymatic activities. Small 

hyperpolarized 13C-labeled substrates, such as 1-13C-pyruvic acid or 1-13C-fumarate, 

have been successfully used to detect aberrant metabolism in cell suspensions, 

animal models and human tumors.12-15 However, the hyperpolarized state is 

relatively short-lived, and the polarization will restore to thermal equilibrium with 

the relaxation time constant T1. The majority of hyperpolarized 13C-labeled 

molecules have a T1 in the order of 1 minute or less.16 So when used as tracers or 

substrates, imaging is restricted to visualizing fast biological processes in areas or 

organs that can easily be reached by the tracer. Slower biological processes, such as 

protein-cell binding, tracer diffusion and metabolism in tissues, cannot be studied. 

Moreover, these short lifetimes cause significant signal decay during quality control 

of the hyperpolarized substances, intravenous administration and transport to the 

tissue of interest, impeding general application in the clinic. 

13C or 29Si nuclei in diamond and silicon particles have been demonstrated to 

display remarkably long T1 relaxation times of up to several hours17-21 and alleviate 

the short lifetime issues associated with 13C-labeled small molecules. Since 

interactions between nearby spin elements result in relaxation, spatial isolation of 

spin elements beyond the distance of spin interaction in a solid matrix can impede 

relaxation processes, leading to dramatically increased T1 times. For instance, 

diamonds have been shown to display spin-lattice relaxation times of as long as 3-4 

h.17 13C nuclei in micro/nanosized diamonds have been successfully hyperpolarized, 

showing enhanced DNP signals. However, T1 times in nanodiamonds with particle 

sizes ranging from 30 nm to 500 nm are still relatively short, usually in the order of 

5 min or less,22 though these particle sizes are most interesting for biomedical 

applications.  

Aptekar and Cassidy et al. elegantly demonstrated extended T1-relaxation 

times of up to 5 h for hyperpolarized 29Si nuclei in silicon microparticles.19, 23 

Interestingly, the presence of unpaired electrons in surface defects allows for 
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hyperpolarization without the addition of exogenous radicals.24-25 Whiting et al. 

employed hyperpolarized silicon particles with sizes ranging from 20 nm to 2 μm 

in the visualization of tumorous tissue.26 Their investigations revealed a size 

dependence for the recorded T1 relaxation times, with larger particle sizes tending 

to display longer T1 times and stronger DNP enhancements.27-28 However, the 

relatively large size and limited solubility of these silicon particles impede studies 

involving blood circulation.29 

In recent years, silicon carbide (SiC) received increased attention as a viable 

material in biomedicine (e.g. in device fabrication, for implants, coatings and 

scaffolds) due to its high biocompatibility and low toxicity.30 SiC may however also 

have potential for use in hyperpolarization MRI. The divacancy defects in SiC, 

much like the diamond nitrogen-vacancy center, can be polarized through optically 

pumped dynamic nuclear polarization.31-32 Studies by Hartman et al. demonstrate 

long 29Si and 13C T1 relaxation times of up to 7 h for high-purity bulk silicon 

carbide.33 Importantly, the Larmor frequencies of 29Si and especially 13C are both 

within the tuning ranges of commercial multinuclear MRI systems, building on 

existing imaging infrastructure. SiC therefore presents an interesting, yet hardly 

explored material for sensitivity-enhanced MRI.  

In this work, we study the potential of various SiC samples with different 

crystal structures (α-SiC and β-SiC), sizes (micro- and nanoparticles) and surface 

groups for DNP, to evaluate the feasibility of SiC as hyperpolarized MRI agents.  

 

Scheme. Schematic of α-SiC for 29Si hyperpolarized magnetic resonance imaging (MRI). 
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6.2 Results and discussion 

6.2.1 Characterization of SiC 

Particle size, crystal phase and surface groups of SiC may affect DNP 

enhancement and T1 relaxation time. All tested SiC samples were therefore 

characterized in detail to confirm the manufacturer-provided properties. XRD was 

carried out first to confirm the crystal phase of the SiC samples, since crystal 

structure and defects form a source of electrons that can be used for DNP. Figure 

6.1a shows the XRD patterns of five representatives SiC samples. The bottom curve 

(blue) shows diffraction peaks at 35.6°, 41.5°, 59.8°, 71.8° and 75.4°, which could 

respectively be indexed as the (111), (200), (220), (311) and (222) reflections and 

well match with a β-SiC phase.36-37 This sample has a cubic crystal structure and 

3C-SiC is the only cubic polytype. The pink curve (SiC80, US) exhibits an additional 

weak diffraction peak at 34.1°, usually indicating stacking faults within the 

crystals.38 The remaining samples (Figure 6.1a, green, orange and red curve) feature 

diffraction peaks at 34.1°, 41.5° and 65.5° that are in agreement with an α-SiC 

phase.39 XRD results of our α-SiC samples are consistent with 6H-SiC polytype, 

other possible polytypes like 4H-SiC may also exist.40 Notably, α-SiC can consist 

of many different polytypes due to the different stacking sequences of carbon and 

silicon atoms in its crystal structure. XRD alone is not enough to distinguish all 

possible polytypes in SiC samples, further characterization, for example by low 

temperature photoluminescence (LTPL) can help to understand the structure of SiC 

in more detail.41 At present, XRD measurements mainly display the differences of 

crystal phase in these SiC samples. Therefore, the five samples are assigned as β-

SiC100-1200, ST, β-SiC80, US, α-SiC5-250, PC, α-SiC200-1200, ST and α-SiC2200, Ab, according to 

their dominant crystal phases, as well as their particle sizes as provided by the 

suppliers. Detailed sample information can be found in Figure S6.1 and Table S6.1.  

6 



Chapter 6 

138 

 

SiC samples were further studied using FT-IR spectroscopy to determine the 

nature of their surface functionality, which may affect hyperpolarization build-up 

and relaxation times. All β-SiC samples, such as β-SiC18, US, β-SiC80, US and β-SiC100-

1200, ST (Figure 6.1b and S6.2a), display two intense absorption peaks at 1076 cm-1 

and 785 cm-1, indicating Si-O-Si bonds (1076 cm-1 and 467 cm-1) and Si-C stretching 

vibrations.42-43 For α-SiC samples, only α-SiC5-250, PC shows both significant Si-O-Si 

and Si-C absorption peaks. The remaining α-SiC samples primarily reveal intense 

Si-C bonds (770 cm-1) and only contain a very weak Si-O-Si band at about 1100 cm-

1 (Figure 6.1b orange and red curves, Figure S6.2 pink curve), indicating there are 

no significant silicon oxide contributions in these α-SiC samples. Besides, SiC 

samples are very stable and remain the same IR spectra even after two years storage 

without exposure to air (Figure S6.2b).  

 

Figure 6.1. SiC characterization: (a) XRD and (b) FT-IR spectra of representative SiC 

samples. 

Finally, the particle size distribution of each sample as provided by the 

suppliers was assessed by scanning electron microscopy (SEM) imaging 

(representative samples in Figure 6.2). According to the size provided by the 

suppliers, sample α-SiC5-250, PC with a size ranging from 5-250 nm has a mean size 

of 133 nm. The mean sizes of α-SiC650, Ab (Figure 6.2b) and α-SiC2200, Ab (Figure 

6.2d) are found to be 712 nm and 3.6 μm, respectively. The mean size of sample α-
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SiC800, US (Figure 6.2b) is 921 nm and SEM images of other SiC samples are shown 

in Figure S6.3. The particle sizes of these samples, as determined by SEM, is not 

fully consistent with the sizes provided by the suppliers, and we therefore primarily 

consider size trends, rather than precise particle sizes for the following studies. The 

morphology of SiC nanoparticles in samples β-SiC18, US and β-SiC80, US is spherical. 

In sample α-SiC5-250, PC a mixture of differently shaped particles is observed, such as 

cubic, hexagonal, as well as spherical, presumably due to the hot plasma jet 

synthesis process. The observed morphologies of other submicron and micron-sized 

SiC particles are irregularly shaped fragments (Figure 6.2).  
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Figure 6.2. Electron micrographs of representative SiC involving 200 particles in 

calculation: (a) α-SiC5-250, PC, scale bar, 200 nm; (b) α-SiC650, Ab, scale bar, 1μm; (c) α-SiC800, 

US, scale bar, 1μm; (d) α-SiC2200, Ab, scale bar, 3 μm. 

6.2.2 EPR analysis of SiC  

The concentration of defects in the SiC particles determines the number of free 

electrons that can be directly hyperpolarized. EPR was performed to determine the 

nature and density of these defects and to obtain the microwave frequency for 

maximum polarization transfer. Figure 6.3a shows semi-quantitative EPR spectra of 

selected SiC samples. Interestingly, the densities of free electrons are higher in α-

SiC than in β-SiC samples. Notably, the similarly sized samples α-SiC200-1200, ST and 

β-SiC100-1200, ST, which only differ in crystal phase, displays a ~2.5-fold difference in 

free electron density. Respectively, the g-values of α-SiC200-1200, ST and β-SiC100-1200, 

ST are 2.0024 and 2.0025, which are typical of C-related defects (carbon 

vacancies).44-45 It is worth mentioning that a different surface composition, such as 

a silicon oxide layer, may result in decreased densities of free electrons. For example, 

FT-IR analysis on sample α-SiC5-250, PC reveals strong contributions by Si-O-Si 

bonds (see Figure 6.1b), though this sample exhibits only a relatively weak and 

shifted EPR signal (g-value ~2.0573). All other α-SiC particles, such as α-SiC800, US 

and α-SiC2200, Ab, display only minimal contributions of silicon oxides (see Figure 

S6.2), but show significant densities of free electrons, at g-values between 2.0024 

and 2.0026 (see Figure 6.3b). Interestingly, all β-SiC samples display strong silicon 

oxide signals in FT-IR, (Figure 6.1b and Figure S6.2), but none of these samples 
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contain satisfactory concentrations of free electrons, similar to α-SiC5-250, PC. 

Therefore, the free electrons in SiC may originate primarily from divacancies in the 

crystalline sites, rather than from surface defects. These EPR results indicate that α-

SiC without an oxide layer has more potential to be hyperpolarized than β-SiC. 

 

Figure 6.3. Semi-quantitative EPR spectra of (a) α-SiC200-1200, ST and β-SiC100-1200, ST and (b) 

β-SiC80, US, α-SiC5-250, PC, and α-SiC800, US.  

6.2.3. Hyperpolarization of 29Si 

DNP profiles against microwave spectra were measured relatively fast, by 

recording the 29Si NMR signal after only 60 s of irradiation (i.e., not after complete 

polarization). All α-SiC samples, except for α-SiC5-250, PC, display obvious DNP 

signals (see Figure S6.4). The DNP performance of these α-SiC samples is in good 

agreement with the aforementioned EPR results, relating high defect densities to 

strong DNP signals. Figure 6.4 shows the DNP build-up profile of α-SiC750, Ab with 

a maximum enhancement of ~34 times at 4 K, by comparing the integrals and 

correcting for the different flip angle used. Interestingly, the enhanced signal has a 

narrower linewidth than the thermal signal (1.7 kHz and 2.6 kHz full-width half 

maximum, respectively, see Figure S6.5), which suggests that not all 29Si nuclei in 

the particle have been polarized. It is, however, also found that all β-SiC samples 

show poor DNP signals, revealing no significant differences in signal intensities 

when samples are either hyperpolarized or in thermal equilibrium. Detailed 
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information about SiC samples and their DNP performance can be found in Table 

S6.1.  

 

Figure 6.4. (a) 29Si DNP build-up curve and (b) signal enhancement of α-SiC750, Ab at 4 K. 

6.2.4. Spin-lattice relaxation times of 29Si 

According to previous descriptions of SiC, the source of unpaired electrons in 

SiC are paramagnetic centers in the lattice.32 The 29Si nuclei closest to these 

paramagnetic centers are polarized first, after which transfer of polarization to 

nuclear spins at further distance occurs through spin diffusion. Therefore, DNP 

build-up times and T1 relaxation times may also depend on particle size or rather 

crystallite size. In addition to the average particle size of each SiC sample, as 

determined by SEM, the mean crystallite size of each sample was calculated from 

the XRD data, using the Scherrer equation (see Table S6.1).24, 46 T1 relaxation times 

of α-SiC samples with sufficient DNP signal were recorded at a temperature of 4 K 

after 1 h of DNP. β-SiC samples and α-SiC5-250, PC, which display poor polarization 

enhancements, are not further investigated. Table 6.1 summarizes the T1 relaxation 

times of the α-SiC samples, demonstrating long T1 relaxation times, with some 

samples displaying T1 times exceeding 20 min, comparable to earlier reported values 

for similarly sized silicon particles.19, 24, 26, 29 Larger α-SiC particles, such as α-

SiC2200, ABCR with an average particle size of 3.6 μm (from SEM) and a mean 

crystallite size of 40 nm (from XRD), display considerably longer T1 times (~22 min) 
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in comparison with smaller sized particles, such as α-SiC650, ABCR with an average 

size of 712 nm and a mean crystallite size of 20 nm (T1 ~ 9 min). T1 relaxation times 

and DNP build-up times are not strictly dependent on SiC particle size, as α-SiC800, 

US is not the largest particle, but does result in the longest T1 relaxation time of over 

26 min. 

Table 6.1. Sample information and T1 relaxation time of α-SiC samples. 

Sample Mean sizea 
Mean crystallite  

size (nm)b 

29Si Spin-lattice 

relaxation time T1 (s) 

α-SiC650,Ab 721 nm 20.3 535 

α-SiC750,Ab 817 nm 28.9 660 

α-SiC200-1200,ST 755 nm 30.9 961 

α-SiC800,US 921 nm 27.3 1600 

α-SiC2200,Ab 3.6 μm  40.2 1315 

a Mean size as determined by SEM; b mean crystallite size as determined from XRD, using 

the Scherrer equation. 

6.2.5. Hyperpolarization of 13C 

Considering the structure of SiC with both covalently bound Si and C atoms, 

the promising 29Si hyperpolarization results prompted us to also investigate 

hyperpolarization of the 13C spin species in this material. Based on the 29Si DNP 

enhancement results, α-SiC750, Ab was selected for this evaluation. As shown in 

Figure 6.5a, the polarization of 13C results in a strong signal amplification, in 

particular when considering the over 4-fold lower natural abundance of 13C (1.1%) 

as compared to 29Si (4.7%). The polarization build-up time (Figure 6.5a) for 13C is 

approximately 13 min when fitted with a mono-exponential build-up curve. 

However, the build-up curve systematically deviated from the mono-exponential fit, 

suggesting the presence of two or more 13C pools with different time constants as 
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also reported earlier.47 Fitting the data with a bi-exponential function provided a 

better fit, with build-up time constants of 6.5 min and 107 min. When after DNP the 

signal decay was measured with repeated excitations with low flip angle, one single 

apparent 13C T1 relaxation time in α-SiC750, Ab of approximately 33 min (Figure 6.5b) 

was observed, which was considerably longer than the 29Si T1 relaxation time of the 

same particle.  

 

Figure 6.5. 13C DNP build-up profile (a) and signal sampling during T1 relaxation (b) of α-

SiC750, Ab in the magnetic field of the polarizer (3.38T). 

6.2.6. Transfer of α-SiC samples to 11.7T 

The α-SiC750, Ab sample was selected for transfer to an 11.7T preclinical MR 

system. Conventionally, small glassy hyperpolarized molecules with free radicals 

are dissolved and ejected out of the DNP system with a burst of hot buffer, diluting 

the solution and increasing the distance between radicals and nuclear spins. Here, 

our samples could be taken out of the DNP setup as a solid without diluting and 

transferred to the 11.7T system in approximately 1 min. For 29Si of α-SiC (6H-SiC 

polytype) particles the timescale of the relaxation process is independent of 

temperature and magnetic field.33 The samples were not actively heated and the 

temperature was estimated between 100 K and 200 K during measurement. Since 

magnetization typically diminishes rapidly in the absence of a magnetic field, the 

hyperpolarized SiC nanoparticles were transferred immediately to the 11.7T MRI 

system. In a single-shot pulse-acquire spectrum (Figure 6.6A) at 11.7T, we observed 
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two 29Si resonances, which were not seen at the low magnetic field (3.38T) of the 

polarizer due to a limited spectral resolution and relatively inhomogeneous field. In 

earlier studies, magic angle spinning NMR spectroscopy on 6H-polytype SiC 

revealed three 29Si resonances in SiC at 4.7T at -14, -21 and -25 ppm.33, 48 We only 

observe two resonances, approximately 11 ppm apart, suggesting that only the two 

outer resonances of the three are efficiently polarized. This is in agreement with the 

MAS-NMR-based findings reporting that as soon as any impurities are present, the 

outer two resonance T1 times are shorter than the center 29Si peak of 6H-polytype 

SiC, which can have T1 times of up to ~5.5 h at room temperature at 11.7T.33 

Determining the T1 relaxation time of this sample is not trivial. Knowing the exact 

effective flip angle is important to correct the apparent signal decrease for the 

radiofrequency (RF) induced decay. Using two experiments at different TR values 

and an estimated flip angle of 15 degrees, we estimate the T1 time between 62 min. 

and 158 min. (Figure 6.6B). However, as the T1 time for the two TR settings does 

not converge to a single value, nearly all signal decay is governed by the used flip 

angle, instead of T1 relaxation. If we only fit a flip angle to these curves, neglecting 

T1 relaxation, the fits converge to an effective flip angle between 17.5 and 18.1 

degrees. With this actual flip angle and repetition times, we could not properly 

assess T1, but can safely assume it is longer than 63 min, the calculated value with 

a 15-degree flip and 60 second TR. 

 

Figure 6.6. (a) Hyperpolarized 29Si spectra and (b) T1 fit to the signal decay after 

DNP of α-SiC750, Ab with two repetition times at 11.7T. 
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6.2.7. MR imaging 

In a separate experiment, the hyperpolarized α-SiC750, Ab sample was 

transferred to the 11.7T preclinical MR system to illustrate its potential for imaging 

the 29Si nuclei. A single slice in sagittal orientation through an Eppendorf tube with 

the sample produced 8 echoes with 29Si signal (Figure 6.7). The 29Si axial images 

with 6 echo times can also be seen in Figure S6.6.  

 

Figure 6.7. 29Si MR imaging of hyperpolarized α-SiC750, Ab at 11.7T. Echoes 5 to 8 are 

depicted at a 4-fold smaller scale to illustrate T2 signal decay with echo number. In the image 

of echo 7 the size of the Eppendorf tube is indicated. 

Fitting mono-exponential curves to the signal decay of the center 18 voxels in 

the multi-echo images resulted in an average T2 relaxation time of 50 ms (SD 13 

ms). The multi-echo images can be used to calculate a single (weighted) sum image, 

or after pixel fitting of relaxation decays used to reconstruct images at any given 

echo time between 0 and approximately 500 ms with improved SNR. 

6.3 Conclusions 

Hyperpolarization of silicon carbide is demonstrated for micro- and 

nanoparticles with different crystal phases, particle sizes and surface groups. α-SiC 

micro- and nanoparticles show strong DNP signal enhancements due to their high 

densities of free electrons. In contrast, β-SiC particles consistently showed poor 

DNP enhancements. Both 29Si and 13C nuclei in α-SiC particles were successfully 

polarized in the absence of external radicals, revealing long T1 relaxation times and 
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strong signal amplifications, enabling background-free MR imaging over prolonged 

periods of time. The Larmor frequencies of 29Si and 13C are both within the tuning 

ranges of commercial multinuclear MRI systems, greatly facilitating clinical 

translation. SiC displays high biocompatibility, minimal (cyto)toxicity,49-50 is 

chemically inert and can retain hyperpolarization for several hours, making SiC 

particles promising for use as high sensitivity imaging agents for MRI. Further 

studies will focus on the preparation and selection of uniformly sized SiC 

nanoparticles, investigation of their biostability and biocompatibility, and modify of 

their surface with functional groups/targets for future targeted imaging and 

theranostic applications. 

6.4 Materials and methods 

Silicon carbide (SiC) with two different crystalline phases, β-SiC and α-SiC, were 

obtained from four commercial sources. All information below about SiC, such as 

(average) particle sizes, color and preparation methods are according to supplier 

specifications. β-SiC with particle size ranging from 100-1200 nm (β-SiC100-1200, ST, 

gray powder) and α-SiC with particle size ranging from 200-1200 nm (α-SiC200-1200, 

ST, light gray powder) were purchased from STREM Chemicals Inc. β-SiC samples 

with average particle sizes (APS) of 18 nm (β-SiC18, US, gray powder) and 80 nm (β-

SiC80, US, gray powder), as well as one α-SiC with APS of 800 nm (α-SiC800, US, light 

gray powder) were purchased from US Research Nanomaterials Inc. β-SiC18, US and 

β-SiC80, US were prepared by laser synthesis and plasma chemical vapor deposition 

(CVD), respectively. α-SiC with a size range of 5-250 nm (α-SiC5-250, PC), prepared 

via a hot plasma jet process, was purchased from PlasmaChem. α-SiC samples with 

APS of 650 nm (α-SiC650, Ab), 750 nm (α-SiC750, Ab) and 2.2 μm (α-SiC2200, Ab), 

prepared via the Acheson process, followed by ball milling, were purchased from 

ABCR GmbH (Germany). Purities of all SiC samples were 99+%; no further 

purification was carried out on the samples unless stated otherwise. Table S6.1 
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summarizes the primary information of all samples provided by the manufacturer, 

and information about crystalline phase as determined here.  

X-ray diffraction measurements were used to determine the lattice parameters of the 

investigated SiC samples. SiC powder samples were characterized by x-ray 

diffraction (XRD) on a PANalytical Philips X’Pert MPD diffractometer at room 

temperature using Cu-Kα. 

Scanning electron microscopy (SEM) images were recorded on a Zeiss Merlin HR-

SEM spectrometer. Dilute suspensions of SiC powder in water were sonicated for 

30 min, after which a droplet of the suspension was placed onto a silicon platform. 

Particle size distributions were determined with ImageJ. 

Attenuated total reflectance (ATR) – FT-IR spectroscopy (Bruker Alpha) was used 

to analyze the surface groups of SiC samples.  

Continuous wave electron paramagnetic resonance (EPR) spectra were recorded at 

room temperature using an X-band EMX spectrometer (Bruker Biospin GmbH, 

Germany). The magnetic field was swept from 3100 - 3600 Gauss with 1024 points, 

at a modulation frequency of 100 kHz, 60 ms conversion time and 164 ms time 

constant. The g-value was determined from the zero-crossing in the spectrum. 

Samples sizes between 0.5 mg - 2.0 mg were loaded into a glass capillary (OD=780 

µm), closed off with wax. This sample was placed inside the EPR tube. Using these 

small sizes resulted in minimum retuning between samples and comparable Q-

factors, allowing semi-quantitative evaluation of the electron density.  

Dynamic nuclear polarization (DNP) was performed on a 3.38T in-house built 

polarizer, comprising a pumped bath cryostat,34 an iSpin NMR spectrometer 

(Spincore Technologies, FL, USA) and a 94-96 GHz microwave source (Virginia 

Diodes Inc., VA, USA). A fixed 29Si or 13C tuned Alderman-Grant coil made to fit 

the sample was inductively coupled to an un-tuned saddle coil connected to the 

spectrometer. For 29Si DNP measurements, about 60 mg of sample powder was 
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tightly packed and enclosed in a poly(tetrafluoroethylene) (PTFE) cup. Microwave 

irradiation with frequency modulation was performed with a triangular shaped 

modulation from 94.6500 to 94.7375 GHz, with a modulation frequency of 500 Hz. 

Spectra were processed using the ssNake software package,35 using a 500 Hz line 

broadening prior to Fourier transform. DNP build-up curves were recorded with a 

series of pulse-acquire experiments with a repetition time (TR) of 60 s and a low 

flip angle of ~15 degrees. The DNP enhancement value of 29Si in the solid state was 

obtained by comparing the integrated signal intensity of the hyperpolarized sample 

with the thermal equilibrium signal. Thermal polarization was measured using the 

same setup as used for DNP experiments. 

Magnetic resonance imaging and T1 relaxation measurements were performed on an 

11.7T Bruker BioSpec MRI system using an in-house built three turn solenoid coil 

tuned to 29Si (~99.3 MHz). After polarization in the DNP setup, samples were taken 

out and transferred as a solid into the scanner. T1 measurements were recorded using 

a pulse acquire scheme with a TR of 60 or 120s and flip angle of approximately 18 

degrees. Imaging was performed using a single-shot multi-echo RARE (rapid 

acquisition with relaxation enhancement) sequence with 8 (sagittal) complete 

images recorded using a single 90-degree excitation with multiple refocusing. The 

single slice images (10 mm thickness) existed of 32 x 32 pixels over a field of view 

of 64 x 64 mm. With an echo spacing of 2.02 ms and a RARE factor of 32, every 

64.5 ms a complete image was acquired, repeated 8 times resulting in spin echo 

images at 2.02, 66.5, 131.1, 195.7, 260.2, 324.8, 389.3, and 453.9 ms. With this 

single-shot acquisition, all hyperpolarized magnetization was used at once. 
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6.5 Supporting information 

Table S6.1. Summarized data of evaluated SiC samples. 

acronym Sizea 

Crystal 

phase 

DNP 

build up 

time (s) 

DNP 

enhancement  

at 4 K 

Spin-lattice 

relaxation time 

T1 (s) 

Mean 

crystall

ine size 

(nm)b 

SiC18, US 18 nm β - No DNP signal 200 19.5 

SiC80, US 80 nm β - No DNP signal 100 18.9 

SiC800, US 
800 

nm 
α 1010 12 1600 27.3 

SiC5-250, 

PC 

5-250 

nm 
α - Poor DNP - 32.5 

SiC100-

1200, ST 

0.1-1.2 

μm 
β 900 Poor DNP 800 21.3 

SiC200-

1200, ST 

0.2-1.2 

μm 
α 130/1135 28 961 30.9 

SiC650, Ab 
650 

nm 
α 645 17 535 20.3 

SiC750, Ab 
750 

nm 
α 450 51 660 28.9 

SiC2200, 

Ab 
2.2 μm α 611 - 1315 40.2 

a. The size mentioned here is according to the suppliers’ specifications.  

b. The grain sizes of the SiC particles are calculated by Scherrer equation: 

𝐷ℎ𝑘𝑙 =
𝑘𝜆

𝛽 cos 𝜃
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Where Dhkl is an estimation of the grain size; k is the shape factor; λ is the 

wavelength of the X-ray; β is the full width at half maximum of the peak; θ is the 

angle of the diffraction. λ is 0.15406 and for k we use 0.89 in the equation. For β-

SiC, the average crystallite size of SiC is the mean grain size at the diffraction angles: 

35.6°, 41.4° and 59.9°. For α-SiC, the average crystallite size of SiC is the mean 

grain size at the diffraction angles: 34.1°, 35.7°, 38.2°, 41.4° and 60.0°. 

 

Figure S6.1. XRD pattern of SiC samples: SiC18, US (blue curve); SiC650.Ab (magenta curve); 

SiCAb 750 (green curve) and SiC800, US (orange curve). 

 

Figure S6.2. (a) IR spectra of SiC samples: one β -SiC sample (SiC18, US), and three α-SiC 

samples (SiC650, Ab, SiC750, Ab and SiC800, US). (b) IR spectra of representative SiC samples: β 

- SiC100-1200, ST, α-SiC2200, Ab, α-SiC750, Ab, α-SiC650, Ab, α-SiC5-250, PC, after two years of storage.  
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Figure S6.3. SEM images of SiC: (a) β-SiC18, US, scale bar, 100 nm; (b) β-SiC18, US, scale 

bar, 100 nm; (c) α-SiC650, Ab, scale bar, 1μm; (d) α-SiC750, Ab, scale bar, 1μm; (e) α-SiC800, US, 

scale bar, 1μm. 

 

Figure S6.4. The 29Si polarization buildup curve of α-SiC samples: (a) buildup of α-SiC650, 

Ab with a DNP build up (BU) time of 645 s; (b) buildup of α-SiC800, US with BU = 1010 s; (c) 

buildup of α-SiC200-1200, ST, the BU appears to be bi-exponential with a fast component of 130 

s and a slow component of around 1135 s; (d) buildup of α-SiC2200, Ab, with BU = 611 s.  
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Figure S6.5. Overlay of 29Si spectra of α-SiC750, Ab under thermal equilibrium (thermal) and 

after hyperpolarization (enhanced). 

 

Figure S6.6. 29Si axial images of hyperpolarized α-SiC750, Ab. The six echo images of the 

axial RARE after hyperpolarization of the Eppendorf.  
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Chapter 7 

 Outlook 

7.1 Introduction 

Silicon-based particles have emerged as an exciting class of materials with 

great potential for a variety of new applications.1-2 In this thesis, we have 

demonstrated the potentials of silicon and silicon carbide nanoparticles for 

hyperpolarization MRI. Further, we have presented our efforts to improve the 

colloidal stability of SiNPs through coating with lipids or polymers, as well as 

strategies for the facile preparation of free standing SiNPs. In this outlook chapter, 

some prospects of silicon-based micro- and nanoparticles for future bioimaging 

applications are proposed and discussed. These include synthetic methods to make 

the particles better applicable in biomedicine and strategies to improve the MR 

properties, surface modification of SiC with functional groups/targets, as well as 

novel silicon-based probes with long T1 relaxation times for imaging and theranostic 

applications.  

7.2 Strategies for preparation of free standing and 29Si 

enriched nanoparticles 

In Chapter 3 and 4, the employed SiNPs with agglomerated structures showed 

promising enhanced DNP signals. For successful imaging, individual, free standing 

SiNPs with excellent colloidal stability are desired. Both monodisperse and 

polycrystalline SiNPs can be obtained via wet-milling, as described in Chapter 5, 

but the yield for nanosized Si particles is relatively low (< 10%). Further studies 
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should focus on large-scale preparation of individual SiNPs and improving DNP 

signals. 

Vapor-phase synthesis of SiNPs has been widely used in industry and generally 

is a high yielding process.3 However, this synthesis approach is associated with rapid 

agglomeration, which is a limiting factor for many applications, especially bio-

related applications. Hence, it is important to understand and control the 

nanoparticle aggregation and coalescence during preparation. The general concept 

of continuous vapor-phase synthesis of nanoparticles can be seen in Figure 7.1.4 

Coalescence occurs only partially or creases at the selected operating temperature 

when singlet growth is above the critical size, resulting in the formation of 

aggregates. The growth process must be controlled in a way that particle growth 

does not exceed the critical size, that is, guarantee complete coalescence of colliding 

entities (as shown in Figure 7.1). Thus, adjusting the temperature in the particle 

growth zone is key to avoid partially coalescence. More precise modeling and 

experimental measurements are needed to control the size of SiNPs, and the 

obtained individual particles may be in a small size range (< 10 nm).  

 
Figure 7.1. Schematic representation of the formation of singlet and agglomerated aerosol 

nanoparticles resulting from material ablation at atmospheric pressure.4  
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For the purpose of improving DNP signals, several promising approaches may 

be further investigated, such as through increasing the 29Si content, surface-to-defect 

ratio or the defect distribution/geometry. Synthesis of 29Si enriched silicon particles 

can be achieved by using precursors with high 29Si isotopic content such as 29SiCl4 

or 29Si-tetraethyl orthosilicate (TEOS). One recent report has demonstrated a 

straightforward method of preparation of 10% and 15% enriched porous SiNPs by 

utilizing 100% 29Si-enriched TEOS as a precursor.5 The isotopic enrichment of 29Si 

particles with average size of 160 nm has shown increased DNP signal upon adding 

exogenous radical (TEMPOL). However, increased 29Si content also leads to 

decreased T1 times, which may be due to the relation between spin diffusion and 29Si 

isotopic abundance. Therefore, the optimal particle size, crystalline 

(polycrystalline/amorphous structure), and dilution of 29Si may be attractive for 

future research. Silicon particles doped with other atoms like boron or under 

different preparation methods may lead to varying degrees of defects, which would 

facilitate DNP as more polarizable electrons are available. The investigation of the 

content of these doping elements, and in particular the distribution of these defects 

may help in controlling T1 times and the degree of hyperpolarization.  

7.3 Silicon-based probes with long T1 relaxation times 

As described in the previous chapters (Chapter 2, 4 and 6), hyperpolarization 

characteristics such as the build-up constant, depolarization time (T1) and the overall 

DNP enhancement are strongly dependent on the size, crystallinity, doping, and 

other parameters. However, nano-sized particles, in general, display lower 

polarization levels and shorter T1 relaxation time as compared to micron-sized 

particles, because of their lower density of surface and internal defects.6-7 Therefore, 

it takes great efforts to explore the balance between the favorable size for bio-

applications and optimal DNP performance. Previous reports have suggested that 

some organosilicon compounds like polydimethylsiloxanes show long T1 due to 

weak dipole-dipole interactions.8 Therefore, some carbon or silicon-based 
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compounds may also have potentially long T1 times. We first investigated the T1 

time of a commercially available branched chain organopolysilane, which is tetrakis 

(trimethylsilyl) silane (TTMS) and the chemical structure can be seen in Figure 7.2a. 

The T1 experiment was performed using an inversion recovery sequence and the 

procedure is shown in Figure 7.2c.9-10  

 

Figure 7.2. (a) chemical structure of TTMS; (b) the pulse sequence of T1 and the T1 

estimation; (c) T1 measurements by inversion recovery.10 

The 29Si NMR spectrum of TTMS contains two peaks at around -10 ppm and -

135 ppm (Figure 7.3), corresponding to the symmetrical 29Si (the outside 29Si) and 

the core 29Si, respectively. The T1 time of the core 29Si (chemical shift at -135 ppm) 

is estimated to be 143 s according to the equation in Figure 7.2b. The obtained T1 of 

the small molecule is comparable to nano-sized silicon particles and 

nanodiamonds.11-12 It is of interest to explore and design some branched- and linear 

carbon or silicon compounds for future studies. 
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Figure 7.3. Inversion recovery T1 measurements of TTMS. Pulse program: T1IRIG, Vd-list: 

10-1250 s, D1: 750 s, NS:8 and expt: 19 h.  

7.4 Strategies for surface modification on SiC 

In Chapter 6, we demonstrated that α-SiC can be successfully polarized via 

DNP. Further research can concentrate on the modification of the particle surface 

with some functional groups or targets.  

The surface functionalization of silicon dioxide (SiO2)/silicon has been 

extensively studied.13-16 SiC is also a very promising material for surface 

modification because of the formation of a thin native oxide layer on its surface. In 

general, hydrogen- (-H) or hydroxide- (-OH) terminated surfaces provide the 

reactive sites to obtain high quality monolayers and both have been broadly studied 

and provide evidence for the passivation of the SiC surface.17-18 It is worthwhile to 

gain insight into bio-functionalized SiC. One theoretical study has shown that biotin 
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chemisorption, which is a link to specific proteins such as streptavidin and avidin, 

occurs on hydroxylated SiC (001) surfaces while retaining the electronic properties 

that are responsible for its high affinity to proteins.19  

 
Figure 7.4. Functionalization reactions for the attachment of streptavidin to SiC.  

The experimental studies of the immobilization of proteins onto SiC are of 

great interest and the versatile step can be seen in Figure 7.4. First, the hydroxylation 

process, like oxygen plasma treatment, can be used to grow a thin oxide followed 

by the silanization process. SiC is functionalized with 3-aminopropyltriethoxysilane 

(APTES) and subsequently biotinylated via sulfo-NHS-biotin reaction for the 

selective immobilization of streptavidin.20 The APTES functionalized and 

biotinylated SiC surface would show promise as a potential platform for the 

functionalization of other streptavidin labeled molecules like antibodies or aptamers. 

7.5 Conclusion 

Overall, these results in this thesis have shown that silicon and SiC micro- and 

nanoparticles are promising candidates to serve as hyperpolarized MRI agents. 

Further studies can involve investigation the DNP performance of SiNPs after 

surface modification with polymers and lipids; depending on the required minimum 

size of silicon particles to display sufficiently long T1 relaxation times and high 

degrees of polarization, possibly fluorescent silicon quantum dots may come in 
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reach for application in hyperpolarization MRI, signifying the perfect multimodal 

optical and MR imaging probe; and exploring other potential 13C, 29Si or 15N 

containing molecules or materials like nanodiamonds, silicon nitride for 

hyperpolarization. 
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Summary 

Silicon is an indirect bandgap material and exhibits remarkable optical, 

electronic and magnetic properties. In the past decades, silicon-based materials have 

been investigated in depth for their unparalleled physical and chemical properties, 

such as the feasibility of surface modification, size-dependent optical properties and 

favorable non-toxicity. Recently, the application of silicon-based particles in 

biomedical imaging, particularly hyperpolarized magnetic resonance imaging 

(MRI), has received increasing attention. In general, the requirements for effective 

MRI probes include high sensitivity over prolonged periods of time, good 

biostability and biocompatibility, and favorable particle sizes with advantageous 

clearance properties; requirements that silicon-based nanoparticles may fulfill.  

The research discussed in this thesis is aimed at investigating the applicability 

of silicon-based particles, specifically non-porous silicon and silicon carbide 

particles, in hyperpolarized MRI. This dissertation contains the following two parts: 

examination of promising silicon and silicon carbide particles in hyperpolarization 

MRI, and surface functionalization and biostability evaluation of silicon particles 

for eventual in-vivo bioimaging.  

Chapter 2 reviews typical synthetic approaches and surface modification 

methods for silicon-based particles that have been demonstrated suitable for 

biomedical applications. Special attention is given to applications of silicon-based 

particles in biomedical imaging, particularly magnetic resonance imaging (MRI). 

The current challenges to the widespread use of silicon-based particles for in-vivo 

imaging are discussed. 

Colloidal stability of silicon nanoparticles (SiNPs), characterized by an 

agglomerated structure, and strategies to improve this stability are evaluated in 
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Chapter 3. Dispersion behavior of SiNPs is studied in a variety of solvents, and 

methods to improve colloidal stability by particle size reduction and modification 

of the particle surface are investigated. It was observed that the dielectric constants 

and viscosities of the solvents play important roles in the dispersion of SiNPs. SiNPs 

can only be dispersed in liquids with dielectric constants greater than 5, and remain 

relatively stable in alcohols and glycols (at least 2 days). Smaller SiNPs can be 

obtained by size separation through centrifugation or by chemical etching, but this 

also results in significant material losses. Surface passivation of SiNPs by polymers 

to form a core-shell structure is investigated as another strategy to achieve stable 

dispersions. SiNPs functionalized with poly(methyl methacrylate) (SiNPs-PMMA) 

or with poly(oligoethylene glycol methacrylate) (SiNPs-PEGMA) displayed long-

term stability in both organic liquids and aqueous solution.  

In Chapter 4, a facile approach to improve the colloidal stability of SiNPs is 

described by coating with lipids or PEGylated lipids. PEGylated lipid-coating SiNPs 

(PEG-LC-SiNPs) show high stability in both saline and protein solutions, without 

large aggregates as determined by dynamic light scattering (DLS). Besides, PEG-

LC-SiNPs display limited macrophage cell uptake as compared to uncoated SiNPs 

or (positively charged) lipid-coated SiNPs, indicating that PEGylated lipids can 

provide a “stealth” shell and prevent unspecific protein absorption. This work has 

demonstrated that lipid-coating is a versatile strategy to achieve stable dispersions 

of SiNPs in biological solutions.  

In Chapter 5, we demonstrate that agglomeration-free silicon nanoparticles 

with a polycrystalline structure (poly-SiNPs) can be prepared by a simple, low-cost 

wet-milling method using a commercial blender. The obtained poly-SiNPs show a 

small average particle size (< 200 nm) and colloidal solutions of these particles 

remain stable for several months without discernible sedimentation. The poly-SiNPs 

were successfully modified with aminosilanes and subsequently fluorescently 

labeled with fluorescein isothiocyanate (FITC). Green-fluorescently labeled poly-
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SiNPs were further modified with red-fluorescently labeled lipids and co-

localization of SiNPs and lipids was demonstrated.  

The generality of spin-isolation in hyperpolarization MRI is investigated in 

Chapter 6. Silicon carbide (SiC) micro- and nanoparticles are studied for their 

potential in hyperpolarization MRI. SiC particles with different crystal phases, 

particle sizes and surface groups are evaluated. α-SiC particles with sizes ranging 

from 650 nm to 2.2 μm show significant DNP signal enhancements due to their high 

densities of free electrons. In contrast, β-SiC particles showed poor DNP 

enhancements even though similar sizes were evaluated as for α-SiC. Interestingly, 

both 29Si and 13C nuclei in α-SiC can be polarized in the absence of exogenous 

radicals and exhibit long T1 relaxation times and strong signal amplifications. 

Overall, SiC, with demonstrated minimal toxicity, can retain a hyperpolarized state 

for several hours, making it a promising material for use as a high sensitivity 

imaging agent in MRI.  

To summarize, this thesis is concerned with the application of silicon-based 

particles for hyperpolarized MRI. We have made efforts to investigate silicon 

carbide for hyperpolarization, improve the dispersion stability of SiNPs, develop 

strategies for their functionalization, as well as methods to prepare non-

agglomerated SiNPs for future application in hyperpolarization MRI.  
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Samenvatting 

Silicium is een indirect band gap materiaal met uitzonderlijke optische, 

elektronische en magnetische eigenschappen. In de afgelopen decennia zijn 

silicium-gebaseerde materialen in detail bestudeerd om hun ongeëvenaarde fysische 

en chemische eigenschappen, zoals bijvoorbeeld de mogelijkheid om oppervlaktes 

te functionaliseren, grootte-afhankelijke optische eigenschappen en de afwezigheid 

van toxiciteit. De toepassing van silicium-gebaseerde deeltjes in biomedische 

beeldvorming, in het bijzonder hyperpolarisatie magnetische resonantie 

beeldvorming (MRI), heeft in toenemende mate aandacht gekregen. Belangrijke 

voorwaarden voor een effectieve MRI-probe zijn hoge gevoeligheid gedurende een 

langere tijd, goede stabiliteit in biologische media en biocompatibiliteit, alsook een 

gunstige deeltjesgrootte met goede klaring uit het bloed. Deze voorwaarden kunnen 

mogelijk door silicium-gebaseerde nanodeeltjes worden vervuld. 

Het onderzoek beschreven in dit proefschrift is gericht op het bestuderen van 

de toepasbaarheid van silicium-gebaseerde deeltjes in hyperpolarisatie MRI. De 

inhoud van dit proefschrift is tweeledig: enerzijds wordt de toepassing van niet-

poreuze silicium en silicium carbide deeltjes in hyperpolarisatie MRI bestudeerd, 

anderzijds wordt het oppervlak gefunctionaliseerd om silicium deeltjes geschikt te 

maken voor biomedische toepassing in het lichaam.  

In Hoofdstuk 2 wordt een overzicht gegeven van synthetische methoden om 

silicium-gebaseerde materialen te functionaliseren met het oog op biomedische 

toepassingen. De toepassing van deze materialen in biomedische beeldvorming, 

zoals bijvoorbeeld MRI, wordt toegelicht en belangrijke uitdagingen voor hun 

gebruik in het menselijk lichaam worden besproken. 
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De colloïdale stabiliteit van silicium nanodeeltjes (SiNPs), normaliter 

voorkomend in een geaggregeerde toestand, wordt bestudeerd en strategieën om 

deze stabiliteit te verbeteren worden onderzocht in Hoofdstuk 3. Het 

dispersiegedrag van SiNPs wordt bestudeerd in verschillende oplosmiddelen, en 

methodes om de colloïdale stabiliteit te verbeteren door het verkleinen van 

deeltjesgrootte en door oppervlakte modificatie worden onderzocht. Hieruit is 

gebleken dat de diëlektrische constante en viscositeit van het oplosmiddel een 

belangrijke rol spelen bij de dispersie van SiNPs. De SiNPs kunnen alleen stabiel 

worden gedispergeerd in vloeistoffen met een diëlektrische constante groter dan 5 

en blijven relatief stabiel in dispersie in alcoholen en glycolen (minimaal 2 dagen). 

Methodes om de grootte van de (aggregaten van) SiNPs te verkleinen zijn 

groottescheiding door middel van centrifugatie en door middel van chemisch etsen, 

maar bij deze methodes gaat ook veel materiaal verloren. Oppervlakte modificatie 

van de SiNPs met polymeren, om een soort kern-schil structuur te vormen, is 

onderzocht als een alternatieve strategie om stabiele dispersies te krijgen. SiNPs met 

poly(methyl methacrylaat) of poly(oligoethyleen glycol methacrylaat) op het 

oppervlak vertoonden een verhoogde stabiliteit in zowel organische als waterige 

oplossingen. 

In Hoofdstuk 4 wordt een eenvoudige manier beschreven om de colloïdale 

stabiliteit van SiNPs te verbeteren door middel van coaten met lipiden of 

gepegyleerde lipiden. SiNPs met gepegyleerde lipiden (PEG-LC-SiNPs) vertonen 

een hoge colloïdale stabiliteit in zowel zout- als eiwitoplossingen, zonder de 

vorming van grotere aggregaten zoals blijkt uit dynamische 

lichtverstrooiingsmetingen (DLS). Bovendien vertonen deze PEG-LC-SiNPs 

slechts beperkte opname door macrofagen in vergelijking met SiNPs zonder coating 

of met alleen een (positief geladen) lipide coating, wat aangeeft dat gepegyleerde 

lipiden "stealth"-gedrag kunnen bieden en daarmee niet-specifieke eiwitabsorptie 

kunnen voorkomen. Dit werk toont aan dat coating van nanodeeltjes met lipiden een 
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veelzijdige strategie is om stabiele dispersies van SiNPs in biologische oplossingen 

te verkrijgen. 

In Hoofdstuk 5 demonstreren we dat silicium nanodeeltjes met een 

polykristallijne structuur (poly-SiNPs) vrij van aggregatie kunnen worden 

verkregen door een eenvoudige, goedkope methode van nat malen met een 

commerciële blender. De verkregen poly-SiNPs hebben een deeltjesgrootte kleiner 

dan 200 nm en colloïdale oplossingen van deze deeltjes blijven enkele maanden 

stabiel zonder zichtbare sedimentatie. Het oppervlak van de poly-SiNPs werd met 

succes gefunctionaliseerd met aminosilanen en vervolgens fluorescent gelabeld met 

fluoresceïne-isothiocyanaat (FITC). Groen fluorescent gelabelde poly-SiNPs 

werden verder ingebed in rood fluorescent gelabelde lipiden en co-lokalisatie van 

poly-SiNPs met lipiden werd aangetoond. 

Het gebruik van spin-isolatie in hyperpolarisatie MRI wordt onderzocht in 

Hoofdstuk 6. Silicium carbide (SiC) micro- en nanodeeltjes worden onderzocht op 

hun potentieel in hyperpolarisatie MRI. SiC-deeltjes met verschillende kristalfase, 

deeltjesgrootte en met verschillende oppervlaktegroepen worden geëvalueerd. α-

SiC-deeltjes met groottes variërend van 650 nm tot 2,2 μm vertonen aanzienlijke 

DNP signaalversterking vanwege hun hoge dichtheid aan vrije elektronen. 

Daarentegen vertonen β-SiC-deeltjes slechts beperkte DNP signaalversterking, 

ondanks de vergelijkbare deeltjesgroottes als voor α-SiC deeltjes. Een belangrijk 

voordeel is dat zowel 29Si- als 13C-kernen in α-SiC kunnen worden gepolariseerd, 

met vergelijkbaar lange T1-relaxatietijden en signaalversterkingen. SiC micro- en 

nanodeeltjes vertonen minimale toxiciteit en kunnen gedurende enkele uren een 

gehyperpolariseerde toestand behouden, hetgeen deze materialen veelbelovend 

maakt voor gebruik in medische beeldvorming met MRI. 

In dit proefschrift wordt de toepassing van silicium-gebaseerde deeltjes in 

hyperpolarisatie MRI onderzocht. Enerzijds is de hyperpolarisatie van silicium 

carbide bestudeerd, anderzijds is de stabiliteit van silicium nanodeeltjes in dispersies 
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verbeterd, onder andere door middel van nieuwe strategieën voor de functionalisatie 

van deze deeltjes, alsook methodes om SiNPs vrij van aggregatie te bereiden voor 

toekomstige toepassing in hyperpolarisatie MRI.
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