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General Introduction 

Developments in the field of non-linear optical probes have led to several advances in bioimaging. 
These have not enabled early diagnosis of diseases, but have also helped determine efficient 
treatment strategies.  Optical probes need to fulfill several criteria such as biocompatibility, 
sensitivity, specificity and advanced photophysical properties to be employed as tracers for 
bioimaging.  The primary objective of this work is the development and optimization of a family 
of fluorescent organic@silicate core-shell nanoparticles (NPs) containing an organic core 
surrounded by a silicate shell, with a high loading of crystal-state emitting dyes (30-40 %wt) for 
two-photon imaging of tumor vasculature.  

Chapter I deals with general advances in the field of bioimaging, with a focus on optical imaging 
techniques and the different nanoparticulate tracers that have been developed over the years 
for use in such applications. Factors influencing the colloidal stability of NPs in different biological 
media have also been highlighted to study their effect on the in vitro behavior and their role in 
determining the in vivo fate. Furthermore, the concepts of nanocrystallization and sol-gel 
chemistry for the synthesis of composite organic@inorganic core-shell nanoparticles have been 
described. Lastly, click functionalization strategies have been described as a possible route to 
functionalize the synthesized NPs to improve their biocompatibility.  

Chapter II deals with the encapsulation of crystal-state emitters in sol-gel matrices. This chapter 
focusses on the development and optimization of a family of red-emitting fluorescent 
organic@silicate core-shell nanoparticles (NPs). These core-shell NPs, which comprise an organic 
dye nanocrystal core (ca 40-50 nm) surrounded by a silicate crust, are prepared by an original 
spray-drying technique combining sol-gel chemistry and nanocrystallization, developed in our 
group. The synthesis of these core-shell NPs requires precise control over both the 
nanocrystallization process and the sol-gel chemistry to optimize the self-assembling one-step 
process for the preparation of core-shell NPs.  This chapter also presents a comprehensive 
physico-chemical characterization of the morphology of the synthesized NPs and their 
crystallinity using X-Ray diffraction and electron microscopy techniques. Finally, the optical 
properties of these core-shell NPs using fluorescence spectroscopy are also presented.  

Chapter III deals with the preparation of stable colloidal NP suspensions for biological 
applications. This in turn requires optimization of post-synthesis treatment strategies to obtain 
colloidally stable suspensions in physiologically relevant conditions. Furthermore, the study of 
the colloidal stability of the core-shell NPs suspensions in different biological media using 
Dynamic Light Scattering is presented.  The use of click functionalization strategies to render the 
NPs furtive and increase their blood circulation time, and its effects on the colloidal stability of 
the NPs is also described. Finally, the conditions necessary for in vivo vascular imaging in mice 



General Introduction 

2 
 

are presented. Evaluation of the NPs in vivo highlights the need for a more thorough size selection 
of NPs (< 100 nm) to enable longer circulation time in blood. Although it was difficult to achieve 
high furtivity, the NPs so obtained display good colloidal stability in physiological conditions and 
show high brightness under two-photon excitation, a feature that makes these novel nanotracers 
highly promising for future work.  
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Chapter I- Introduction 

1.1. Bioimaging  
 

Bioimaging, lies at the interface between biology and imaging, and refers to the visualization, 

characterization, and measurement of biological processes in humans and other living systems 

such as animal models (mouse, rat, rabbit, monkey, etc) as shown in Figure 1.1.1–3 The 

development of bioimaging has not only enabled the study of fundamental biological processes, 

which in turn helps in understanding disease pathways better, but has also led to more accurate 

diagnosis of diseases. In addition to early screening of diseases, bioimaging can also determine 

the extent of disease, identify and evaluate the treatment strategy required for a more 

personalized treatment that is not only targeted to the disease but is also patient-specific, leading 

to more effective treatment.2  

 

 

Figure 1. 1. Steps involved in bioimaging 4 

In addition to personalized medicine, bioimaging is also widely being employed in the field of 

drug development. Typically, drug development is a time intensive and expensive process with 
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several steps starting from target identification and compound optimization to preclinical and 

clinical trials.5 Bioimaging has significantly contributed to the field of drug discovery and 

development thanks to its ability to non-invasively evaluate the pharmacokinetic and 

pharmacodynamic properties of the candidate drug, at different stages of development thereby 

significantly reducing attrition rates and saving time and money. 5 

Bioimaging utilizes different imaging modalities and their corresponding contrast agents to 

provide a wide range of information about a biological target at different levels of resolution. The 

most widely used modalities are Magnetic Resonance Imaging (MRI), Positron Emission 

Tomography (PET), Single Photon Emission Computed Tomography (SPECT), ultrasound imaging 

and optical imaging (Figure 1.2).  

 

 

Figure 1. 2. Key bioimaging modalities used for preclinical and/or clinical applications 4 

These imaging modalities use different types of contrast agents and span the electromagnetic 

spectrum ranging from the use of radio frequency waves for MRI to ultrasonic waves for 

ultrasound imaging to visible-infrared light for optical imaging and gamma rays for PET and SPECT 

(Figure 1.3). They also have different spatial resolutions, advantages, and limitations, which are 

summarized in Table 1.1.  
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Table 1. 1. Different bioimaging modalities 

Type  Energy 
form used 

Imaging 
time 

Advantages Limitations References 
  

Magnetic 
resonance 
imaging 
(MRI) 

Radio 
frequency 
waves 

Minutes 
to hours 

• Moderate spatial 
resolution  
(< 1–3 mm3) 

• Unlimited depth 
penetration 

• Whole body imaging 
possible 

• Low 
sensitivity  

• Expensive 

• Long 
acquisition 
time  

3,6,7 

Positron 
Emission 
Tomography 
(PET) 

Gamma rays Minutes • High sensitivity  

• Unlimited depth 
penetration  

• Quantitative 

• Whole body imaging 
possible  

• Low spatial 
resolution  
(~3-5 mm3)  

• Radiation 
hazard  

• Long 
acquisition 
time  

3,7–9 

Single 
Photon 
Emission 
Computed 
Tomography 
(SPECT) 

Gamma rays Minutes • High sensitivity  

• Unlimited depth 
penetration  

• Quantitative 

• Whole body imaging 
possible 

• Low spatial 
resolution 
(~5 mm3)  

• Radiation 
hazard  

• Long 
acquisition 
time  

3,7,10,11 

Optical 
Imaging  

Visible- 
Infrared 
Light 

Seconds 
to minutes 

• High sensitivity 

• High spatial resolution 
(~1-2 µm) 

• No ionizing radiation 

• Inexpensive  

• Short acquisition time/ 
Real-time imaging 

• Multiplexing  

• Limited 
depth 
penetration  

• Reduced 
imaging area  

3,7,12–18 

Ultrasound 
Imaging  

High-
frequency 
sound waves 

Seconds 
to minutes 

• High sensitivity 

• No ionizing radiation 

• Inexpensive  

• Short acquisition time/ 
Real-time imaging 

• Moderate spatial 
resolution (1 mm) 

• Whole body 
imaging not 
possible  

• Limited 
contrast 
agents  

 
3,7,19–22 
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Figure 1. 3. (a) Small animal magnetic resonance imaging (MRI), (b) Small animal positron emission tomography 
(PET), (c) Small animal single photon emission computed tomography (SPECT), (d) Small animal ultrasound (US), and 
(e) Optical fluorescence imaging.4 
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Optical Imaging  

While PET, SPECT and MRI have already established a firm foothold in clinical tests, optical 

imaging is mainly used for small animal testing, due to limited depth penetration. However, there 

have been several advances in the field of optical imaging, which could aid in its clinical transition. 

Optical imaging techniques, such as bioluminescence and fluorescence imaging, offer several 

advantages over currently used clinical imaging modalities such as MRI, SPECT and PET in that 

they are safe (depending on the type of contrast agent), inexpensive and offer high sensitivity, 

high spatial resolution, high signal to noise ratio in the near infrared spectral region and the use 

of low concentrations of contrast agent. 14–16,23 

 

Optical Imaging Techniques  

While bioluminescence imaging is very commonly used for bioimaging in small-animal models 

and typically uses luciferase enzymes for the production of light, in vivo fluorescence imaging 

offers different levels of resolution and imaging depths depending on the technique used. 

Intravital microscopy techniques enable cellular and sub-cellular analysis, while fluorescence 

molecular tomography (FMT) can image bigger volumes spanning a few cubic centimeters, 

allowing whole-animal imaging in small animal models and imaging of entire human organs, 

albeit at a low resolution.14,23 The problem of limited depth penetration, which has mainly 

restricted the use of optical imaging to dermal and ocular applications, can now be overcome 

with non-linear optics and the development of multiphoton microscopy techniques. For deep 

tissue imaging (depth greater than a few millimeters), near infrared fluorophore probes and dyes 

are required to overcome the problem of autofluorescence, light scattering and attenuation by 

tissues and the absorption of light by hemoglobin, lipids and water (Figure 1.4).  

There are several high-resolution in vivo optical imaging techniques that can provide information 

ranging from the quantification of cancer biomarkers to the imaging of signaling pathways. 

Confocal microscopy is a real-time imaging tool that makes use of a pinhole to reject out of focus 

light from the specimen to generate high contrast images of thin optical sections of the specimen 

within intact cell cultures or thick tissues by raster scanning the sample. This ability to isolate thin 

layers of the specimen enables real-time imaging of morphological indicators of cancer 

progression such as nuclear size and nuclear-to-cytoplasmic ratio 24 using non-specific exogenous 

contrast agents such as Acriflavine. When used with molecular-specific exogenous contrast 

agents, confocal microscopy can be used to target overexpressed receptors in cancer cells. 

Examples include the use of a monoclonal antibody conjugated to an organic dye (Alexa Fluor 

660) for the detection of vascular endothelial growth factor 25, fluorescent dye Cy5.5-labeled anti-

EGFR monoclonal antibody Erbitux to detect EGFR expression level in MDA-MB-231 and MCF-7 
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breast cancer xenografts 26, and cathepsin-inducible near infra-red fluorescent probes to visualize 

intestinal polyps of mice hemizygous. 27 

 

 

Figure 1. 4. (a) Absorption spectrum of human skin showing the first (NIR-I), second (NIR-II) and third (NIR-III) 
biological windows and (b) plot of effective attenuation coefficient versus wavelength for oxygenated and 
deoxygenated blood, skin and fatty tissue28 

Confocal microscopy can be performed either in reflectance or fluorescence mode. Although it 

can be used to produce high-contrast images enabling the extraction of significant information 

at the cellular level, for deep-tissue imaging at high resolution, several novel non-linear optical 

microscopy techniques such as multiphoton fluorescence and harmonic generation, (Figure 1.5) 

have been developed. 



Chapter I – Bibliographic Introduction 

 9 

 

Figure 1. 5. Signal Generation in Laser Scanning Microscopy. In processes A and B, absorption of one (or more) 
excitation photons (λEX) promotes the molecule from the ground state (S0) to the excited state (S1) and fluorescence 
(λEM) is emitted when the molecule returns to the ground state. In process C, the excitation photons (λEX) 
simultaneously convert into a single photon (λSHG, THG) of the sum energy and half (for SHG) or one-third (for THG) 
the wavelength without being absorbed. 29 

Multiphoton microscopy, which makes use of the simultaneous absorption of two (or more) 

photons, each with half the energy (and twice the wavelength) of the corresponding single 

photon transition, to excite the fluorophore enables deeper tissue penetration as it typically 

shifts the excitation wavelength from the blue to the biological transparency window in the NIR 

range. There are significant differences between the optical configurations of confocal and 

multiphoton (for example, two-photon) microscopes as shown in Figure 1.6. In a confocal 

microscope, the excitation light (UV or visible) is reflected by a dichroic mirror to the microscope 

objective and focused into the specimen. The one-photon fluorescence signal generated from 

the focal spot is captured by the same objective, and passed through a pinhole to reject out of 

focus light, before reaching the detector. In a two-photon microscope, the excitation light (pulsed 

NIR laser) is reflected by a dichroic mirror to the microscope objective into the specimen and the 

two-photon induced fluorescence generated at the diffraction-limited volume30 is collected by 

the same objective and sent to the detector, without the need for a pinhole. This results from 

the ability of multiphoton microscopy to collect scattered emission photons as a useful signal as 

the probability of photon absorption is a non-linear function of excitation radiance, thereby 

avoiding out of focus light, without pinhole.  
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Figure 1. 6. Difference between single photon fluorescence confocal imaging and two photon fluorescence 
imaging31 

Deeper tissue penetration is a direct result of reduced scattering, owing to the use of longer 

wavelengths in the infrared range for excitation. Additionally, photodamage is greatly minimized 

due to the use of lower energy photons and confinement of fluorescence emission to a diffraction 

limited spot.30 This makes two-photon microscopy ideal for high-resolution (down to the µm), 

deep-tissue, real-time imaging and tracking of dynamic processes in cell biology.31 This, in turn, 

has enabled the visualization of a multitude of processes at depths beyond several hundred 

microns allowing the quantification of receptors over-expressed in cancer cells and the imaging 

of tumor vasculature formed by angiogenesis. Two-photon microscopy has been used for both in 

vivo and ex vivo studies. Ex vivo applications typically involve the observation of microstructures 

of animal or human tissue to compare morphological changes in normal and cancerous samples 

and image overexpressed receptors in cancer cells. This has been used to study human 

esophageal tumor progression,32 differentiation between normal and cancerous gall bladder 

tissues33, identification of prostatic and periprostatic structures in freshly excised tissue from 

human radical prostatectomy specimens34 and imaging of HER2-overexpressing SK-BR-3 breast 

cancer cells.35 In vivo studies have mainly been carried out in small animal models. Some 

examples include monitoring of endocytosis in submandibular salivary glands in live rats,36 
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intravital imaging of colorectal liver metastasis development in live mice to observe metastatic 

nodules containing viable cancer cells and surrounding stroma with tumor vessels,37 and sub-

cellular imaging of cancer cells expressing GFP using an Alexa Fluor 594-conjugated anti-

carcinoembryonic antigen (CEA) antibody in mouse models.38 

In addition to imaging with fluorescent probes, other non-linear optical techniques have been 

developed such as second harmonic generation (SHG) and Coherent anti-Stokes Raman 

Scattering (CARS). Second harmonic microscopy is based on the generation of an optical field of 

twice the frequency (i.e. half the wavelength) of the incident light upon interaction with non-

linear materials lacking inversion symmetry. The biggest advantage of second harmonic 

microscopy is that photobleaching and phototoxicity of dye molecules can be completely avoided 

as this process relies on endogenous molecular properties. A typical example of a material that 

can be examined using second harmonic microscopy is collagen, which is known to be a key 

component in tumor microenvironments. SHG has been used to visualize and study collagen-fibril 

structures and bundle orientation in normal and cancerous tissues for ovarian cancer,39 breast 

cancer,40–42 stage 1 colorectal adenocarcinoma,41 brain tumors43 and for noninvasive estimation 

of drug accessibility in tumors and measurement of enzymatic modification of tumor collagen, 

by dynamic imaging of collagen fibers in vivo.44 Two-photon microscopy combined with second 

harmonic microscopy has been used to examine the characteristics of carcinoma invasion in 

human colorectum tissue,45 early changes of colonic submucosa in a mouse model of colorectal 

cancer46 and to monitor pathological progression in oesophageal diseases at the molecular level, 

especially for early oesophageal cancer.32 

CARS microscopy is a third-order non-linear optical method that allows the imaging of specific 

molecular species in a complex microenvironment by tuning two collinear laser beams such that 

their frequency difference matches the frequency of the molecular vibration of interest in order 

to generate a strong signal at the anti-Stokes frequency. CARS has been used to investigate 

morphological differences between normal and cancerous kidney tissues,47 for differential 

diagnosis of lung carcinomas,48 imaging of lipids in cancer metastasis49 and lipid-rich circulating 

tumor cells in human prostate cancer cell lines,50 and to delineate brain tumors in orthotopic 

mouse models and human glioblastoma.51 

These advances in non-linear optical imaging techniques are often complemented with the 

development of efficient non-linear optical probes. It is indeed crucial to develop fluorescent 

probes, with suitable properties for their use as tracers in optical bioimaging. These tracers 

should not only exhibit advanced photophysical properties and non-linear optical phenomena 

such as two-photon absorption, but also be fluorescent in the near infrared to enable deep tissue 

penetration and minimize the effects of tissue autofluorescence. Additionally, they should be 

biocompatible, highly sensitive and specific. Nanoparticles (NPs) fulfill these criteria, offer several 

advantages and are hence, increasingly being explored for use as tracers.  
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1.2. Nanoparticulate tracers  

In addition to new technologies and sophisticated instrumentations, multifunctional 

nanoparticulate tracers play a huge role in the advancement of bioimaging. In the case of optical 

imaging, fluorescent NPs are excellent candidates because they offer several advantages over 

molecular dyes such as advanced photophysical and chemical properties, leading to higher 

brightness and multifunctionality, which results from the possibility to decorate the surface of 

NPs with different functional groups and the ability to activate or deactivate the NPs in response 

to external chemical or physical stimuli.52 Several different types of fluorescent NPs have been 

developed over the years such as quantum dots, metallic NPs, upconverting NPs and dye-doped 

silicate/polymeric NPs.53 The main requisites for these nanoparticulate tracers comprise 

biocompatibility, colloidal stability in body fluids, easy clearance from the body, high brightness, 

photostability and emission in the biological transparency window, typically 650-1050 nm.23,54,55 

The following section covers the most widely used nanoparticulate tracers used in optical 

imaging. 

1.2.1. Quantum dots  

Quantum dots are semiconductor nanocrystals comprising elements from the II-VI, III-V, IV-VI 

groups of the periodic table (Figure 1.7a). They have a large absorption cross-section, a narrow 

emission spectrum, which can be extended to the near infrared region, and excellent 

photostability, making them ideal candidates for bioimaging.56 Their emission wavelength can be 

further tuned based on their size (Figure 1.7b), which in turn can be well controlled by varying 

the precursor concentration and growth conditions during their synthesis. They are insoluble in 

water with a hydrophobic outer shell, hence to work in biological media their surface needs to 

be modified to impart biocompatibility. Though they require surface modification for use in 

bioimaging, they are still widely used for imaging at the R&D level and are commercially available. 

Several water-soluble quantum dots such as CdSe@ZnS nanocrystals, have been developed for 

multicolor imaging of biological samples.57 These QDs have been used as fluorescent angiography 

probes in live mice to image vasculature in a 250-m thick region within the animal tissue, and 

also detect blood-flow velocity and heart rate, all of which is possible due to the high two photon 

absorption cross section of these quantum dots. 58 Several bio-conjugated Cd-based QDs have 

been developed for both non-specific and targeted imaging of cancer cells, tumor vasculature 

and lymph node mapping,59–64 (which can help predict the spread of certain kinds of cancers) and 

deep tissue visualization.65–67  
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Figure 1. 7. (a) Structure of a quantum dot68 and (b) Emission wavelength as a function of size for CdTe QDs69 

However, due to the use of toxic elements such as Cd and Te, CdTe@ZnS nanocrystals show the 

potential risk of non-specific accumulation of metal ions in the biological environment.55 To 

overcome these toxicity effects, Cd and Te-free QDs have been developed such as ZnS 

nanocrystals doped with Mn(II) ions for targeted cellular imaging using high resolution three-

photon imaging.70 Another class of Cd-free QDs is the NIR-II emitting Ag2S QDs, whose emission 

wavelength can be tuned from 500 to 1200 nm by adjusting their size from 2 to 6 nm,56 which 

have been used for deep tissue visualization and improved spatial resolution ∼10 m,71,72 due to 

reduced light scattering in the NIR-II region (1000 ≤  ≤ 1400 nm).73 

Although QDs present several advantages, it is important to note that fluorescence of QDs is also 

dependent on temperature54 and therefore it is important to control the physicochemical 

properties of QDs. This is achieved by tuning their surface chemistry, which often requires several 

long, sophisticated and expensive steps. It is also important to understand the factors that affect 

the biodistribution of QDs in organisms, owing to the toxicity effects of QDs upon agglomeration 

in vivo due to their small size.56 
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1.2.2. Upconverting nanoparticles (UCNPs) 

Upconverting NPs are rare-earth doped NPs, which exhibit fluorescence emission upon NIR light 

excitation. This upconversion luminescence results from sequential absorption of multiple 

photons or energy transfers leading to the conversion of low-energy NIR light into high-energy 

visible light.74,75 UCNPs consist of an inorganic host doped with a sensitizer and an activator, 

typically hexagonal NaYF4 nanocrystals doped with trivalent lanthanide ions such as Er3+, Yb3+ or 

Tm3+ (Figure 1.8a-b). 

In comparison with conventional contrast agents, UCNPs offer several advantages such as 

minimal autofluorescence, deeper penetration depth as a result of NIR excitation, large anti-

Stokes shift tunable emission, narrow emission, resistance to photobleaching, no blinking under 

continuous irradiation, rather low toxicity and excellent stability.53,74,75 The concentration of 

dopants is typically low, in order to avoid quenching caused by undesired cross relaxations.76 

Monodisperse UCNPs have been synthesized by thermal decomposition and hydro(solvo)thermal 

synthesis techniques. However, these UCNPs, like QDs, require surface modification as they are 

hydrophobic in nature and need further surface functionalization. Several one-step strategies 

have also been developed to simplify synthesis and post-treatment,77 albeit with little control 

over uniformity and size.53 

 

Figure 1. 8. Schematic illustration of upconverting NPs and (b) Multicolor fine-tuning of lanthanide-doped NaYF4 

NPs with different ratios of dopants.78 
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UCNPs have been utilized in several high-resolution and high-contrast bioimaging applications 

for in vivo imaging of blood vessels79, transillumination imaging80, immunolabelling and zero-

background imaging of cancer cells81,82, quantitative analysis of overexpressed receptors in 

cancer cells83–85,mapping of lymphatic systems77,86 and dynamic real-time tracking of cell 

migration in vivo,87 due to their minimal autofluorescence.  

The long term stability of UCNPs has also enabled dynamic real-time tracking of cell migration in 

vitro and in vivo in living mice, using confocal microscopy.86,87 A number of polymer-coated (PEG, 

PVP, PEI, PAA) UCNPs have also been developed to perform in vivo biodistribution imaging88 and 

charge dependent cellular imaging.89 Silica coated UCNPs offer improved in vitro and in vivo 

biocompatibility90 with clearance within a week of injection and have been used for multicolor 

luminescence imaging,91 targeted imaging of tumor cells92 and photodynamic therapy.93  

Despite these advantages, the use of UCNPs is limited by the lack of generalized protocols for 

reproducible and scalable production, complicated surface modification strategies, low quantum 

yield, the use of sensitizer ions which have an absorption band coinciding with that of water 

resulting in light attenuation and heating and the lack of sufficient information concerning the 

long term toxicity of these UCNPs.53,74,75  

1.2.3. Dye-doped silicate nanoparticles 

Among all fluorescent nanotracers, silica-based NPs have attracted great attention owing to the 

existence of a myriad of well-established synthesis protocols with controlled size, their low 

intrinsic toxicity and the ease of surface modification which enables increasing their colloidal 

stability.52,94 The fluorophore is usually covalently linked to the inorganic scaffold, or physically 

entrapped within the silicate particle, but with a risk of leaching of the dye in solution. This matrix 

shields the dye molecules from the external environment thereby imparting stability, is optically 

transparent, inert and biocompatible.52,95 The silicate matrix also allows NP functionalization 

through silica surface chemistry. The synthesis of such NPs, which can be done either via Stöber 

synthesis, reverse microemulsion method or direct micelle assisted method, is straightforward 

(Figure 1.9). Depending on the synthesis route, different types of silica NPs can be obtained with 

different size distributions and dye-doping/grafting strategies.  

PluS NPs which are silica NPs based on aggregates of Pluronic F127 surfactant or co-aggregates 

of F127 and derivatized F127 as templates (to yield NPs between 5-90 nm), have been studied 

for several in vitro and in vivo applications.52,94 This synthesis strategy often results in well-

defined NPs, with excellent colloidal stability, that makes them ideal candidates for use in 

biological applications. Furthermore, these NPs are coated with PEG to form a core-shell 

structure to increase their blood circulation time. Several PluS NPs doped with different NIR 
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emitting dyes such as Cy7 and IR780 have been investigated for sentinel lymph node mapping 

and in vivo imaging of tumors.96,97 

 

 

Figure 1. 9. Synthesis of dye-doped silicate NPs using (a) Stober method, (d) reverse microemulsion method and (c) 
direct micelle assisted method 94 

Prasad and co-workers have developed several dye doped silica NPs containing two-photon 

active dyes.98,99 They also developed organically modified silica (Ormosil) NPs with a size range 

of 20–30 nm, doped with different two-photon active dyes for two-photon imaging.100–102 It has 

also been reported that these organosilica NPs largely avoid leaching of the dye from the particle 

due to lower condensation of organosilica as compared to silica.100 Several groups have 

incorporated two-photon active dyes based on aggregation induced emission101,103–109, 

zwitterionic hemicyanine dyes,110 silole derivatives, oxazine dyes,111 distyrylbenzene based 

dyes112 into silica NPs for bioimaging (Table 1.2).  

Ultrasmall silica NPs (< 10 nm) called Cornell dots (C-dots) have even been approved by the Food 

and Drug Administration as an Investigational New Drug (IND).113,114 These C-dots were designed 

to have high fluorescence by covalent incorporation of the organic dye (Cy5.5 dye) into the silica 

matrix, resulting in high brightness (200-300%) and photostability (2-3 fold) in comparison with 

the free dye in solution.114 These were further coated with polyethylene glycol (PEG) to prevent 

opsonization and uptake by the reticuloendothelial system. These NPs have entered clinical trials 

in melanoma patients for sentinel lymph node mapping and other image-guided applications 

using either optical or dual optical-PET imaging platforms.113–115 

(a)

(b)

(c)
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Table 1. 2. Different types of dye-doped silicate NPs and their applications 

Dye Application References 

Cyanine - Sentinel Lymph Node mapping and in vivo imaging of tumors  96 

 - Optical-PET imaging probe 113 

 - NIR imaging of porcine muscle 116 

 - Labelling of human Mesenchymal stem cells 117 

 - Immunospecific labels 118 

IR 780 - Sentinel Lymph Node mapping and in vivo imaging of tumors 97 

RubPY - Bioimaging  119,120 

 - MCF-7 cancer cell detection  121 

FITC - Labelling Cells  122 

 - BioImaging 123 

Perylenediimide  - Bioimaging  124 

Pincer-type Pt(II) 

complexes 

- Two-photon cellular imaging 125 

 

However, a point to consider in the case of dye-doped silicate NPs, where the dye molecules are 

dispersed inside the silicate matrix, is that the fluorescence of the dyes can be partially quenched 

by molecule aggregation in the particle, which typically limits the loading to less than 

1%wt.52,126,127 This may be a point of concern for deep tissue imaging where a low concentration 

of dye may result in loss of signal as penetration depth increases. To address this problem of low 

concentration of dye due to low loadings, new classes of nanoparticulate tracers are being 

developed and investigated. One such example is the organic@inorganic core-shell NPs discussed 

in the following section.  

1.2.4. Organic@inorganic core-shell nanoparticles 

Core-shell NPs are comprised of an inner core surrounded by an outer shell, as suggested by the 

name. There are several different types of core/shell NPs (inorganic/inorganic, inorganic/organic, 

organic/inorganic and organic/organic core-shell NPs) including quantum dots and upconverting 

NPs as discussed in the previous sections. The goal of this work is to develop organic@inorganic 

core-shell NPs, as an alternative to existing nanoparticulate tracers. 

These organic@silicate NPs, developed at Institut Néel since 2010, consist of an organic core 

surrounded by an inorganic silicate shell. The organic core is usually a nanocrystalline dye that 

can be employed for bioimaging, surrounded by an organosilicate crust that imparts stability. 

There exists a wide variety of solid-state dyes which have been designed to exhibit high 



Chapter I – Bibliographic Introduction 

 18 

fluorescence emissions in the red to near IR biological transparency window to enable deep-

tissue imaging.128–131 The nanocrystals are a few tens of nanometers in size but consist of 105 to 

107 molecules, thereby showing high fluorescence intensity in the solid state, due to the 

enhancement of their absorption and emission cross sections, making them ideal for in vivo 

vascular imaging. The silicate crust not only protects the organic nanocrystal from the external 

environment and impart high photostability, but can also be easily functionalized by silica 

chemistry to make these NPs biocompatible and impart further stability. Bioconjugation can also 

enable the use of these NPs for targeted drug delivery to cancer cells by targeting receptors over-

expressed by cancer cells.  

These core-shell NPs have only been synthesized by the ‘spray-drying’ method developed by A. 

Ibanez et al.132, and can be made in an inexpensive, controllable and single step process. This 

one-step synthesis is made possible thanks to the control of both the sol-gel chemistry 

(polycondensation) and the nanocrystallization process, which occur simultaneously. Therefore, 

it is important to understand the fundamental aspects of these processes in order to optimize 

the self-assembling one-step approach for the preparation of these hybrid nanocomposite 

particles.  

1.2.4.1. Sol-gel chemistry 

All processes related to the formation of the silicate matrix involve sol-gel chemistry. The sol-gel 

method is a wet-chemical technique used for the synthesis of metal oxide materials, typically 

those of silicon and titanium.133 The process involves the evolution of a solution of molecular 

precursors into a colloidal sol then into a gel consisting of a bi-continuous liquid/solid phase. 

Silicate-based sol-gel materials are often synthesized from monomeric tetrafunctional silicon 

alkoxide precursors and water, using either an acid (HCl), a base (NH3) or eventually a nucleophile 

(F-) as catalyst. The most common tetraalkoxysilanes are tetramethoxysilane (TMOS) and 

tetraethoxysilane (TEOS). However, it is also possible to use organotrialkoxysilanes (R’Si(OR)3) or 

diorganodialkoxysilanes (R’2Si(OR)2), where R’ is a non-hydrolyzable substituent, to either 

derivatize or impart organic character to the siloxane network. 133   

Silicon alkoxides are popular precursors because they mildly react with water. This reaction is 

called hydrolysis because a hydroxyl ion gets attached to the metal atom, due to the nucleophilic 

attack of the oxygen atom in water.  

 

Si(OR)4 + H2O   (RO)3Si-OH + R-OH     (Eq. 1.2.4.1.1) 

 Esterification 

Hydrolysis 
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Here, R may either be a proton or a ligand. Depending on the amount of water and catalyst 

present, the complete hydrolysis could result in the replacement of all the OR groups by OH.  

Si(OR)4 + 4H2O        Si(OH)4 + 4R-OH      (Eq. 1.2.4.1.2)  

Hydrolysis could also stop when the metal is partially hydrolyzed Si(OR)4-n(OH)n. Two partially 

hydrolyzed molecules could link together in a condensation reaction by the elimination of a water 

or alcohol molecule, resulting in the formation of siloxane bridges.  

  

(RO)3Si-OH + (RO)3Si-OH      (RO)3Si-O-Si(OR)3 + H2O   (Eq. 1.2.4.1.3) 

 

 

(RO)3Si-OH + Si(OR)4      (RO)3Si-O-Si(OR)3 + R-OH  (Eq. 1.2.4.1.4) 

 

Under most conditions, condensation begins before complete hydrolysis. Repeated hydrolysis 

and condensation reactions result in the formation of polymeric siloxane networks. It is 

important to note that alcohol is not simply a solvent. It could participate in esterification and 

alcoholysis reactions as shown in Eq (1.2.4.1.1) and Eq (1.2.4.1.4).  

Reaction rates for hydrolysis and condensation have an important pH dependence.134 At pH < 5, 

hydrolysis is favored and condensation is the rate limiting step while the contrary is true at pH > 

5 (Figure 1.10b). This is because the minimal reaction rate for hydrolysis is at around pH 7 and at 

around pH 4.5 for condensation, which also corresponds to the point of zero charge of silica. At 

pH < 2, silicic species get positively charged, condensation rate is proportional to the H+ 

concentration. The nature of the alkoxide also plays an important role, with the bulkiest alkoxides 

leading to slower hydrolysis and condensation than the less bulky ones, which makes 

methoxysilanes the most reactive species. Furthermore, organically substituted alkoxysilanes 

R´Si(OR)3 react faster than the corresponding tetraalkoxysilanes Si(OR)4 under acidic conditions 

and slower under basic conditions.133,134 

Under acid-catalyzed conditions, these discrete oligomeric networks start assembling into small, 

weakly interconnected linear polymeric chains. Indeed, as hydrolysis and condensation proceed, 

the silicon atom becomes more electrophilic as -OSi substituents are less electron-donating than 

OR or OH.134 Therefore, reactions at the central Si atoms (atoms with 2 to 3 Si-O-Si bonds) get 

slower than the reactions at the terminal Si atoms, which results in chain-like networks (Figure 

1.10a). By contrast, under basic conditions, reactions at central Si atoms are accelerated, 

resulting in the formation of highly branched and condensed networks. 

Water condensation 

Hydrolysis 

Alcohol condensation 

Alcoholysis 



Chapter I – Bibliographic Introduction 

 20 

 

Figure 1. 10. (a) Typical structures from acid and base catalyzed sols135 and (b) Dependence of relative rates of 
hydrolysis and condensation on pH 134 

1.2.4.2. Crystallization 

At equilibrium, molecules can be dissolved in a solvent up to a concentration called solubility (C0). 

This solubility value can be overcome, but leads to a metastable state, that will ultimately result 

in the formation of crystals in the presence of the saturated solution at C0 to reach equilibrium. 

The formation of a new crystal from a supersaturated solution starts with the nucleation step, 

which refers to the process in solution by which atoms or molecules (solute) rearrange through 

a dynamic and stochastic process into a cluster called nucleus.136 If this nucleus is larger than a 

critical radius, it has the ability to grow irreversibly to a macroscopically bigger size, in a second 

step known as crystal growth.137 The rates of nucleation and crystal growth depend on the 

supersaturation, expressed as the ratio between the concentration in solution (C) and the 

solubility (C0).  

 

S = 
𝐶

𝐶0
           (Eq. 1.2.4.2.1.) 

The nucleation theory states that the work necessary to form a cluster of n molecules is the 

difference between the free energy of the system in its final and initial states and an additional 

term accounting for the formation of an interface between the nucleus and solution. Assuming 

that the nucleus is spherical, the Gibbs free energy variation associated with the formation of a 

spherical nucleus can be expressed in the following form: 

 

ΔGT = −ΔGv + ΔGS = − 
4

3
π.

𝑟3

𝑉
 kT lnS + 4π r2ɣ      (Eq. 1.2.4.2.2) 
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where ΔGv is the gain of free energy of growth units (molecule of solute) from solution to crystal 

state, ΔGs is the cost of free energy due to formation solid-liquid interface  is the volume of 

dissolved molecules, r is the radius of the nucleus and  is the interfacial energy solid/solution.  

In the plot of ΔGT as a function of r (Figure 1.11), the point where the function reaches a maximum 

is the energy barrier that must be overcome to achieve nucleation (ΔG∗). The value of ‘r’ at this 

maximum (r∗) defined as the critical radius or nucleus size is: 

r∗ = 
2ɣ·V 

kT lnS
           (Eq. 1.2.4.2.3) 

and the free energy barrier that must be overcome to achieve nucleation (ΔG∗) and form stable 

nuclei is then represented by: 

 

 ∆𝐺∗ =  
16𝜋𝑉2𝛾3

3[𝑘𝑇𝑙𝑛𝑆]2          (Eq. 1.2.4.2.4) 

  

 

Figure 1. 11. Total free energy versus nucleus size 138 

If r<r*, the nuclei will redissolve. In turn, if r>r*, the nuclei will start growing.  

The higher the supersaturation, the higher the probability of nucleation (which is a stochastic 

process) as the energy barrier ΔG∗ decreases when ‘S’ increases. This also leads to a decrease of 

the value of r∗ as the supersaturation increases. 
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Figure 1. 12. (a) LaMer diagram for the nucleation and growth of nanocrystals.139 (b) Dependence of nucleation 
and growth rate of crystallization on supersaturation140 

The number of nuclei formed per unit time per unit volume is expressed as J, the stationary 

nucleation rate which is the Nucleation frequency / Rate of nucleation and is represented as:  

  

𝐽 =  𝑘0𝑒𝑥𝑝 (−
16𝜋𝑉2𝛾3

3(𝑘𝑇)3[𝑙𝑛𝑆]2)         (Eq. 1.2.4.2.5) 

From, the LaMer diagram in Figure 1.12a, it can be seen that at high supersaturation, the solute 

concentration, CS, significantly exceeds the nucleation threshold, Cmin and the nucleation rate 

tends to infinity, resulting in the precipitation of the solute and the formation of a high number 

of nuclei. This in turn rapidly reduces the amount of solute dissolved in the solution in the 

metastable zone, which in turn decreases the supersaturation and ultimately stops the 

nucleation step. The nuclei so formed in the nucleation step then grow into nanocrystals. This 

time confinement of nucleation allows to efficiently reduce the size distribution of the 

nanocrystals. It is important to note that the nuclei growth rate should be negligible during the 

nucleation step in order to obtain monodisperse nanocrystals.  

 

In the plot of J as a function of supersaturation (S) (Figure 1.12b) the nucleation rate is very small 

until a critical value of supersaturation (above the nucleation threshold) is reached, after which 

an exponential increase in growth is seen. This critical supersaturation defines the so-called 

metastable zone where crystal growth can proceed without concomitant nucleation taking place.  

 

The probability, P, of forming a stable nucleus in a volume of solution, ‘V’ during a period of time, 

dt is 

 P = JVdt            (Eq. 1.2.4.2.6) 
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where J is the stationary nucleation rate. The nucleation probability is proportional to the volume 

of free solution. 

Nanocrystallization should strongly be confined in time (as shown in Figure 1.12a) and/or space. 

While a confinement in time can be achieved by applying a supersaturation as high as possible, 

as introduced above, confinement in space can typically be achieved by forcing the crystallization 

to occur in small volumes, such as emulsions, micelles, or in this work, sol droplets.136  In the 

synthesis of organic nanocrystal@silicate NPs, the nucleation of the organic dye is induced in the 

drying droplets, which act as nanometer scale reactors for the nanocrystal growth.136 Such a 

space confinement of nucleation, as in the case of this study (microdroplets coupled with the 

formation of a sol-gel matrix), can only occur at high very supersaturations since mass transport 

only occurs by diffusion.  

 

It is also noteworthy that under these space confined conditions, the probability of nucleation 

decreases and even tends to zero as the volume of the growth solution decreases.136 As the 

droplets formed during the spray-drying synthesis are quite small, with evaporation induced 

supersaturation, there is a very low probability of multiple nucleations, thereby resulting in the 

formation of a single nucleus with the highest probability and hence the growth of a single crystal 

in the core of the droplet at the final stage of drying. Consequently, very high supersaturations 

and in turn very high nucleation rates, J, are required to initiate the nucleation process in the 

droplets formed during the nebulization. This space confinement is beneficial in controlling the 

nanocrystallization, in that a single nanocrystal is formed as a result of a single burst of nuclei in 

the droplets, at high supersaturation.  

 

1.2.4.3. Spray Drying  

Solid-state fluorophores have been encapsulated as nanocrystals in sol-gel matrices.132,136,141,142 

This was first investigated when stable organic nanocrystals were grown in the pores of 

monolithic gel-glass matrices to obtain composite organic-inorganic materials.136,141 The 

nanocrystals so obtained exhibited enhanced stabilities compared to their corresponding 

molecular organic crystals and high non-linear optical (NLO) properties, while the amorphous gel 

glass led to advantages such as high stability, convenient processing, and shaping. A narrow size 

distribution between 10 and 20 nm was observed for the bulk samples. This was further extended 

to sol-gel thin films, prepared by spin coating on various substrates such as microscope glass 

slides, silicon wafers and polymers. It was also observed here that, nanocrystallization in sol-gel 

thin films was a one-step process, due to the coating process time of few seconds as opposed to 

the preparation of organic nanocrystals in bulk gel-glasses, where the matrix polymerization, 

nucleation and growth of the nanocrystal were well-separated steps in time. Furthermore, a DNA 
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sensor based on such fluorescent molecular nanocrystals anchored in sol-gel thin films was also 

investigated. Here, the NCs were confined in a sol-gel thin film using spin coating, after which 

layer by layer dissolution of the thin film yielded bare nanocrystals that could be grafted with 

hairpin-shaped DNA fragments functionalized with a probe molecule, resulting in quenching of 

NC fluorescence due to Forster Resonance Energy Transfer (FRET).142 Hybridization of the hairpin 

with its complementary DNA resulted in turning on the fluorescence again, thereby opening up 

the possibility to create label-free generic sensors.  

In-depth investigation of the formation of NCs in thin films prepared by spin coating revealed 

that spatial confinement was responsible for the NCs being buried in the films as shown in Figure 

1.13a. In figure 1.13a, A1 shows the dye molecules and silicate oligomers in solution, which is 

followed by the formation of a skin (or crust) at the surface as a result of fast solvent evaporation, 

as in A2. This skin is much more interconnected when compared to the regions below the crust, 

due to more drying. As the solution is more confined in space, the volume of the solution is 

smaller in the skin, which in turn implies that the probability of nucleation at the skin is much 

lower (from Eq 1.2.4.6) as compared to below the surface (in the depth). This in turn results in 

the formation of nanocrystals buried in the film (Figure 1.13a, A3) due to spatial confinement.    

This concept was further extended to investigate the formation of core-shell nanostructures to 

form organic nanocrystals within silicate NPs using spray-drying.132 This preparation method is 

an efficient way to produce uniformly spherical solid particles by atomizing sol suspensions, 

though with a significant size dispersion.143,144 It is a simple, controllable and productive method 

to not only produce silica micro- and nano- particles145,146 but also mesostructured silica.147–150 It 

is based on the production of micron-sized droplets, through the nebulization of silica-based sols 

by an atomizer. The resulting sprays are then dried by circulating in an oven. The concentrations 

of catalyst and silicate oligomers strongly increase upon evaporation of the solvent, which 

accelerates the hydrolysis-condensation reactions and finally leads to well-condensed silica-

based NPs. When an organic compound such as a fluorophore is incorporated within the starting 

sol, the sol-gel reactions and the crystallization of the organic compound are coupled in the oven 

as shown in Figure 1.13b.  

The droplets produced by the atomizer of the spray-drying reactor initially contain a random 

dispersion of silicate oligomers, dye molecules and solvent as shown in B1. Evaporation of the 

solvent first results in the formation of a crust as seen in B2. This is then followed by confined 

nucleation of the dye in the center of the droplet (B3) by the same mechanism of spatial 

confinement observed for the thin film, described above. The formation of the crust results in a 

much lower probability of nucleation at the crust due to reduced volume of solution here and a 

much higher probability of nucleation in the core of the droplet, as a result of spatial 

confinement. This is then followed by NC growth and complete drying and condensation of the 
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silicate crust (B4). The interplay between the polycondensation and nanocrystallization processes 

may lead to unusual core-shell organic nanocrystal@silicate NPs.   

 

 

Figure 1. 13. Scheme illustrating the principle behind the formation of (a) buried nanocrystals in thin films by spin 
coating and (b) core-shell NPs by spray-drying 

The spray-drying process needs simultaneous control over sol-gel chemistry and 

nanocrystallization, to allow the scalable synthesis of different types of core-shell NPs, with ease 

and reproducibility. An inherent drawback is, however, the NP polydispersity so produced, which 

is due to the different sized droplets formed during the synthesis process and particularly their 

coalescence, which has a random outcome, thereby resulting in broad size distributions. Despite 

this drawback, spray-drying is a viable technique to produce dry NP with high brightness and 

good yields for further treatment and processing. Indeed, the average size of NPs can be reduced 

by increasing the amount of solvent in the initial sols, while the targeted diameter can be selected 

after preparation (ultrafiltration, dialysis, ultracentrifugation). 

The design of the spray-drying reactor for the synthesis of such core-shell NPs was first optimized 

by C.Philippot151 while the optimization of the spray-drying process to produce CMONS NPs was 

realized by J. Zimmerman.152 Preliminary experiments to investigate the colloidal stability of 

these NPs for potential use as tracers were also carried out. Moreover, a family of red-emitting 

dyes for possible encapsulation in such core-shell NPs was designed and evaluated for their 
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optical properties, by G. Eucat153. To date, such NPs have been reported only for CMONS and 

rubrene132,154, while related lanthanide complexes@silicate doped NPs were also produced.155,156 

Notably, in the case of CMONS, different polymorphs were obtained depending on the 

composition of the organosilica shell,157 which highlights the challenges in controlling the 

fluorescence properties.  

This work predominantly focuses on the development of a family of red-emitting fluorescent 

nanocrystal@silicate composite NPs, by tuning the sol-gel chemistry and spray-drying process, to 

develop tracers for bioimaging. The challenge then is to disperse the NPs to form colloidal 

suspensions, and to control their surface properties to get a proper colloidal stability in biological 

media for 3D tissue imaging which requires a long circulation time in the blood (several hours) as 

will be discussed in the next section.  

1.3. Colloidal stability of NPs in biological media  

A comprehensive understanding of the factors influencing the colloidal stability of NPs in 

different biological media is of paramount importance primarily because the colloidal stability of 

NPs is greatly affected when introduced into complex media. This is due to the wide range of 

forces that the NPs experience in such environments leading to loss of colloidal stability and 

hence their aggregation. This aspect is often understated but is of utmost importance especially 

when using these NPs in biological applications as it significantly alters their in vitro behavior and 

also directly determines their in vivo fate.  

1.3.1. Nano-Bio Interface 

Blood is a very complex medium comprising numerous components of various types. It consists 

of two main components, (i) Plasma, which is a clear extracellular fluid and (ii) Formed elements, 

which are made up of the blood cells and platelets, as shown in Figure 1.14. It is therefore 

important to test the colloidal NP stability in media that mimic this environment to be in 

physiologically relevant conditions.  
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Figure 1. 14. Composition of blood 

The first hurdle to colloidal stability is the high ionic strength of the medium (0.15 mol/L), mainly 

arising from the high concentration of sodium chloride. Typical interactions between SiO2 NPs in 

water include attractive Van der Waals (VdW) forces and repulsive forces based on electrostatic 

double layer (EDL), resulting from surface charges from the dissociation of silanol groups (Si-OH) 

and solvation forces, illustrated in Figure 1.15. Colloidal stability is determined by these 

intermolecular and surface forces. The sum of the attractive VdW and repulsive electrostatic 

forces results in the net charge of the system being balanced by the formation of a cloud of the 

Stern layer composed of counter-ions adsorbed to the particle and a diffuse layer, which is an 

atmosphere of ions of opposite net charge surrounding the NP. This yields the well-established 

Derjaguin–Landau–Verwey–Overbeek (DLVO) theory. According to this theory, colloidal stability 

increases with increasing net surface charge, which also depends on pH. At a pH close to the 

isoelectric point of the NPs, aggregation is promoted due to the overall neutral surface charge of 

the NPs, which favors attractive VdW forces over the repulsive EDL. The EDL also depends on the 

ionic strength of the NP suspension. The ionic strength of biological media is very high (150 mM) 

resulting in the compression of the EDL, which again promotes aggregation due to screening of 

electrostatic charges within a few nanometers of the surface. Solvation forces are significant for 

inorganic and hydrophilic NPs. These solvation forces result from water molecules adhering to 

the particle surface and forming steric layers, resulting in hydrophilic repulsion and imparting 

stability.  
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Figure 1. 15. Typical interactions and forces between particles in a biological medium158 

Furthermore, when NPs are introduced into biological media, a number of nano-bio interfaces 

form that not only depend on colloidal forces but also depend on bio-physicochemical 

interactions that are exceptionally dynamic in nature. The main forces governing the interfacial 

interactions between the NPs and biological media are hydrodynamic interactions, 

electrodynamic forces, electrostatic forces, solvent interactions, steric and polymer bridging 

interactions.158,159 These interactions result in the formation of protein coronas, particle 

wrapping, intracellular uptake and biocatalytic processes.158 These can either result in 

biocompatibility or a bioadverse outcome resulting in the NP clearance by the reticuloendothelial 

system (RES) in a process known as opsonization. Therefore, the protein corona strongly 

determines the fate of the nanoparticle.  

1.3.2. Formation of Protein corona  

As soon as NPs are introduced into biological media, a protein corona is formed. This essentially 

refers to the coating of NP surface with proteins by adsorption. The nature/properties of the NPs, 

determine the formation of the protein corona when introduced into a biological medium, as 

illustrated in Figure 1.16a. This includes size (radius of curvature), hydrophobicity, surface charge, 

and coatings/functional groups.158–161 As soon as NPs are introduced into a biological medium, 

such as cell culture medium, several proteins form transient complexes with the NPs.158,162 The 

most abundant proteins such as human serum albumin and fibrinogen, may first bind and 

dominate the NP surface for short periods of time in the ‘soft’ corona and eventually get 

displaced by lower abundance proteins with higher affinities and slower kinetics to form a ‘hard’ 

corona, in a phenomenon known as Vroman effect.163 It is noteworthy that it is the protein 
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corona and not the NP properties itself,158,159,170,160,161,164–169 that determines the fate of the 

nanoparticle, in vivo organ distribution and the clearance of the NPs from the body, due to the 

impact on the protein structure and function (Figure 1.16b). This makes it extremely important 

to comprehensively characterize the protein corona. Majority of the studies on protein corona 

formation have been done either by the incubation of NPs in plasma/serum or by the incubation 

of NPs with individual proteins or attachment of individual proteins to the surface of the NPs.167 

The formation of protein coronas is extremely rapid and it is crucial to evaluate this dynamic 

process comprehensively. Label-free snapshot proteomics has been used to obtain quantitative 

time-resolved profiles of human plasma coronas formed on silica and polystyrene NPs of 

different sizes (Ø ≈ 35 nm, 120 nm, 140 nm) and surface functionalization (amine, carboxylate, 

unmodified).169 Complex time- and nanoparticle-specific coronas were found to form in less than 

30 seconds, consisting of almost 300 different proteins. Additionally, these protein coronas were 

found to evolve with time in terms of amount of bound protein but not in composition. The rapid 

formation of coronas could have an imperative effect on different biological aspects including NP 

toxicity, immunological recognition, targeting capability, biodistribution and NP uptake. As the 

formation of protein coronas is a highly dynamic process, exposure of the NPs to a dynamic 

environment could present physiologically relevant in vitro data that could be extrapolated to 

predict the in vivo behavior of the NPs.171 In a study involving Au NPs, ranging from 4 nm to 40 

nm, the time evolution of protein coronas was followed and found to enhance the 

biocompatibility of these NPs upon adsorption of albumin.170 In a study involving lipid and silica 

NPs (NPs) incubated with human plasma, the protein coronas so formed were found to be 

enriched with immunoglobulins, complement factors, and coagulation proteins that elicit 

phagocytosis. However, it was also found that the protein-coated NPs were protected from 

uptake by macrophage cells, showing a stealth effect.172  

 

The time evolution and final composition of the corona can also be predicted using models which 

take into account the affinities, stoichiometry and rate constants. This has been tested for 

polymeric NPs. 173 
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Figure 1. 16. (a) Influence of nature/properties of the NPs on the formation of protein corona and (b) Potential 
changes in protein structure and function as a result of interacting with the nanoparticle surface 158 

1.3.3. Factors influencing protein corona  

Size of NPs plays an important role in their uptake, circulation half-lives and clearance.158,163,174–

176 Typically, extremely small NPs (< 8 nm) are excreted by the kidney, while bigger NPs (> 200 

nm) are easily detected by the RES and eliminated by the liver and spleen. In a study involving 

amorphous silica NPs, dose- and time-dependent toxicity was observed for 30 nm NPs while 

smaller (Ø = 20 nm) and larger particles (Ø = 100 nm) displayed only low toxicity, at the same 
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zeta potential. Interestingly, the bio-adverse effects triggered by the 30 nm NPs were significantly 

ameliorated upon formation of the protein corona.177 

 

Surface charge also has a direct impact on protein binding. Neutrally charged particles have been 

shown to have slower opsonization rate as compared to charged particles.178,179 In a study 

involving polystyrene NPs, it was shown that positively charged NPs adsorbed proteins with 

isoelectric points less than 5.5 (such as albumin), while negatively charged NPs predominantly 

bound proteins with isoelectric points greater than 5.5 (such as IgG).180 Cationic NPs are also 

more cytotoxic and hemolytic as compared to neutral or anionic NPs. Native, amine-modified 

and carboxylic acid-modified SiO2 NPs were tested in mammalian growth media containing fetal 

bovine serum for different time periods. It was shown that SiO2-COO- showed slower 

agglomeration rates, formed smaller aggregates and exhibited lower cytotoxicity in comparison 

with native and SiO2-NH2 NPs. The protein corona that was formed in each case was also unique 

showing the influence of the surface charge on the corona formation.181 

 In another study highlighting the importance of electrostatic interactions in the adsorption of 

proteins, the binding of two globular proteins Lyzosymes and ß-Lactoglobulin onto negatively 

charged silica NPs was investigated at different ionic strengths and pH ranges. Two adsorption 

regimes were observed for both proteins when pH < pI. At low pH, a single monolayer of protein 

molecules was observed due to the competing attractive protein-protein and repulsive protein-

protein forces. At pH values closer to pI, repulsive interactions between protein molecules were 

less important resulting in the adsorption of more than one monolayer of protein at low ionic 

strength.182  

The hydrophobicity of NP surfaces not only influences the amounts of protein bound to the NP, 

but also determines their identities.183 Hydrophobic NPs have shorter circulation half-lives 

(seconds to minutes) compared to hydrophilic NPs as hydrophobic particles are opsonized more 

quickly than hydrophilic particles, due to the enhanced adsorption of plasma proteins onto their 

surfaces.178,184–186 

Therefore, for most biological applications, neutral/anionic hydrophilic NPs with sizes between 

40-200 nm are utilized as illustrated in Figure 1.17.  
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Figure 1. 17. Three-dimensional phase diagram displaying the qualitative biocompatibility trends revealed after in 
vivo screening of around 130 NPs of various chemical nature, including fullerenes, metal oxides, polymers, 
liposomes, dendrimers, quantum dots and gold colloids, intended for therapeutic use. Biocompatibility is reflected 
in the color spectrum, with red representing likely toxicity, blue likely safety and blue-green–yellow intermediate 
levels of safety (in the same order).158, 187 

Characterization of the protein corona  

There are several techniques available for the characterization of the protein corona, including 

direct and indirect methods. Direct methods analyze the proteins that are adsorbed on the NP 

surface, while indirect methods measure changes in the properties of the NPs, such as changes 

in their size, charge, density, mass, absorbance, and fluorescence, which can then be correlated 

with the amount of adsorbed protein.188 

Direct methods include gel electrophoresis (GE) like Sodium Dodecyl Sulphate-Polyacrylamide 

Gel electrophoresis (SDS-PAGE) for qualitative analysis of the corona composition and are often 

complemented with mass-spectrometry (MS) techniques (Inductively coupled plasma (ICP-MS), 

Liquid chromatography (LC-MS) and Matrix-assisted laser desorption/ionization-time of flight 

(MALDI-ToF)) to obtain quantitative information and identification about the adsorbed proteins. 

Structural changes in the proteins can be studied using Circular dichroism (CD) and Fourier-

Transform-Infrared spectroscopy (FT-IR). 

Indirect methods, summarized in Figure 1.18 include techniques like Transmission electron 

microscopy (TEM), scanning electron microscopy (SEM), AFM, nanoparticle tracking analysis 

(NTA), dynamic light scattering (DLS), fluorescence correlation spectroscopy (FCS), NMR, 

differential centrifugal sedimentation (DCS), and GE, which can help measure the thickness of the 

adsorbed protein layer using the hydrodynamic diameter of the NPs before and after the 

formation of the protein corona.188 Of these, DLS, which measures the fluctuations caused by the 
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diffusion of NPs in a given focal volume, that can be converted into a hydrodynamic diameter by 

fitting the autocorrelation function, is very widely used due to the ease of performing 

experiments and its wide availability. FCS, is a related technique which measures the fluctuation 

of the fluorescence intensity of fluorescently labelled NPs that is particularly advantageous 

because it allows in situ measurements which circumvents the need for washing steps and allows 

kinetics studies as well.188,189  

 

Figure 1. 18. Indirect methods to analyze adsorbed proteins on NP surface188 

There are several other methods, which measure different parameters such as surface charge 

(Zeta potential, Laser Doppler Anemometry (LDA), Tunable Resistive Pulse Sensing (TRPS), and 

Capillary Electrophoresis (CE)), mass (Quartz Crystal Microbalance (QCM), and Suspended 

Microchannel Resonator (SMR)), absorbance (used with plasmonic NPs because incubation of 

NPs with proteins usually leads to a red-shift and widening of the plasmon peak) as well as 

thermodynamic parameters of the protein corona formation using Isothermal Titration 

Calorimetry (ITC).188  
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Indirect methods such as DLS and Zeta potential measurements will be particularly adapted in 

this study in order to observe the changes in the NPs surface potential and their aggregation as 

a function of the components added to the suspensions. 

 

1.3.4. PEGylation  

There are various ways to stabilize NPs in biological media. This includes electrostatic 

stabilization, which makes use of surface charge to keep the NPs away from each other. However, 

this strategy works poorly in cell culture medium which contains polyvalent electrolytes that can 

easily screen these charges.159 Another strategy is steric stabilization, which is achieved by the 

conjugation or adsorption of macromolecules such as natural polymers (dextran, chitosan, 

alginate) or synthetic biopolymers such as polyethylene glycol  (PEG) on to the NP surface. Steric 

stabilization often helps improve the colloidal stability of NPs in biological media as has been 

demonstrated in several examples. A third strategy involves the combination of electrostatic and 

steric stabilizations called electrosteric stabilization, which makes use of charged polymer 

adsorption on the NP surface to impart colloidal stability in cell culture media.  

PEGylation refers to coating the NPs surface with PEG and is the most commonly employed steric-

stabilization strategy. PEG is a family of FDA-approved ‘stealth’ polymers, which are nontoxic, 

non-immunogenic, non-antigenic and hydrophilic and have been widely used to shield the NP 

surface from aggregation, opsonization and phagocytosis, thereby increasing furtivity and 

prolonging NPs circulation time.190,191 There are several studies corroborating the efficacy of 

PEGylating silica NPs for improved colloidal stability and minimized protein adsorption and 

opsonization.192–198 

The mechanistic details of NP PEGylation processes have been elucidated using FCS by Weisner 

et al who showed that PEGylation on ultrasmall silica NPs (< 10 nm) is a two-step process starting 

with adsorption of the PEG molecules followed by covalent attachment.192  

There are several parameters like the molecular weight, grafting density and structure that 

influence the efficiency of steric stabilization using PEG. Increasing PEG MW has been shown to 

result in effective shielding. Adsorption of plasma proteins onto surfaces of PEGylated PLA (poly 

(lactic acid)) NPs was shown to decrease ~ 75% when PEG MW was increased to 5 kDa but no 

further decrease was observed with higher MW, 10, 15 and 20 kDa.199 In another study involving 

mesoporous silica NPs, increasing PEG MW from 10 to 40 kDa, while maintaining constant NP 

size, resulted in reduced phagocytic blood cell association.200 In a similar study, PEGylating MSNs 

(150 ± 20 nm) with different PEGxk-silanes (with x= 4, 6, 10, 20) and chain densities (0.05 wt%–

3.75 wt%) yielded optimal MW as 10k with 0.75 wt% optimal chain density for minimal 
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adsorbance of HSA.198 PEGylation also helps in increasing circulation half-life as shown in 

systemically administered PEGylated Au NPs (10-100 nm) by increasing PEG MW fom 2-10 kDa.201 

The structural conformation of PEG molecules on the NP surface is an important factor that 

influences the shielding efficacy of the NP surface and is determined by the average distance 

between neighboring PEG chains on a NP surface (D).190 If D is greater than the Flory radius of 

the PEG chain, RF/D ≤ 1, (RF ~ aN3/5, where N is the degree of polymerization, and thus is 

proportional to PEG MW, and a is the effective monomer length = 0.35 nm), neighboring PEG 

chains will not overlap and be in a “mushroom” conformational regime.190 As the surface PEG 

density increases adjacent PEG chains start to overlap (RF/D > 1) and the PEG must stretch away 

from the NP surface and forms a “brush” layer. Surface PEG densities in the mushroom-to-brush 

transition are required to resist adsorption of serum proteins and avoid uptake of NPs. Further, 

for longer PEG chains (≥10 kDa), higher RF/D values may be required as they have a stronger 

tendency to entangle with neighboring chains.202 

The effect of PEG surface density on NP stability in serum and/or circulation time in the blood 

has been investigated using PLA-PEG NPs. PLA-PEG NPs with higher content of 2 kDa PEG (RF/D > 

1.73) efficiently resisted adsorption of complement proteins in comparison with similar NPs with 

slightly lower PEG content (RF/D ~ 1.5).203 Likewise, PLA-PEG NPs formulated with 30% w/w 20 

kDa PEG content exhibited increased circulation times compared to NPs with 10% w/w PEG. 204 

The colloidal stability of silica NPs was studied in a protein-rich model system by incubation of 

the NPs in BSA/PBS solution. While pristine silica NPs formed small NPs–BSA clusters, which 

evolved into bigger aggregates within a few hours owing to protein bridging interactions, 

decreasing the NPs surface charge, Sil–PEG (mPEG-5000) hybrid NPs resisted BSA adsorption and 

persisted as single NPs even after 48 h. 205  

In another interesting study, dual PEGylation (DPEG) was employed to increase the blood 

circulation time of mesoporous silicon from 1 to 241 minutes.197 Furthermore, this dual 

PEGylation changed the biodistribution of the NPs with coated particles mainly getting deposited 

in the spleen as compared to uncoated NPs which were rapidly deposited in the liver. The protein 

coronas of the particles were also different, with uncoated particles adsorbing more proteins as 

opposed to the coated particles which adsorbed proteins capable of suppressing cellular 

uptake.197  

PEGylation has also shown to increase the stability of NPs, as was demonstrated using colloidal 

MSNs (~ 47 nm). These MSNs had a tunable PEG chain length (short Mw 550, long Mw 5000 or a 

mixture of two: 75% of 550 Da, 25% of 5000 Da), with stability in SBF at 37 °C for up to one month. 

It was shown that longer and denser polymer shells were most efficient in slowing down the 

biodegradation kinetics as compared to pristine MSNs. 194 
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There are different strategies to PEGylate NPs for biological applications ranging from in situ 

grafting of PEG molecules during the synthesis of NPs or post-synthetic covalent grafting 

strategies. The next section focuses on click chemistry as a modular NP functionalization strategy.  

1.4. Click Chemistry  

The design of complex, multifunctional and versatile materials for biological applications ranging 

from cancer therapy to sensing requires simple and reliable functionalization methodologies. 

Click chemistry, a term first coined by Sharpless in 2001,206 encompasses all reactions that enable 

easy linking of two reactive organic entities provided they are of wide scope, modular, selective, 

occur with high yields and under mild and green conditions using harmless reactants and benign 

solvents. This is similar to Lego chemistry, where a simple reaction enables easy covalent linking 

of any kind of organic moiety. Originally established in the context of synthetic organic chemistry 

for drug discovery, click chemistry quickly extended to polymer science and became a reliable 

functionalization method in materials chemistry, particularly for sol-gel materials.207 The covalent 

immobilization of organic moieties in sol-gel materials was limited to: i) the grafting of 

organo(alkoxy)silanes or organo(chloro)silanes on preformed materials; ii) the sol-gel co-

condensation of a silica precursor with an organo(alkoxy)silane; and iii) the formation of pure 

organo(silsesquioxanes) and in particular bridged silsesquioxanes,208,209 illustrated in Figure 1.19 

for silica-based materials. Furthermore, some studies relied on the use of chemical reactions on 

reactive functionalities previously incorporated within the material through one of the previous 

methods, but most often under rather harsh conditions, or lacking a good control on the 

conversion or on the selectivity.210 These limitations can be overcome by click reactions.  
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Figure 1. 19. Common routes and click-grafting to functional organosilicas.210 

As a post-functionalization method, click chemistry is widely employed for the preparation of 

functional materials to be used in diverse applications as it offers several advantages210 such as: 

1) Incorporation of functional moieties while preserving the inorganic skeleton of the sol-gel 

material, and therefore the textural and morphological properties.  

2) Possible covalent linkage of biomolecules such as enzymes or DNA fragments hardly grafted 

by previous methods, thanks to the versatility, wide scope and mild conditions associated 

with click reactions. 

3) The precise design of materials using co-condensation strategies which enable random 

positioning of the functions throughout the material211 as  illustrated in Figure 1.20 
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Figure 1. 20. Difference between(a) conventional grafting and (b) co-condensation methods with their 
corresponding graphical theoretical distribution (insets).211 

The most common examples of click chemistry are the Cu(I)-catalyzed alkyne-azide cycloaddition 

to form a 1,2,3 triazole linkage, the thiol-ene reaction between a thiol and an alkene and to a 

lesser extent, reactions such as epoxide ring-opening or oxime ligation. 

1.4.1. Copper(I) catalyzed Alkyne to azide cycloaddition (CuAAC) 

The cycloaddition family of click reactions, particularly the Huisgen cycloaddition of azides and 

alkynes is very promising as it allows the simultaneous formation of two bonds with a cyclic 

structure. However, the biggest drawback of this reaction is that it requires elevated 

temperatures and typically yields a mixture of regioisomers.  

In 2002, Meldal and Sharpless independently reported that copper (I) can efficiently catalyze the 

Huisgen cycloaddition,206,212,213 yielding a single regioisomer under very mild conditions. This so-

called CuAAC reaction underwent intensive research and became extremely popular in various 

areas of chemistry, thanks to the mild and tunable reaction conditions, and the almost infinite 

substrate scope of this reaction. 

One of the biggest advantages of CuAAC is that it can be carried out under ambient atmospheric 

conditions, using both protic and aprotic solvents, including water. Additionally, it is extremely 

wide in scope as it is tolerant to a large number of functional groups and results in high 

conversions. When azide-silicas are used as substrates, FTIR analysis enables easy monitoring of 

the reaction, which results in the simple quantification of the conversion.65,214 The use of Cu(I), 

to catalyze this cycloaddition eliminates the need to perform such reactions at elevated 

temperatures (reducing the risk of working with azides). Cu(I) can either be added to the reaction 

mixture directly or generated in situ.  
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While the combination of copper sulphate (CuSO4.5H2O) as the copper source and a reducing 

agent such as sodium ascorbate, (which not only reduces Cu(II) to Cu(I) but also reduces any 

oxygen species thus decreasing the formation of oxidative byproducts) is most preferred, other 

options include the use of Cu(I) salts directly (CuI, CuOTf.C6H6, [Cu(NCCH3)4][PF6]). However, 

when working with such salts, it becomes necessary to perform the reaction under oxygen-free 

conditions to keep the Cu(I) active as Cu(I) tends to get oxidized to Cu(II) under ambient 

conditions. A number of ligands such as phosphine and/or amine-based systems have also been 

explored to complement the CuAAC reaction by stabilizing the active Cu(I) species by forming a 

ligand–Cu(I) complex thereby enhancing the rate of the click reaction.  

Though a plausible mechanism featuring the formation of a simple copper acetylide and its 

reaction with organic azides was quickly widely accepted, the mechanism of the CuAAC was only 

quite recently clarified by V. Fokin and G. Bertrand.215,216 Indeed, these studies evidenced the 

simultaneous participation of two copper centers during the catalytic cycle, as depicted in Figure 

1.21. 

 

Figure 1. 21. Proposed mechanism of the CuAAC reaction using two active Copper centers210 

 

1.4.2. Applications of CuAAC  

The CuAAC reaction has been used on dense silica nanospheres to prepare several 

inorganic@polymer core-shell nanostructures such as SiO2@PS and SiO2@PNIPAM 

nanocomposites.217,218 Azide groups could be directly grafted onto Ludox silica (20 nm) by 
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reaction with AzPTES in water/ethanol. This was used to graft previously prepared alkyne-

modified poly-(L)-lysine polymers in tris buffer.219In another approach, the direct preparation of 

alkynyl-containing silica NPs was successfully achieved and used to prepare core-shell fluorescent 

NPs with PEG moieties.66,220 Silica NPs containing azide groups have been functionalized in a 

competitive fashion by two different alkyne-derivatized functional groups, bearing either a 

fluorophore or a biotin moiety, enabling avidin recognition.221 Though the relative loadings of 

functional groups were not quantified, this competitive approach appears very promising for the 

multiple functionalizations of silica materials. CuAAC has also been used to develop and anchor 

pore-gating mechanisms such as nanovalves at the external surface of MSNs carrying cargo inside 

the pores. The construction of such gatekeepers requires performing reactions under mild 

conditions (low temperature, in water) and was first demonstrated using CuAAC, by the groups 

of Zink and Stoddart.222 Snap-Tops featuring bulky adamantyl groups and linked through ester or 

amide functions were built on MSNs by the CuAAC reaction in the presence of rhodamine B in 

the pores and adamantyl groups around triethylene glycol stalks at low temperature and in 

water. The nanocontainers featuring the ester function could be opened in the presence of 

porcine liver esterase to release their cargo, while those containing the amide groups did not 

exhibit cargo release. The same strategy was later employed on linkers built on disulfide groups 

upon activation with thiols.223 

Other types of gate-keeping mechanisms that can be anchored by the CuAAC reaction systems 

include peptide-based enzyme-responsive nanosystems cleavable in the presence of proteases224 

and self-complementary DNA duplexes designed to release anti-cancer drugs in vitro, at human 

liver cancer cells. 225 

More sophisticated nanomachines make use of an antenna (donor) transferring energy, electrons 

or protons to an actuator (acceptor).226–228 In this case, it may be important to control the precise 

relative position of the donor and the acceptor, in order to obtain optimized properties.  

The only major limitation of CuAAC however, is the toxicity of copper residues on living species, 

limiting their use in biological applications.229 Though it is possible to remove unwanted Cu from 

the final products by means of dialysis and copper complexing agents such as EDTA, even small 

traces of Cu(II) could be potentially detrimental for biological applications due to the production 

of reactive oxygen species from molecular oxygen. 230 A solution to this problem was proposed 

by Finn et al, who used a Cu-complexing ligand, tris-(3-hydroxypropyltriazolylmethyl)amine 

(THPTA) which not only accelerates the CuAAC, but also transforms the free copper species into 

a low-toxicity complex.231 Another possible alternative is the use of strained alkynes, namely 

cyclooctynes to allow strain-promoted cycloaddition of alkynes and azides.232 This copper-free 

Huisgen cycloaddition occurs at room temperature with comparable rates to the CuAAC, but has 

only been scarcely applied to sol-gel materials, due to the use of elaborated cyclooctyne 

substrates that involve complicated synthesis steps.233 It is noteworthy that copper-free Huisgen 
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cycloadditions between simple alkynes and azides were recently reported under microwave 

irradiation at 100 °C for 30 min in the case of molecular compounds, thanks to the use of glycerol 

as a solvent.234 This method will be very promising to exploit for materials functionalization.  

The CuAAC reaction will be particularly adapted for our study as it can be performed in pure 

water without the need of additional organic solvent, which is absolutely necessary in order to 

avoid dissolving the crystalline organic core. In order to work in pure water, we will use the 

copper sulphate/sodium ascorbate catalytic system in the presence of THPTA to reduce the 

toxicity of Cu(I). 

1.5. Objectives  

The primary objective of this work is to develop red-emitting organic@silicate core-shell NPs 

using the spray-drying approach and a modified sol-gel synthesis protocol. The organic dyes used 

for the nanocrystalline core are non-commercial and specifically designed to be crystal-state 

emitters and have excellent properties for use in bioimaging applications. The synthesis of these 

core-shell NPs requires precise control over both the nanocrystallization process and the sol-gel 

chemistry to optimize the self-assembling one-step process for the preparation of core-shell NPs. 

These fluorescent organic@silicate core-shell NPs have potential applications in the in vivo 

vascular imaging of tumors using two-photon microscopy. This entails the following: 

- Optimization of the synthesis protocol of the core-shell NPs using the spray-drying sol-gel 

process  

- Comprehensive physico-chemical characterization of the core-shell NPs to study their 

morphology, crystallinity and optical properties  

- Optimization of post-synthesis treatment strategies to obtain colloidally stable 

suspensions in physiologically relevant conditions  

- Study of the colloidal stability of the core-shell NPs suspensions in different biological 

media using Dynamic Light Scattering  

- Use of click functionalization strategies to not only render them furtive but to also 

increase their blood circulation time by making them more biocompatible  

- In vivo two-photon imaging of the blood vessels in mice to determine the circulation time 

in blood.  
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Chapter II – Synthesis and characterization of core-shell NPs 
 

Encapsulation of crystal-state emitters in sol-gel matrices is an efficient way to produce bright 

nanotracers for bio-imaging applications.1–4 This chapter deals with the development and 

optimization of a family of fluorescent organic@silicate core-shell nanoparticles (NPs) containing 

an organic core surrounded by a silicate shell, with a high loading of dyes (30-40 %wt) for two-

photon imaging of tumor vasculature. These core-shell NPs, which comprise an organic dye 

nanocrystal core (ca 40-50 nm) surrounded by a silicate crust (Figure 2.1a), are prepared by an 

original spray-drying technique combining sol-gel chemistry and nanocrystallization, developed 

in our group.4,5 The spray-drying technique applied to sol-gel chemistry is an efficient way to 

produce uniformly spherical solid particles by atomizing sol suspensions, though with a significant 

size dispersion.6,7 It is a simple, controllable and productive method to produce not only silica 

micro- and nano-particles8,9 but also mesostructured silica.10–13 It is based on the production of 

micron-size droplets through the nebulization of silica-based sols by an atomizer. The resulting 

sprays are then dried by circulating in the form of laminar flow in an oven. Upon evaporation of 

the solvent, the concentrations in catalyst and silicate oligomers strongly increase which 

accelerates the hydrolysis-condensation reactions and finally leads to well-condensed silica-

based NPs. When an organic compound such as a fluorophore is incorporated within the starting 

sol, the sol-gel reactions and the crystallization of the organic compound are coupled in the oven. 

The interplay between these two processes may lead to the formation of unusual self-assembled 

core-shell organic nanocrystal@silicate NPs in a one-step process. To date, such NPs have been 

reported only for CMONS and rubrene, while related lanthanide complexes@silicate doped NPs 

were also produced.5,14,15 Notably, in the case of CMONS, different polymorphs were obtained 

depending on the composition of the organosilica shell,16 which highlights the challenges in 

controlling the fluorescence properties. Moreover, the fluorescence emission wavelength (540 

nm) of the strongest emitting yellow form of CMONS is not satisfactory for a potential use in bio-

imaging. The primary goal of this work is the development and characterization of a family of 

fluorescent organic@silicate core-shell nanoparticles (NPs) for use in bio-imaging. 

The organic dyes used for the nanocrystalline core are non-commercial and specifically designed 

in collaboration with the Lab. de Chimie, ENS Lyon, to be crystal-state emitters with excellent 

properties for use in bio-imaging applications. Alkoxide precursors, TMOS (tetramethoxysilane) 

and TMSE (1.2-bis(trimethoxysilyl)ethane) are chosen to form the silicate shell. Additionally, an 

organosilane, (3-azidopropyl) triethoxysilane (AzPTES), is used to impart an azide functionality to 

the NPs for further functionalization with alkyne-modified moieties using the Cu(I)-catalysed 1,3-

dipolar cycloaddition of organic azides to alkynes (CuAAC), as shown in Figure 2.1. 
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Figure 2. 1. (a) Schematic illustration of organic@silicate core-shell NPs and (b) core-shell NP suspension under UV 
excitation 

The morphologies of the synthesized NPs were characterized, and their crystallinity was studied 

using X-Ray diffraction and electron microscopy techniques. Finally, the optical properties of 

these core-shell NPs have also been investigated using fluorescence spectroscopy for their 

potential use in imaging tumor vasculature. Bright, red-emitting core-shell NPs have been 

produced, which are promising for use in bio-imaging. 

2.1. Synthesis of organic@silicate core-shell NPs  

The spray-drying process for the synthesis of organic@silicate core-shell NPs has been described 

previously4,5 and is based on the confined nucleation and growth of an organic nanocrystal, 

coupled with the formation of a silicate crust by fast drying of sprayed droplets containing silicate 

oligomers, fluorophores and solvent under an air flux at 140-200 °C. A good control of the 

preparation of sols and the spray-drying parameters is crucial in order to obtain defect-free core- 

shell NPs. There are three critical factors that play a crucial role in this self-assembling one-step 

process: (i) the choice of organic dye and its physical characteristics, (ii) the sol-gel chemistry and 

(iii) the spray-drying parameters. Different NP types can be synthesized by changing the organic 

dye forming the nanocrystalline core of the NPs and also by changing the composition of the 
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inorganic silicate crust. Depending on the nature of the dye and the chemical parameters of the 

sol, NPs with different morphologies are obtained. 

The sols were prepared using a 2:1 ratio of TMOS and TMSE (Figure 2.2) and acidic water (1 M 

HCl) in THF according to parameters, s = [Solvent]/[Si] and h = [H2O]/[-OR] (where [Si] is the molar 

concentration of silicon atoms and [-OR] is the molar concentration of alkoxide functions). To 

obtain clickable azide functions at the surface of the silica crust, varying amounts of an 

organosilane, AzPTES (Figure 2.2) was also added to the sols to yield 2TMOS + TMSE + AzPTES 

(1%/3%/5%). 

 

Figure 2. 2. Chemical structure of TMSE, TMOS and AzPTES. 

 

2.1.1. Spray-drying  

The organic@silicate core-shell NPs were synthesized in a home-built pneumatic spray-drying 

reactor (Figure 2.3). This process is based on confined nucleation and growth of the organic dye 

nanocrystal by fast drying of sprayed droplets containing silicate oligomers, organic dye and 

solvent under an air flux at 140-200 °C. Upon drying, the concentration of silicates and catalyst, 

and also the fluorophores undergo a fast increase. This leads to two independent processes: i) 

the formation of a silicate crust at the droplet surfaces as the sol-gel reactions strongly 

accelerate; ii) the nucleation and growth of a single nanocrystal in the core of the drying droplets 

as a high supersaturation is reached through fast solvent evaporation. 

The mixture of sol and organic dye, which is first introduced into a 1 L flask, is sucked into a 

pneumatic atomizer (TSI model 3076- Constant Output Atomizer) by a nitrogen gas flow (56 L/h). 

This results in the formation of micrometer-sized droplets of the sol. These droplets, which 

contain a random dispersion of the silicate oligomers, organic dye and the solvent, are further 

diluted and driven into an oven by an air flow (8 L/h - 30 L/h). The oven is set to a particular 

temperature, depending on the melting point of the dye, and is a 1.4 m long stainless steel tube 
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of diameter 35 mm covered by a furnace. As the droplets start to move through the oven, a fast 

solvent evaporation take place inducing the formation of an inorganic silicate crust at the droplet 

surfaces, due to the increase in the concentration of the silicates and catalyst. Following solvent 

evaporation, confined nucleation and growth of the dye occurs under high dye supersaturation 

in the core of the droplet, where the remaining solution is less confined (higher volumes of free 

solution, see section 1.2.4.3 in Chapter I) At the end of the passage through the oven, there is 

complete evaporation of the solvent, resulting in the formation of organic nanocrystal @silicate 

core-shell nanoparticles. The oven is connected to an electrostatic filter charged at a potential of 

10 kV, which charges and attracts NPs, thereby collecting them. The filter is also set to a 

temperature above 100 °C such that any traces of water or solvent, which when formed would 

be expelled through the exhaust and condense in the water trap.  The NPs can either be collected 

directly from the filter, either in powder form or in water. 

 

Figure 2. 3. Scheme of the home-built spray-drying reactor 

This one-step synthesis is made possible thanks to the control of both the sol-gel chemistry 

(polycondensation) and the nanocrystallization process, which occur simultaneously. Other 

advantages include scalability and reproducibility, making it a reliable method of NP synthesis 

with a good yield. An inherent drawback, however, is that the NPs so produced are polydisperse 

in nature, due to the coalescence of sol droplets entering the oven during the drying process, 

resulting in a wide range of sizes.  
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2.1.2. Choice of organic dyes  

The organic dyes for the nanocrystalline core, I-IV (Figure 2.4) are non-commercial and 

specifically designed at ENS-Lyon with a D--A dipolar structure to be crystal-state emitters. The 

presence of a permanent dipole moment that provokes strong dipole-dipole interactions, 

combined with the D--A structuration induced the formation of typical crystal organization that 

favors the presence of strong emissive solid phase. They also have the appropriate physico-

chemical properties to enable their nanocrystallization using the spray-drying synthesis 

approach, such as excellent thermal, chemical and photo- stabilities, and a high solubility in THF 

solvent, except in the case of dye III, which exhibits a relatively low solubility in THF. They exhibit 

high fluorescence intensity in the crystal state (quantum yield between 8 % to 33 %) with an 

absorption maximum wavelength less than 550 nm to be excited by two-photon absorption 

process using typical lasers involved in fluorescence imaging (700-1000 nm). Moreover, these 

dyes exhibit fluorescence emission between 590 nm and 650 nm (red shifted in comparison to 

the CMONS reference), in the near infrared biological transparency window, especially in the 

case of the dye I (emission at 650 nm), making them excellent candidates for bio-imaging. The 

properties of the selected dyes are summarized in Table 2.1.  

 

Figure 2. 4. Structure of the organic dyes 
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Table 2. 1. Properties of the dyes in solid state 

Dye Melting point 
(°C) 

Molecular 
weight  

Solubility in 
THF (M) 

λexc  
(nm) 

λem 
(nm) 

фF (%) 

I 173 429 1.5 * 10-1  510 647 18 

II 161 340 1* 10-2 530 605 8 

III 244 367 6 * 10-3 530 603 28 

IV 250 471 3 * 10-2 540 598 33 

CMONS 165 280 1.5 * 10-1 400 540 40 

 

The core-shell NPs containing the different dyes I-IV will henceforth be referred to as NP-I, NP-II, 

NP-III and NP-IV, respectively. In addition to the physico-chemical properties, another parameter 

that plays an important role is the concentration of the dye, d = [dye]/[Si]. The maximum amount 

of dye, dmax, that can be encapsulated in the NPs is determined by screening SEM images as a 

function of increasing values of d for each dye. When non-spherical objects start to be observed 

outside of the NPs, dmax is reached: limit of dye nanocrystal confinement by the silicate shell. 

 

2.1.3. Sol-gel chemistry  

TMOS and TMSE in a 2:1 ratio were chosen to form the silicate shell in accordance with previously 

reported results.4,5 In addition, a small proportion of AzPTES (1-5 %) is added to obtain clickable 

azide groups for further functionalization of the NPs. This combination of silicate precursors 

enables a good encapsulation of the nanocrystalline core thanks to a proper 

hydrophilic/hydrophobic balance. It also ensures that there are no significant interactions 

between the dye and the silicate crust to enable the nucleation and growth of a monocrystal at 

the center of the NPs and consequently a good confinement of the dye in the core-shell NPs. 

The sols were prepared according to parameters, s = [solvent]/[Si] and h = [H2O]/[-OR] (where 

[Si] is the molar concentration in silicon atoms and [-OR] is the molar concentration of alkoxide 

functions). The solvent amount, s = [solvent]/[Si], plays a significant role in the NPs size. Higher 

‘s’ values imply decreased concentrations of silicate precursors and dye due to more dilute 

droplets during the atomization of the sol, thereby resulting in smaller NPs. Furthermore, the 

amount of dye to silicate precursors (TMOS, TMSE, AzPTES) d = [dye]/[Si] is limited to the dmax 

value, above which the confinement is no more possible and dye crystallization is observed 

outside the NP. (loss of dye confinement). 
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2.1.3.1. Influence of sol parameters and synthesis conditions  

Different protocols of sol preparation yielded NPs with different morphologies. In the first 

method, protocol A, described in previous works,5 the silicate precursors were weighed in a 100 

mL bottle to which 60 mL of THF was added, followed by acidic water with s = 500 and h = 1 

before ageing for two weeks at 60 °C. Unfortunately, this protocol yielded spherical, defect-free 

NPs only in the case of dye IV (Figure 2.5d). In all other cases, NPs with defects such as holes were 

observed (Figure 2.5a-c).  

 

Figure 2. 5. FESEM images of core-shell (a) NP-I, (b) NP-II, (c) NP-III and (d) NP-IV, synthesized using protocol A 

The varied results were hypothesized to be a result of two main factors: (i) drying temperature 

which is limited by the melting point of the dye and (ii) the degree of polycondensation of the 

silicate shell, which has an effect on the confinement of the dye in the NPs. It is noteworthy that 

the furnace temperature has to be set to a temperature significantly below the melting point of 

the dye as the nanocrystals may melt at lower temperature than the microcrystalline ones, 

resulting in their vaporization in the oven and condensation around the nanoparticles at the filter, 

leading to the formation of crystallites/needles. However, it is important to note that the drying 

temperature has to be between 140-200 °C for complete evaporation of the solvent to yield 

completely dried NPs. Insufficient drying could result in bombardment of the smaller dried NPs 

with bigger insufficiently dried NPs resulting in NPs with a ‘golf-ball’ like morphology. To 
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investigate this effect, dye-free NPs were synthesized at the lowest temperature used in former 

cases (154 °C) with protocol A. This yielded spherical defect-free NPs (Figure 2.6) implying that 

the synthesis temperature was sufficient for complete evaporation of the solvent.  

When the dyes are introduced, the melting point of the dyes can play a significant role in 

determining the morphology of the NPs obtained. Defect-free NPs in the case of dye IV resulted 

possibly due to its high melting point of 250 °C, which allowed the spray-drying process to be 

performed at 185 °C (well below its melting point), with dmax being 0.08 beyond which, holes 

began to appear in the NPs. On the other hand, dyes I and II, have lower melting points of 171 °C 

and 161 °C respectively. Therefore, it was hypothesized that the defects in NP-I and NP-II 

originated from the drying temperature being too close to the melting point of the dye resulting 

in a partial sublimation (or evaporation) of the dye and leading to its crystallization outside the 

NPs. However, NPs with holes were obtained even when the synthesis was performed at a 

temperature well below the melting point of the dyes, 144 °C in the case of dye I and 150 °C in 

the case of dye II. Interestingly, no crystallite needles were observed, confirming the absence of 

dye sublimation.  However, even dye III, which has a higher melting point of 244 °C, yielded NPs 

with holes (Figure 2.5c).  

Other possible explanations for the formation of holes at the surface of the organosilicate shells, 

are the interactions between dye molecules and organosilicate chains in the sols which could 

disturb the polycondensation kinetics. Also, the growth of dye nanocrystals in the core of droplets 

can disturb the complete formation of the silicate crust. These varied results so obtained led to 

the new hypothesis that it was indeed the presence of the dye itself that induced these defects 

in the NPs, which in turn could be attributed to insufficient polycondensation of the silicate shell 

resulting in poor confinement of the dye. 

Figure 2. 6. FESEM image of dye-free NPs synthesized at 154 °C 
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This further demonstrated the need to increase the degree of polycondensation of the silicate 

species in the starting sols to force stronger reticulation of the organosilicate shell in the final 

NPs in order to enhance its dye confinement ability. To overcome the problem of insufficient 

polycondensation, new protocols were developed where the ageing of the sol was performed at 

much lower dilution, with an ageing time set at half the gelation time of the sol.  

In this new method of sol preparation, protocol B, the acidic water was directly added to the 

silicate precursors in a small amount of THF (3 mL) under vigorous stirring, followed by ageing for 

two days at 60 °C with the addition of remaining amount of solvent (57 mL) after ageing. The 

condensation at the silicon atoms was then investigated by 500 MHz 29Si-NMR in solution for this 

sol (Figure 2.7). The spectra (accumulation of 2048 scans) exhibits two main groups of signals, 

with signals at -52 and -58 ppm in the T region, which were assigned to T1 and T2 silicon 

environments (C-Si(OR)2OSi and C-Si(OR)(OSi)2, respectively with R = H, Me), and at -86, -96 and 

-104 ppm in the Q region, assignable to Q1, Q2 and Q3 silicon environments (Si(OR)3(OSi), 

Si(OR)2(OSi)2 and Si(OR)(OSi)3, respectively). This suggests that siloxane chains with few 

ramifications are predominant, as it is usually the case for sols obtained under acidic catalysis. 

The cross-linkages between these chains are mainly due to the organic bridges, T2 sites being 

predominant over the Q3 environments. Unfortunately, the sols obtained from protocol A could 

not be analyzed similarly by 29Si NMR, due to their low concentration.  

 

Figure 2. 7. 29Si NMR-spectrum of sol made using protocol B 
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Analysis of this sol prepared using protocol B at different stages of ageing, using dynamic light 

scattering (DLS) yielded size distributions peaking at less than 40 nm (Figure 2.8), suggesting the 

presence of small silicate chains. It is important, however, to note that different methods of 

analysis (see Appendix II-DLS) yielded different size distributions, possibly due to the presence of 

varied species of different shapes and sizes in the sol, ranging from linear chains to folded chains, 

adding a factor of variability in the obtained results. Another point to note is that conversion of 

the autocorrelation curve into size distribution is typically performed by modelling the detected 

species as spherical entities. Overall, the sizes recorded were less than 50 nm in diameter, 

suggesting the presence of small chains, within 2 days of ageing, under such conditions.  

 

Figure 2. 8. DLS of sol prepared using protocol B (a) Number distribution and (b) Intensity distribution, at different 
stages of ageing, 2 days (black curve) and 3 days (red curve) 

Protocol B yielded defect-free NPs for dyes II and IV (Figure 2.9b and 2.9d) with dmax in the range 

of 0.08-0.10. However, NP-I were observed to have a rough morphology when d exceeded 0.06 

(Figure 2.9a), indicating insufficient silicate content to encapsulate high amounts of the dye. Dye 

III on the other hand, continued to yield NPs with defects (Figure 2.9c), indicating insufficient 

polycondensation, possibly due to the nature of the dye and its low solubility in the solvent.  
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Figure 2. 9. FESEM images of core-shell (a) NP-I, (b) NP-II, (c) NP-III and (d) NP-IV, using protocol B.  

Therefore, a modified protocol was developed, protocol C, where the concentration of silicate 

precursors was increased by decreasing the solvent amount from s = 500 to s = 380. Here, the 

acidic water was directly added to the silicate precursors in a small amount of THF (5 mL) under 

vigorous stirring, followed by ageing for either three or five days at 60 °C with the addition of 

remaining amount of solvent (55 mL) after ageing. This new protocol, yielded defect-free NPs in 

the case of dye I using a sol aged for 3 days, allowing to increase the dmax from 0.06 to 0.10 and 

resulting in defect-free NPs, with a smooth morphology (Figure 2.10a).  

 

Figure 2. 10. FESEM images of core-shell (a) NP-I and (b) NP-III using protocol C. 
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On the other hand, dye III which presents a rather low solubility in THF, required a sol aged for 5 

days, to further increase the degree of polycondensation. This ultimately resulted in defect-free 

NPs, and also allowed to significantly increase the dmax from 0.03 to 0.07 (Figure 2.10b). All three 

protocols are summarized in Table 2.2.  

Table 2. 2. Different protocols for the preparation of sols 

Protocol s h Ageing                               Preparation 

A 500 1 14 days - Silicate precursors + THF (60 mL) + HCl/H2O 

- Ageing for two weeks at 60 °C 

B 500 1 2 days - Silicate precursors + THF (3 mL) + HCl/H2O  

- Ageing for 2 days at 60 °C 

- Addition of 57 mL THF after ageing 

C 380 1 3 days/5 

days 

- Silicate precursors + THF (5 mL) + HCl/H2O  

- Ageing for 3/5 days at 60 °C 

- Addition of 55 mL THF after ageing 

 

Although optimization of the sol-gel chemistry and spray-drying conditions resulted in spherical 

defect-free NPs for all the different dyes used, the NPs so-obtained were polydisperse in nature 

as can be seen from the FESEM images. This polydispersity is an inherent drawback of the spray-

drying process, which occurs due to the coalescence of droplets during atomization of the sol. 

Figure 2.11 shows the size distribution of NPs I-IV just after synthesis and it can be seen that 

there is a wide distribution with NPs sizes ranging from less than 50 nm to more than 500 nm.  

Although this distribution is wide, it can be seen that NPs bigger than 350 nm constitutes less 

than 10% of the total fraction. Interestingly, NPs < 200 nm constitute between 20-30% of the 

total fraction, with a similar trend for even smaller NPs (< 100 nm). This is highly promising as a 

size range below 200 nm is preferred for biological applications and it is possible to get rid of the 

larger NPs and aggregates by means of dissolution and filtration strategies discussed in Chapter 

III.  
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Figure 2. 11. Size distribution of core-shell NPs 

 

2.1.3.2. Influence of spray-drying parameters  

The physical parameters of the spray-drying reactor can also influence the morphology of the 

core-shell NPs. As explained in the section 2.1.3.1, the temperature of the oven must be set to a 

temperature significantly lower than the melting point of the dye, to avoid sublimation or 

evaporation of the dye, and its deposition outside the NPs in the form of crystallites/needles. On 

the other hand, the temperature of the electrostatic filter must also be set to a temperature 

above 100 °C to remove any traces of water or solvent that could result in insufficient drying of 

the NPs. In addition to temperature, the nitrogen flux and air flow rates also influence the 

morphologies of NPs.  

2.1.3.2.1. Nitrogen flux  

The pressure of nitrogen, PN2 is an important parameter that influences the formation of the NPs. 

The atomizer can form droplets of the sol only if PN2 is above a certain threshold value, 
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determined to be 0.6 bar.5 Above 2.4 bar as determined by previous works,5 the nozzle of the 

atomizer may get damaged. Hence, it is very important to work within this pressure range and 

optimize the pressure for the best results. The nitrogen pressure chosen for the synthesis of the 

core-shell NPs was 1 bar as optimized based on a previous work.5 However, the flow rate of the 

nitrogen was adjusted and optimized to get the best results. A fast flow rate of more than 90 L/h 

of N2 leads to NPs with defects (holes due to impact), as shown in Figure 2.12, which can be 

attributed to insufficient drying of the shell. This is due to the fact that higher flow rates of 

nitrogen lead to lower residence time (1.0 minutes calculated based on the geometry of the 

furnace) of the NPs in the oven. Lower flow rates (between 50 L/h and 60 L/h) led to better results 

due to longer residence time (1.6 and 1.3 minutes respectively) of the NPs in the oven, resulting 

in a more complete drying.  

 

Figure 2. 12. FESEM image of NP-IV synthesized at a N2 flow rate > 90 L/h 

2.1.3.2.2. Air flow rate  

Finally, the air flow rate (Fair) also influences the spray-drying process. An air flux is required to 

dilute the droplets produced by the atomizer and drive these droplets into the oven. The air flow 

rate also determines the residence time of the NPs in the oven and plays a role in the final yield 

of the nanoparticles as well. Different flow rates were chosen for different syntheses due to the 

varied properties of the dyes (melting point and solubility) and protocols used. A flow rate of 8 

L/h was chosen for dyes II and IV while a higher flow rate of 16 L/h was chosen for dye I. In the 

case of dye III, a flow rate of 30 L/h was chosen after optimization to enable sufficient drying of 

the core-shell NPs. This resulted from the fact that, with lower air flow rates, big NPs (> 500 nm) 

showed small holes on the surface, indicating insufficient drying, while smaller NPs had a uniform 

morphology, with no holes on the surface. It is important to note that a high air flow rate has an 

antagonistic effect when combined with a reduced nitrogen flux, on the drying of the NPs. A very 

high flow rate could result in reduced residence time of the NPs in the oven resulting in 
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insufficiently dried NPs, but could compensate by helping in the fast evaporation of the solvent 

by diluting the spray in the gas flow, resulting in better drying. Finally, a flow rate higher than 30 

L/h was avoided to minimize the coalescence of the droplets prior to controlled drying, in order 

to obtain NPs with smaller size distributions.  

2.2. Investigation of the organic nanocrystalline core  

The optical properties of the selected crystal-state fluorophores are very sensitive to their 

crystallinity and may strongly depend on their organization in the solid-state. Previous works 

indicated that the CMONS dye may be crystallized inside the NP as a nanocrystalline core, either 

in its yellow polymorphic form that is strongly fluorescent with an emission maximum at 539 nm, 

or in its orange form that exhibits a much lower fluorescence shifted at 596 nm, as a function of 

the composition of the organosilica shell.16 The coupled effects of confined nucleation and 

growth and the nature of silicate matrix on crystallinity and polymorphism of the CMONS 

nanocrystals were characterized by electron microscopy techniques, absorption and 

fluorescence spectroscopy and second-harmonic generation (SHG) spectroscopies.16 It is 

important to confirm the presence of the crystal core in the new NPs (NP-I to NP-IV), which can 

be characterized in a number of different ways including IR spectroscopy, thermogravimetric 

analysis and electron microscopy.  

2.2.1. Infrared spectroscopy 

A primary confirmation was first provided by Infrared spectroscopy, which enabled to identify 

bands corresponding to the pure dyes in the core-shell NPs. Figure 2.13 shows the IR spectra of 

NP-I compared to dye-free NPs and dye I. The IR bands corresponding to C≡N (2210 cm-1) and 

C=C (1573 cm-1) bonds in the pure dye I are present in NP-I and absent in dye-free NPs, thereby 

confirming the presence of the dye I in the NP-I.  
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Figure 2. 13. IR spectra of NP-I (blue) compared to dye-free NPs (red) and dye I (black) 

Similar results were obtained for NP-II, NP-III and NP-IV. Figure 2.14 shows the IR spectra of NP-

II compared to dye-free NPs and dye II. The IR bands corresponding to C≡N (2213 cm-1) and NO2 

(1511 cm-1) bonds in the pure dye II are present in NP-II and absent in dye-free NPs, thereby 

confirming the presence of the dye II in the NP-II.  

 

Figure 2. 14. IR spectra of NP-II (blue) compared to dye-free NPs (red) and dye II (black) 
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Figure 2.15 shows the IR spectra of NP-III compared to dye-free NPs and dye III. The IR bands 

corresponding to C≡N (2210 cm-1) and NO2 (1515 cm-1) bonds in the pure dye III are present in 

NP-III and absent in dye-free NPs, thereby confirming the presence of the dye III in the NP-III.  

  

Figure 2. 15. IR spectra of NP-III (blue) compared to dye-free NPs (red) and dye III (black) 

Figure 2.16 shows the IR spectra of NP-IV compared to dye-free NPs and dye IV. The IR band 

corresponding to C=O (1747 cm-1) bond in the pure dye IV is present in NP-IV and absent in dye-

free NPs, thereby confirming the presence of the dye IV in the NP-IV.  

 

Figure 2. 16. IR spectra of NP-IV (blue) compared to dye-free NPs (red) and dye IV (black) 
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Finally, in all four cases, an important observation also is the presence the band at 2100 cm-1 

which corresponds to the azide functionality (N=N=N) that is present in the dye-free NPs and the 

core-shell NPs but absent in the dye. This indicates the preservation of the clickable function 

during the spray-process, that unarguably demonstrates the possibility of functionalization of the 

NPs by click chemistry. 

2.2.2. Electron microscopy  

To characterize the crystallinity of the organic core, a basic etching of the silicate shell was 

performed. This consists of the basic treatment of the aqueous NP suspensions using sodium 

hydroxide at pH 12 for one week under stirring in order to completely dissolve the silicate shell. 

The suspension (5 mL) was then dialysed twice against pure water (2.5 L) before electron 

microscopy imaging (Figure 2.17).  

 

Figure 2. 17. FESEM images of nanocrystals from (a) NP-I, (b) NP-II, (c) NP-III and (d) NP-IV, after full dissolution of 
the silicate shell 

The FESEM images in Figure 2.17a and 2.17d show rather facetted nano-objects suggesting the 

presence of well-defined crystal faces of the dye core, thus illustrating their good crystallinity, 

with varied sizes reflecting the polydispersity of the starting NPs. In the case of NP-III, size-

disperse NPs were also obtained, though with a crystal morphology less defined (Figure 2.17c). 
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Finally, in NP-II (Figure 2.17b), all NPs featured the same size (ca 500 nm), though the starting 

NPs were polydisperse, which suggests that a parasitic phenomenon occurred during the basic 

treatment and that the imaged objects are not the cores initially present in the NPs.  

TEM is a well-suited technique to get more information on the crystallinity and was also used for 

characterisation of the core. Indeed, by recording data in electron diffraction mode, it is possible 

to observe diffraction spots indicative of the crystallinity. However, the organic nanocrystals are 

extremely sensitive under the focussed electron beam and may be rapidly amorphized or 

degraded.5,16 Therefore, the sample holder was cooled to 100 K while the intensity of the parallel 

beam was drastically reduced. In order to spare the particles any unnecessary electron 

irradiation, the TEM alignment was performed in a region of the grid that was not further 

exploited. Then the TEM grids were manually scanned in selected area diffraction mode, having 

the camera continuously recording in the rolling shutter mode with a short exposure time. The 

x,y scan was stopped as soon as a diffraction pattern was detected then saved, and only then the 

corresponding image was taken. It is noteworthy that even at 100 K, amorphization was observed 

within 30 s. This technique enabled us to get diffraction patterns in the case of NP-IV, evidencing 

the presence of well-crystallized cores (Figure 2.18g-h).  

However, due to the sensitivity of the material, it was not possible to acquire many diffraction 

patterns on the same particle. So, we could not identify the crystal form of dye IV, as each 

electron diffraction pattern could not be indexed without ambiguity. NP-I (Figure 2.18a-b), NP-II 

(Figure 2.18c-d) and NP-III (Figure 2.18e-f) did not lead to distinguishable diffraction peaks under 

the same conditions. This could be the outcome of two factors, the first being that these dyes 

may form a core that is not crystalline enough; the second being that the nanocrystalline core is 

so sensitive to the electron beam that it amorphizes or transforms instantaneously into a weakly 

crystalline structure upon exposure to the beam. No diffraction contrast was visible inside the 

particles, which tends to confirm that the crystalline core is already amorphized after a few 

seconds of irradiation, even for NP-IV. 

 



Chapter II – Synthesis and Characterization of core-shell NPs 
 

 80 

 

Figure 2. 18. TEM images of (a) NP-I and (b) corresponding diffraction pattern, (c) NP-II and (b) corresponding 
diffraction pattern, (e) NP-III and (b) corresponding diffraction pattern, (g) NP-IV and (h) corresponding diffraction 

pattern.  The circle indicates the particles selected by the selected area aperture in the diffraction mode. 
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X-ray Diffraction was also employed to characterise the crystallinity of the NPs. However, the use 

of powder X-ray diffraction is complicated due to the reduced size of the NPs and the presence 

of the silica shell which features a broad and intense X-ray scattering peak as shown in Figure 

2.19.  

 

Figure 2. 19. XRD of (a) NP-I, (b) NP-II, (c) NP-III and (d) NP-IV (black line corresponds to pure dye and red line 
corresponds to core-shell NPs) 

It can be seen from Figure 2.19a and 2.19d corresponding to NP-I and NP-IV respectively, that 

there are no peaks corresponding to the pure dye, present in the NPs. It is important to note that 

NP-IV was observed to be crystalline using electron diffraction as described earlier (Figure 2.18g-

h). Therefore, the absence of any XRD peaks in NP-I and NP-IV could be a result of the small size 

of the nanocrystals and their sensitivity to the X-ray radiation and masking by the silicate shell. 

On the other hand, peaks corresponding to the pure dyes were present in NP-II (Figure 2.19b) 

and NP-III (Figure 2.19c), while the same samples yielded no electron diffraction patterns. It is 

possible that these strong peaks arise from the presence of bigger nanocrystals or microcrystals 

from bigger NPs. Although no needles or crystallites were observed for these samples using 

FESEM just after synthesis, it could also be the presence of a small fraction of dye platelets 
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formed as a result of dye sublimation during synthesis, that lead to these strong peaks, especially 

in the case of NP-III. Furthermore, the nanocrystals are also sensitive to the X-ray radiation and 

crystal quality may hence be significantly deteriorated.  

2.2.3. Thermogravimetric analysis  

It is noteworthy that the dmax values used in the synthesis of the core-shell NPs correspond to 

very high loadings of organic dye, reaching more than 40 %wt in the case of NP-IV and NP-I. The 

synthesis parameters have been summarized in Table 2.3 along with calculated weight 

percentage of dye in the NPs. These calculated amounts were further confirmed using 

thermogravimetric analysis of the NPs.  

Table 2. 3. Synthesis parameters for the different organic dyes and amount of organic dyes in NPs 

Dye Protocol 
used 

Ageing of sol 
(days) 

dmax Toven (˚C) Theoretical amount of 
organic dye in NPs (% wt) 

I C 3 0.10 141 40.5 

II B 2 0.10 150 35.1 

III C 5 0.07 160 29.0 

IV B 2 0.10 185 42.8 

 

TGA of NP-I under an oxygen-argon atmosphere shows that the dye is stable within the NP until 

it degrades from 280 °C (Figure 2.20). The total weight loss (48%) is comparable to the calculated 

value (43.5%), with 40.5% arising from the loss of organic dye (Table 2.3) and 3% from the 

oxidation of the ethylene linker within the organosilicate shell. Additional weight losses at low 

and high temperatures are due to the loss of adsorbed water and enhanced condensation within 

the shell, respectively. The NPs are thermally stable up to 280 °C after which the organics start to 

decompose. An endothermic weight loss at 340 °C, assignable to a fragmentation reaction 

(breaking of molecular bonds), is followed soon after (355 °C) by the combustion of organic 

moieties leading to the production of water (m/z=18) and carbon dioxide (m/z=44). This highly 

exothermic combustion event then takes place typically from 450 to 600 °C. Similar results were 

obtained for NP-II, NP-III and NP-IV.  
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Figure 2. 20. TGA-DTA-MS analysis of NP-I at 8K/min under Ar/O2 

2.3. Optical properties  

The organic dyes confined in the core-shell NPs are crystal-state emitters with optical properties 

highly suited for bioimaging with fluorescence emission in the red (Table 2.1). To study the 

fluorescence properties of the core-shell NPs, the chemically agglomerated NPs recovered from 

the electrostatic filter were subjected to a basic treatment, which involved controlled dissolution 

of the silicate shell of the NPs. This was achieved by sonicating the NP suspension (in water; 60 

mL) for 20 minutes in an ultrasonic bath (150 W) before adding a 1 M NaOH solution until pH 12 

and stirring the suspension for 24 h in a closed bottle. The NP suspension was then subjected to 

a centrifugation of 5 minutes at 5000 rpm and the supernatant was filtered using 5 µm, 1.2 µm 

and 0.8 µm filters, to ensure the removal of the biggest aggregates. This step was followed by 

neutralization of the NP suspension to pH 7.4 by the dropwise addition of 1 M HCl. The treated 

NP suspensions were then used for the fluorescence spectroscopy measurements.  
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The NP suspensions used for the measurement of the optical properties exhibited an optical 

density of around 0.2 as shown in the absorbance curves in Figure 2.21. The absorbance maxima 

were chosen from these spectra to record the one-photon fluorescence. These NP suspensions 

displayed a size distribution around 200 nm and were stable up to 10 days as determined by DLS 

(Figure 2.22).  

 

Figure 2. 21. Absorbance spectra of the core-shell NPs after basic treatment 

 

 

Figure 2. 22. DLS of core-shell NPs after the basic treatment. The distribution in diameter is centred at ca 200 nm. 
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2.3.1. One-photon fluorescence  

The fluorescence spectra of the microcrystalline (bulk) dyes (Figure 2.23) were then compared 

with those of the treated NP suspensions (Figure 2.24).  
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Figure 2. 23. Fluorescence spectra of organic dyes as microcrystals 
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Figure 2. 24. Fluorescence spectra of organic dyes confined in NPs 
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While NP-II, NP-III and NP-IV did not exhibit any important modification after their confinement 

in the NPs, the fluorescence of NP-I was blue-shifted from 639 nm in the microcrystalline state 

to 614 nm in the core-shell NPs. Such a shift may be due to a different crystal-state structure 

between the microcrystalline powder or the NPs.16 While dye I is microcrystalline and present as 

a single phase corresponding to the published structure,17 no diffraction peak could be recorded 

in the corresponding NPs, the only indication of crystallinity being the well-facetted morphology 

of the core. Therefore, it is difficult to conclude if the observed fluorescence shift for NP-I 

accounts from a crystalline state but with a different polymorphic structure, or from a loss of 

crystallinity. Indeed, the strong capillary forces exerted on the core and resulting from the 

condensation of the silicate shell during the drying may result in a partially amorphous structure.  

2.3.2. Quantum yield  

The quantum yield of these NP suspensions was also measured using a calibrated integrative 

sphere collecting all the emission (2 steradians covered with spectralon). While NP-II exhibited 

a very low quantum yield (<1 %), NP-I and NP-IV exhibited a quantum yield close to 3% and 1 % 

respectively as summarised in Table 2.4. This is significantly lower than for the pure dyes in 

microcrystalline state (Table 2.1). This could be due to a partial deterioration of the crystal quality 

of the organic nanocrystals because of the capillary pressures exerted at the end of drying of the 

silicate shells on the dye cores. Nevertheless, the relatively low quantum yields could be 

compensated through the very high molecular concentrations of dye nanocrystals in the core of 

NPs. 

Table 2. 4. Optical properties of organic dyes confined in NPs 

Core-shell NPs λexc (nm) λem (nm) Quantum Yield 

NP-I 480 614 3 % 

NP-II 460 622 < 1% 

NP-III 470 600 ND 

NP-IV 480 590 1 % 

 

High fluorescence quantum yields are desirable for NPs to be used as tracers. But there are 

several factors that can influence fluorescence quantum yields, starting with the structure of the 

dye. For crystal-state emitters, the fluorescence and quantum yield depend on the stacking and 

arrangement of molecules forming the crystal, which in turn can be engineered. It is important 

to note that the formation of J-aggregates lead to highly fluorescent crystals, while the formation 

of H-aggregates leads to quenching.17 It is therefore very important to deeply investigate the 

relationship between the molecular structure of the dye and the fluorescence quantum yield.  
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2.3.3. Two-photon fluorescence 

The organic dyes used for the synthesis of the core-shell NPs show interesting non-linear optical 

phenomena such as two-photon absorption, which make them ideal candidates for non-linear 

optical microscopy techniques. As described in the previous section, these NPs show 

fluorescence emission in the red, close to the biological transparency window, making them 

interesting candidates for bio-imaging applications. It is also important, however, to study their 

properties under two-photon excitation.  

The efficiency of two-photon absorption is expressed in terms of two-photon absorption cross-

section (σ), with units of GM (Goeppert-Mayer, 1 GM = 10-50 cm4 s). High values of two-photon 

absorption cross section are desirable to render these fluorescent core-shell NPs efficient for 

two-photon microscopy to minimize photodamage and enable three-dimensional imaging of live 

species.18 

There are several parameters that have an influence on the two-photon absorption cross section. 

This includes the polarizability of the dye molecule, its π-electron conjugation length and the 

strength of donor/acceptor groups of the fluorophore substituents.19–21 Depending on the spatial 

arrangement of the electron donor (D) and electron acceptor (A) groups, dyes are often classified 

as dipolar, quadrupolar and octupolar.18 Furthermore, the geometry and symmetry of the dye 

can also impact the 2PA cross section. Typically, dyes used for two-photon studies are designed 

to maximize the degree of intramolecular charge transfer upon excitation and the transition 

dipole moment.18,22,23 

In addition to 2PA cross-section, the brightness of a two-photon fluorophore, also called the two-

photon action cross-section is another important parameter that influences the efficiency of the 

dye. It is expressed as the product of the fluorescence quantum yield (фF) and the two photon 

absorption cross section value (σ). High values of 2P action cross-sections allow the use of lower 

power lasers to reduce the chances of photobleaching.19 Typically, the most commonly used dyes 

have σ×ΦF values in the range of 1–300 GM.18 

The organic dyes used in the core-shell NPs are based on the D-π-A dipolar structure. The 

permanent dipole moment associated with such structures results in strong dipole-dipole 

interactions which in turn can induce specific organization and orientation of the molecules in 

the solid state.17 These D-π-A structures are also characterized by large σ×ΦF values.19 As listed 

in Table 1, these dyes also show a large Stokes shift and emission in the red. These dyes allow the 

use of commercial Ti:Sapphire lasers, whose wavelengths can be tuned between 760-1000 nm, 

which also corresponds to the biological transparency window.  

Direct measurement of two-photon absorption cross section is difficult to perform, due to the 

small fraction of photons that are absorbed during the two-photon process.24 Therefore, two-
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photon fluorescence excitation is more commonly utilized to measure the two-photon 

absorption cross-section.24 Although this method offers better sensitivity, there are several 

factors that need to be taken into account, while calculating the cross-section values. The most 

commonly encountered in two photon excitation (TPE) cross section measurements is the 

dependence of the rate of absorption on spatial and temporal coherence of the excitation light24, 

which in turn results in several correction factors that need to be applied to the measured data.   

Another major problem in measuring TPE cross sections is that there are very few reference 

molecules for two-photon absorption, which in turn implies that there are very few measured 

spectra of reference samples in the literature, with significant differences in measured values 

between two sets of data. Often, data are available until 920 nm beyond which solvent 

absorption problems arise.  

2.3.3.1. Sample preparation 

The samples that were used for the two-photon excitation experiments were treated NP 

suspensions (See section 2.3). Three samples were measured, NP-I, NP-IV and functionalized NP-

IV (FNP-IV), with corrected optical densities close to 0.6, 1.2 and 0.15 respectively. FNP-IV refers 

to NP-IV after functionalization with long-chain linear PEG (Mn: 5000), using CuAAC. This was 

followed by dialysis against 0.0133 M Phosphate buffer to remove unreacted components and 

copper salts. 

The absorbance spectra of the three samples are shown in Figure 2.25. It is evident that the 

diffusion contribution is significant in NP-IV and FNP-IV. This diffusion contribution was 

accounted for and corrected to yield the absorbance curves and optical density values. It can be 

seen from the fluorescence spectra (Figure 2.26) that the emission is blue shifted in the case of 

FNP-IV, in comparison with NP-IV. While NP-I and NP-IV show an emission wavelength of 588 

nm, FNP-IV has an emission maximum at 567 nm, which could be attributed to the PEGylation, 

which results in different polarity of the environment.   
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Figure 2. 25. Absorbance spectra of NP-I, NP-IV and FNP-IV, before (dotted) and after removal of diffusion 
contribution (solid). 
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Figure 2. 26. Normalized fluorescence emission spectra of NP-I, NP-IV and FNP-IV 

2.3.3.2. Two-photon excitation spectra  

The two-photon excitation spectra recorded for the three samples is shown in Figure 2.27 and 

the emission wavelengths at which the spectra were recorded is summarized in Table 2.5. 
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Figure 2. 27. Two-photon excitation spectra of NP-I, NP-IV and FNP-IV (raw data) 

Table 2. 5. Emission wavelength for NP-I, NP-IV and FNP-IV 

Sample λem (Filter 1) λem (Filter 2) 

NP-I 575 nm 595 nm 

NP-IV 572 nm 580 nm 

FNP-IV 562 nm 573 nm 

 

It can be seen that a drop was recorded at 820 nm for all three samples (including the reference). 

While the recorded laser power was constant at 150 mW showing a decrease only after 970 nm, 

this drop in signal could be attributed to an accidental misalignment in the experimental setup 

or possibly due to a problem in pulse duration. While NP-I and NP-IV showed differences in the 

blue part of the spectrum, the red part seemed to imply that they have the same maxima. 

Furthermore, FNP-IV showed similar characteristics to NP-IV, although with a significant drop in 

intensity, which is due to its low optical density. It is interesting to note that the functionalization 

did not have a major impact on the two-photon excitation spectra, as was observed with the blue 

shift in fluorescence emission spectra.  

Figure 2.28 shows the superposition of the absorbance and emission spectra of NP-I with the 

one-photon and two-photon excitation spectra. While there is no major shift between the one-

photon and two-photon excitation, the one-photon excitation appears rather broad compared 
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to the two-photon spectrum. This could be due to the absorption of water in the red part of the 

spectrum that could not be corrected with the references used (styryl being in a different solvent 

and fluorescein spectra showing slightly different shapes depending on the published reference 

used). This could also show that the spectral bands implied in one or two photon absorption are 

not the same. The wide one-photon spectrum is probably constituted of different superimposed 

states which are not all active in the two photon transition. 
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Figure 2. 28. Absorbance (black), one-photon (red) and two-photon excitation spectra (red symbol, raw data) and 
emission spectra (blue) of NP-I 

Figure 2.29 shows the superposition of the absorbance and emission spectra of NP-IV with the 

one-photon and two-photon excitation spectra. A similar trend is observed although with a 

slight blue shift of the two-photon spectrum.  
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Figure 2. 29. Absorbance (black), one-photon (red) and two-photon excitation spectra (red symbol, raw data) and 
emission spectra (blue) of NP-IV 

However, it is important to note that the above two-photon excitation spectra correspond to raw 

data that have not been fully corrected. Indeed, the corrections to be applied include the 

following: 

The focal spot diameter of the laser changes as a function of the wavelength. The laser power 

seen by the molecules is inversely proportional to the area of the spot, leading to an inverse 

quadratic dependence on wavelength. Furthermore, quadratic dependence of the signal on 

power of the laser leads to a factor of 1/λ4, which has to be accounted for. 

The absorption of water, which typically starts at 900 nm is another significant factor that needs 

to be accounted for. This phenomenon has a significant effect on the spectra as the spot size of 

the laser is changed by thermal expansion. For 1 mm of water, the signal drops to approximately 

80% of the maximum signal. Although a stirrer can be employed to reduce this thermal effect, 

with a quadratic dependence on intensity and a measurement spot size of 1 mm, this thermal 

effect is significant with the possibility of reducing approximately 40% of the signal. 

These corrections enabled the extraction of the maximal two photon absorption cross section 

values as can be seen in Figure 2.30. NP-IV exhibited a two-photon absorption cross section value 

of approximately 280 GM, almost ten times more than that recorded for NP-I which exhibited a 

value of approximately 30 GM. Additionally, the GM values recorded for functionalized NP-IV 

was comparable to that before functionalization, indicating that the functionalization had no 

adverse effects on the optical properties of the NPs. It is evident from Figure 2.30, that NP-IV is 

more two-photon efficient as compared to NP-I, although NP-I had a quantum yield three times 
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more than that of NP-IV. Comparison of the two-photon efficiency before (as shown in Figure 

2.27) and after applying the correction factors (Figure 2.30) showed similar results in terms of 

the characteristics of the curves so obtained, with the only difference being that a slight 

broadening of the curves was observed after correcting the spectra.  

 

Figure 2. 30. Two-photon absorption cross section spectra of NP-I, NP-IV and FNP-IV after correction 

Importantly, despite the low quantum yield values, the NPs suspensions studied showed 

adequate brightness required for imaging. Although the two-photon action cross section (σ×ΦF) 

values recorded were approximately 1.2 GM in the case of NP-I and 2.8 GM in the case of NP-IV, 

which is in the lower range of brightness recorded for dyes typically used in two-photon imaging, 

it is compensated by the very high molecular concentrations of dye nanocrystals in the core of 

these NPs. This high loading of dye (~40 %wt) is more than an order of magnitude larger than 

that reported for other fluorescent silica based NPs, which are typically limited to less than 1 %wt 

dye loading. Overall, this should result in a very high brightness and enable the use of these core-

shell NPs for two-photon microscopy in vivo in mice provided good colloidal stability is reached.  
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The ultimate goal of this project is the use of the core-shell NPs to realize deep tissue imaging of 

blood vasculature in mice using two-photon microscopy. To realize this, in addition to 

optimization of the synthesis parameters, it is crucial to also optimize parameters such as NP size 

and colloidal stability, in order to provide long circulation time in the bloodstream. Additionally, 

the NPs need to be furtive in order to avoid recognition and clearance by the reticulo-endothelial 

system (RES). This ‘stealth’ feature is often realized by grafting the NPs with moieties such as 

polyethylene glycol (PEG) (Figure 3.1).  

This chapter deals with the preparation of stable colloidal NP suspensions after synthesis of the 

core-shell NPs. The colloidal stability of the NPs is investigated in different biological media, for 

potential applications in bioimaging. The determination of NP size and the study of the colloidal 

stability have been carried out primarily using Dynamic Light Scattering (DLS) (which is explained 

in detail in Appendix II) in collaboration with Aude Barbara (Institute Neel, Specialist in 

Correlation spectroscopy). Furthermore, functionalization strategies to improve the colloidal 

stability of the core-shell NPs and the challenges posed in optimization of the NP parameters for 

bioimaging are discussed in detail. The preliminary in vivo tests in mice using these bright 

nanotracers, in collaboration with Olivier Pascual (INSERM, Claude Bernard University) are also 

presented.  

 

Figure 3. 1. Scheme illustrating the application of organic@silicate core-shell NPs functionalized with PEG in bio-

imaging  
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3.1. Obtaining colloidal suspensions  

The core-shell NPs obtained after synthesis using the spray-drying are chemically agglomerated. 

To prepare them for biological applications, it is important to first segregate them into 

independent NPs and remove aggregates that are bigger than the desired size range (< 250 nm). 

This is achieved by performing a controlled partial dissolution around the silicate shell. Following 

this dissolution, a short centrifugation is performed to get rid of the biggest aggregates followed 

by a filtration step using 5, 1.2 and 0.8 µm filters for size selection.   

3.1.1. Controlled partial dissolution  

When the NP suspensions are subjected to basic conditions (pH 12.0), the rate of Si-O-Si re-

dissolution is high. The activation barrier for dissolution is lower in alkaline conditions due to the 

presence of OH- nucleophiles as compared to acidic conditions.1,2 Under these alkaline 

conditions, hydrolysis of Si–O–Si-bonds which is catalysed by nucleophilic attack by OH- ions 

results in the dissolution of the silicate matrix (Eq 3.1.1) around the organic nanocrystal. The pH 

and duration of the basic etching were first chosen after dissolution studies on silicate thin films 

performed in the group and optimized for each type of NP.3,4 

Si-O-Si + HO-     Si-OH + Si-O-           (Eq. 3.1.1) 

The segregation of the agglomerated NPs into independent NPs is shown in Figure 3.2, with 

FESEM images of the NP suspensions at different time points during the controlled dissolution 

process.  

 

Figure 3. 2. FESEM image of (a) core-shell NPs (NP-IV) after synthesis, (b) NPs after basic treatment for 12 hours and 
(c) 24 hours 

The evolution of the surface charge as a function of the pH, measured using zeta potential is 

shown in Figure 3.3a. and 3.3b. It can be seen that the surface charge is negative under basic 

conditions. This is because the suspension contains more anionic species when the pH is above 

the PZC (Point of Zero Charge), which results in the silicate species repelling each other. At acidic 

pH close to PZC we confirm that the zeta potential is close to 0. It is however important to note 

that the DLS average size also changes at this pH due to a partial aggregation favoured by a very 
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weak surface charge of NPs (no repulsive electrostatic charges, see the following section, Figure 

3.4), which in turn influences the zeta potential.  

 

 

Figure 3. 3. (a) Measured zeta potential of the NP suspensions (NP-IV) at different pH, (b) Zeta potential as a function 
of pH 

The size distribution of the treated NPs was also measured at different pH and is shown in Figure 

3.4 It can be seen that the mean size moves from ca 200 nm to 250 nm (intensity distribution) as 

the pH drops to 3.2. This increase in size is due to the pH being close to PZC, which in turn leads 

to destabilisation and aggregation of the NPs, as introduced just above. 

 

Figure 3. 4. Size distribution of the NP (NP-IV) suspensions (in intensity) at different pH 
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3.1.2. Optimization of the basic treatment parameters 

While the control of NP size is a crucial parameter for biological applications, it is also important 

to obtain concentrated suspensions for bioimaging using two-photon microscopy. This requires 

precise control of the basic treatment. The following section presents the evaluation of the 

different strategies employed.  

3.1.2.1. Strategy A 

In this first strategy, the NP suspensions were subjected to basic conditions for 24 hours for 

controlled partial dissolution around the silicate shell, followed by neutralisation to pH 7.4, to be 

in physiologically relevant conditions. This was then followed by filtration of the NPs using 5, 1.2 

and 0.8 µm filters to remove aggregates and NPs bigger than 500 nm. However, a significant loss 

of the NPs was observed in the filters, resulting in a low final optical density. Although a size 

distribution centred at less than 300 nm was observed using DLS, the final optical density is too 

low to realize bioimaging. Although concentration strategies could be further applied to improve 

the optical density, the major loss of NPs in the filters is a major drawback, due to the retention 

of small NPs in the filter pores. A possible explanation for this loss of NPs in the pores of the filter 

is that filtration after neutralization results in the loss of charge stabilisation that is observed at 

highly basic conditions, which could potentially result in the aggregation of NPs. These aggregates 

in turn block the pores of the filters, thereby retaining the smaller NPs in the suspensions, which 

ultimately results in reduced concentration of the final NP suspensions obtained.  

3.1.2.2. Strategy B 

In this strategy, the NP suspensions were filtered using 5, 1.2 and 0.8 µm filters, after controlled 

dissolution for 24 hours but before pH neutralization. The idea was to minimize losses in the 

filters by performing the filtration under basic conditions. The presence of anionic silicate species 

under these conditions result in better stabilisation of the NPs by means of charge repulsion and 

was therefore expected to reduce the loss of NPs in the pores of the filters. This was investigated 

by analysing the filters used for treatment, from which the size range of the NPs trapped in the 

filters was determined, as shown in Figure 3.5.  While the fraction of NPs trapped in the filters is 

the highest for the bigger NPs (> 500 nm), a significant fraction of smaller NPs (< 200 nm) were 

found to be trapped in the 0.8 µm filters. This could be attributed to the presence of some big 

aggregates that block the pores of the filters retaining the smaller NPs.   
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Figure 3. 5. FESEM images of 5 µm filters (a-b), 0.8 µm filter (c-d) and (e) histogram corresponding to the size range 
of the NPs (NP-IV) trapped in the filter pores, after treatment using strategy B. 

3.1.2.3. Strategy C  

This strategy is similar to Strategy B with the only difference being that an additional 

centrifugation step was adopted in order to avoid the important losses of NPs in the filters. A 

short centrifugation for 5 minutes at 5000 rpm was performed after the controlled dissolution of 

NPs for 24 hours in order to get rid of the biggest aggregates and NPs, which could be collected 

as a pellet at the end of the centrifugation process. The supernatant was then filtered using 5, 

1.2 and 0.8 µm filters followed by neutralization to pH 7.4. The idea was to evaluate the efficacy 

of the centrifugation step in removing the biggest aggregates, while also testing the reduced loss 

of NPs in the filters due to charge stabilisation under basic conditions.  

The filters used were further analysed in order to estimate the size range of the NPs trapped in 

the filters, which is shown in Figure 3.6. It can be seen that the highest fraction of NPs trapped in 

filters are NPs bigger than 500 nm, especially in the 0.8 µm filter. Although there is still a loss of 

small NPs (< 200 nm) in all three filters, it is significantly lower than the fraction of larger NPs and 

also when compared to strategy B.  

This overall reduced loss of NPs in the filter pores as compared to strategies A and B could 

possibly be attributed to the filtration and size selection steps being carried out while the NPs 

are still under basic conditions, which results in better stabilisation by charge repulsion due to 

the presence of anionic silicate species under these conditions. This in turn validates the use of 

the centrifugation step to remove the aggregates and reduce the loss of smaller NPs in the filters.  
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Figure 3. 6. FESEM images of 5 µm filters (a-b), 1.2 µm filter (c-d) and 0.8 µm filter (e-f) and (g) histogram 
corresponding to the size range of the NPs (NP-IV) trapped in the filter pores, after treatment using strategy C. 

Furthermore, the size distribution of the NPs obtained after treatment was evaluated for both 

strategies B and C and is shown in Figure 3.7. It is evident that the mean size is smaller in the case 

of Strategy C, centred at around 120 nm, while the size is centred around 220 nm in the case of 

Strategy B, with the initial size distribution centred around 400 nm.  

 

Figure 3. 7. Size distribution of the NPs (NP-IV) at each step of treatment for (a) Strategy B and (b) Strategy C 
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The effect on the concentration of the NPs was also evaluated for both strategies by monitoring 

the absorbance of the NPs after each step, shown in Figure 3.8. A higher optical density (ca 0.35) 

is obtained in the case of Strategy B, which could be attributed to a higher fraction of bigger NPs 

in the suspension as compared to Strategy C which shows a low optical density of ~ 0.15. It is 

important to note than the optical densities recorded in both strategies are too low to realize 

optical imaging, which typically requires highly concentrated samples with optical densities 

above 1. Overall, strategy C was evaluated to be better than Strategy B due to the lower sizes 

obtained.  

 

Figure 3. 8. Absorbance of the NPs (NP-IV) at each step of treatment for (a) Strategy B and (b) Strategy C 

3.1.2.4. Strategy D 

A final strategy was evaluated wherein the NP suspension under basic conditions was kept 

undisturbed in a tube for 24 hours. The size distributions of the NP suspension in the top part of 

the tube and the residue collected at the bottom are shown in Figure 3.9. 

It is clear that the major fraction of NPs collected in the residue corresponds to the biggest 

aggregates (> 500 nm), with a minimal fraction of smaller NPs. The top part of the NP suspension 

contains a broad distribution as is evident from the highest contribution of the NP fraction being 

in the range > 500 nm, which can be reduced using filters.  

Although this strategy is comparable to Strategy C, in terms of the reduced loss of smaller NPs 

after treatment, there is little control over the size selection. This was confirmed by recording 

the size distribution of the NPs that sediment at the bottom, which was significantly different 

when recorded at different time points, with a higher fraction of smaller NPs collected after 36 

and 48 hours of basic treatment.  
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Figure 3. 9. FESEM images of the NPs (NP-IV) from the (a) top part of the tube, (b) bottom residue and (c) 

Histogram corresponding to the size range of the NPs using Strategy D 

After evaluating these four strategies, Strategy C was chosen as the treatment protocol for the 

core-shell NPs.  

3.1.2.5. Duration of basic treatment  

The layer-by-layer etching of silicate shell is slow with an etching rate of approximately 1 nm/hour 

at pH 12. Therefore, it is important to optimize the duration of this basic dissolution process. This 

in turn depends on the initial size distributions obtained after spray-drying. The varied size result 

from the use of different ‘s’ ([solvent]/[Si]) for synthesis, where higher values of ‘s’ result in 

smaller sizes due to the production of more dilute droplets containing less silicate and dye species 

during atomization, with the opposite effect at lower ‘s’. Therefore, a duration of 24 hours was 

chosen for s= 500, while 48 hours was chosen for s = 380, for the controlled dissolution process.  

3.1.2.6. pH neutralization and influence of buffers  

After basic treatment of the NP suspensions, it is important to neutralize the suspensions to pH 

7.4 to stop the dissolution process and enable further treatment (section 3.2). This neutralization 

is done by dropwise addition of 1 M HCl. However, it is important to use buffers to stabilise and 

maintain the pH at this neutral value.  

Several buffers were evaluated and tested, such as Phosphate Buffer Saline (1x PBS), tris-HCl 

buffer and phosphate buffer (0.133 M). While all three buffers provided immediate stability, 

aggregation of the NPs was the fastest in the case of PBS, possibly due to the presence of high 
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amounts of salt in PBS, which results in the screening of charges thereby facilitating NP 

aggregation.  

On the other hand, 1M tris-HCl provided good stability for over a week after which aggregation 

was observed. The pKa value of Tris is 8.06 at 25°C which implies a relatively low buffer capacity 

in the actual physiological pH range.5 Tris is also temperature-sensitive and concentration 

dependent. Moreover, Tris is toxic for many mammalian cells as it penetrates cells due to its 

relatively good fat solubility.5  

The use of phosphate buffer resulted in good stability in water for several weeks. This could be 

attributed to the pKa value of 7.20, with better buffering capacity in the pH range between 5.8 

and 8.0. Moreover, the concentration of the buffer is close to that of PBS in terms of the 

phosphate content, but without the presence of the saline component.  

3.1.3. Colloidal stability in physiological conditions  

While the NPs are stable in water, biological media contain a significant percentage of salt, which 

has an impact on the colloidal stability of the NPs. The salt content results in screening of charges, 

promoting aggregation of the NPs as is shown in Figure 3.10. It is evident that the NPs aggregate 

in 0.9 %wt NaCl solution, resulting in a shift of mean size from an initial size of 150 nm in water 

to 400 nm in salt solution. Furthermore, temperature can have an influence on the colloidal 

stability. Often at the physiological temperature of 37 ᵒC (indicated by the dotted lines in Figure 

3.10), aggregation is promoted due to increased Brownian motion of the NPs. This shows the 

need for functionalization of the NPs in order to prevent aggregation due to the destabilisation 

of the NPs in physiological conditions.  

 

Figure 3. 10. Size distribution of NPs (NP-IV) in water (black) and 0.9 %wt salt solution (red) measured at 25 ᵒC 
(solid line) and 37 ᵒC (dotted line), pH 7.4 
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3.2. Functionalization of core-shell NPs 

The silicate crust of the core-shell NPs enables further functionalisation. The introduction of the 

functional group can either be done prior to or after the synthesis of the core-shell NPs as shown 

in Figure 3.11. Post synthesis introduction of functional groups also called ‘grafting’ involves the 

reaction of the surface of the silicate shell with the functional group bearing organosilane to form 

covalent Si-O-Si linkages between the two. However, this reaction is usually carried out in organic 

solvents such as toluene or ethanol at reflux, conditions that cannot be used in the present study 

due to the presence of the soluble organic core.  

On the other hand, direct synthesis or ‘co-condensation’ involves the reaction of the silicate 

precursors with the functional group bearing organosilane prior to spray-drying. The co-

condensation strategy offers a significant advantage over the grafting strategy as it results in a 

random distribution of the functional groups linked to the silicate molecules. In the case of 

‘clickable’ functional groups introduced by co-condensation, a ‘click-grafting’ reaction can be 

performed in water on the obtained NPs to provide the desired functionalities. 

 

 

Figure 3. 11. Strategies for introduction of functional groups on the NPs 

Core-shell NPs can be functionalised with different moieties such as ligands specific to 

overexpressed receptors at the target site, drug molecules and antibodies. In the case of core-

shell NPs for vascular imaging, functionalisation of the outer surface with PEG (Polyethylene 

glycol) results in enhanced colloidal stability due to steric stabilisation thereby leading to lesser 
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agglomeration. Also, PEG renders the core-shell NPs furtive and hence increases their circulation 

time in the blood as it decreases the interactions of NPs with proteins such as opsonins, thereby 

decreasing recognition and removal of these NPs by the reticulo-endothelial system. For vascular 

imaging of tumors, a circulation time of at least a few hours is desired for accurate imaging and 

diagnosis, which could be achieved following functionalization of the NPs with PEG. The extent 

of stabilisation depends on several parameters such as the length and structure (linear or 

branched) of PEG (Figure 3.12).  

 

Figure 3. 12. Different forms of PEG 

3.2.1. CuAAC functionalization  

CuAAC functionalization was used to ‘click’/graft alkyne-modified PEG (linear/branched) onto the 

core-shell NPs containing the azide functionality. CuAAC was chosen as the functionalization 

strategy due to ease of manipulation and the ability to work in aqueous environments that is 

essential to preserve the integrity of the organic core of the NPs. Typically, the number of moles 

of azide in the NPs is estimated and used to determine the ratios of the other reactants required 

for the reaction. Typically, for a 60 mL NP suspension, 5-10 equivalents of alkynylated PEG is 

taken along with one equivalent of CuSO4.5H2O, which serves as a pre-catalyst, four equivalents 

of sodium ascorbate which serves as a reducing agent to reduce Cu(II) to Cu(I) and one equivalent 

of a ligand, THPTA, which not only complexes with Cu(I) but also acts a promotor. The CuAAC 

reaction is carried out overnight at room temperature under continuous stirring.  The alkynyl 

ethers (alkyne-modified PEG) react with the azide group on the NPs to form a 1,2,3-triazole 

linkage (Figure 3.13). 
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Figure 3. 13. Scheme illustrating CuAAC ‘click’ functionalization of the core-shell NPs 

Infrared spectroscopy  

Another advantage of using CuAAC for the functionalization of the core-shell NPs is that the click 

reaction can be easily monitored using infrared spectroscopy by the decrease of the azide band 

intensity. The functionalised NPs were centrifuged to collect the biggest particles, dried and 

analysed using IR spectroscopy.  

The normalized IR spectra of NP-IV before and after functionalization with linear short-chain PEG 

(SCPEG) is shown in Figure 3.14. The band at 1100 cm-1 corresponds to the siloxane groups (Si-O-

Si). The bands between 1350 cm-1 and 1480 cm-1 correspond to the C-C bonds of the TMSE. The 

bands between 1670 cm-1 and 1820 cm-1 correspond to the carbonyl group (C=O) of the dye IV. 

The band at 2100 cm-1 corresponds to the azide (N=N=N, stretch) functionality. This azide band 

intensity is stronger in NP-IV prior to functionalisation as is evident from the black curve in Figure 

3.14. There is also an appearance of bands corresponding to the C-H stretch (symmetrical and 

antisymmetrical) of the CH2 groups, from TMSE and short-chain PEG between 2800-2900 cm-1. 

The bands between 3000 cm-1 and 3700 cm-1 correspond to the OH groups (stretch, free/H-

bonded). The conversion efficiency obtained by integrating the azide and siloxane bands before 

and after functionalization was 37% ± 10%.  
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Figure 3. 14. IR spectrum of NP-IV before and after functionalization with short-chain linear PEG 

The normalized IR spectra of NP-I before and after functionalisation with long chain linear PEG 

(LCPEG) is shown in Figure 3.15.  This spectrum also shows similar characteristics to Figure 3.14. 

The band at 1052 cm-1 corresponds to the siloxane groups (Si-O-Si) while the band at 1573 cm-1 

corresponds to the C=C bonds in dye I in both curves.  The azide band intensity is stronger in NP-

I prior to functionalisation as is evident from the black curve, while it is hardly distinguishable in 

the functionalized NP-I due to the click reaction between the alkynyl ether (long chain linear PEG) 

and the azide group, as is evident from the red curve. There is also an appearance of bands 

corresponding to the C-H bonds of the long chain linear PEG between 2800-2900 cm-1.  Due to 

the poor quality of the spectrum, it was difficult to calculate the conversion efficiency.  
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Figure 3. 15. IR spectrum of NP-I before and after functionalization with long-chain linear PEG (Mn =5000) 

The non-total conversion of the azide groups in both cases is due to the presence of azide groups 

both on the outer part of the silicate shell as well as within the dense silicate matrix due to the 

co-condensation strategy used for the introduction of the azide groups on the core-shell NPs. 

While the azide groups present on the outside are highly reactive due to ease of accessibility by 

the PEG molecules, the ones within the matrix cannot be accessed easily due to insufficient 

porosity of the NPs thereby leading to low reactivity.  

 

3.2.2. Impact of click functionalization on core-shell NP properties 

The NPs were functionalized with different forms of PEG- ramified, short, medium and long chain 

linear PEG. Colloidal stability in simulated physiological conditions was only obtained with long 

chain linear PEG (LCPEG; Mn = 5000). Furthermore, partial aggregation was observed either 

during or after the click functionalization process in the case of short and medium chain linear 

PEG and ramified PEG. This was due to a drop in pH of the NP suspensions from 7.4 to pH 3-4. 

This acidic pH is close to the isoelectric point of silicate NPs, resulting in NP aggregation. 

Therefore, the reactants used for functionalization and the click reaction conditions were thought 

to contribute to the destabilisation of the NPs.  This was further investigated by studying the 

effect of different combinations of the reactants on the pH, stability and optical properties of the 

NPs. Six different conditions were studied, (i) NPs (in water) before functionalization,  

(ii) NPs + sodium ascorbate (reducing agent) + THPTA (ligand used as promotor) + CuSO4 (pre-
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catalyst) + PEG, (iii) NPs + sodium ascorbate + THPTA + CuSO4 (‘Click’ without PEG), (iv) NPs + 

sodium ascorbate + CuSO4, (v) NPs + sodium ascorbate and (vi) NPs + CuSO4.  All the reactions 

were performed at room temperature under continuous stirring for 24 hours with Ar bubbling at 

the beginning of the reaction to remove any traces of oxygen, to maintain uniformity.  

For cases (iv)- (vi), no significant drops in pH were observed, except in the case of NP-I where 

case (iv) resulted in a relatively higher drop in pH (pH 7.6 to 6.8) as compared to NP-IV (pH 7.7 to 

7.4) under the same conditions. The suspensions looked clear in all three cases, with no visible 

aggregation, although a discoloration was observed for case (v). Although, no significant drop in 

pH was recorded for case (ii), an aggregation was observed, implying that the combination and 

concentration of the reactants required for functionalization induced destabilisation of the NPs. 

This could be a potential explanation for the aggregation of NPs when functionalized with short 

and medium chain linear PEG and ramified PEG, in combination with their insufficient steric 

stabilisation strength. On the other hand, the same combination and concentration of reactants 

with long chain linear PEG resulted in a slight increase in pH and yielded clear suspensions with 

no aggregation, thereby confirming the steric stabilisation efficacy of LCPEG.  

Furthermore, the absorbance of each suspension was recorded as shown in Figure 3.16a (for NP-

I) and 3.16b (for NP-IV). The click medium without PEG (case (iii)) resulted in a strong 

precipitation of the NPs, as was also confirmed by the absorbance spectra for both NP-I and NP-

IV. This clearly shows the need for a significantly long chain PEG in order to overcome these 

precipitation-inducing conditions. Interestingly, a blue shift was observed in the case of NP-IV 

after functionalization with LCPEG, possibly due to the covalent grafting of the PEG on the NP 

which has an effect on the local polarity of the silicate shell. Furthermore, it also serves as a good 

complexing agent for salts through the easily available oxygen atoms. 
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Table 3. 1. Evaluation of different conditions to study the effect of CuAAC on NP stability 

Case pH of NP-I pH of NP-IV 

(i) Before functionalization  7.6 7.7 

(ii) NPs + sodium ascorbate + THPTA + CuSO4.5H2O + PEG (‘Click’ 

with PEG) 

7.8 8.1 

(iii) NPs + sodium ascorbate + THPTA + CuSO4.5H2O (‘Click’ without 

PEG) 

7.2 7.5 

(iv) NPs + sodium ascorbate + CuSO4.5H2O 6.9 7.4 

(v) NPs + sodium ascorbate 7.5 7.7 

(vi) NPs + CuSO4.5H2O   7.4 7.6 

 

 

 

Figure 3. 16. Absorbance of (a) NP-I suspensions and (b) NP-IV suspensions under different conditions 

Moreover, the fluorescence spectra of each suspension corresponding to the different cases 

were also recorded as shown in Figure 3.17a (for NP-I) and 3.17b (for NP-IV). It is noteworthy 

that the NP suspensions before and after functionalisation exhibited good results, with 

comparable brightness after functionalisation, suggesting that no quenching occurred in the 

presence of copper salts. This was also physically confirmed by illumination of the functionalized 

NP suspensions under a UV lamp (λexc =365 nm), which showed fluorescence. A blue shift similar 

to that observed in the absorbance spectra, was observed in the case of NP-IV functionalized 

with LCPEG (FNP-IV) resulting in a shift of fluorescence emission from 580 nm to 550 nm, while 

no such shift was observed in the case of LCPEG functionalized NP-I (FNP-I).  
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Figure 3. 17. Fluorescence of (a) NP-I suspensions and (b) NP-IV suspensions under different conditions 

3.2.3. Purifying and concentrating NP suspensions  

After NP functionalization, it is important to remove unreacted components and also get rid of 

cytotoxic elements such as copper salts, that are used as catalyst for click functionalization. This 

purification which is crucial for further in vivo applications to avoid aggregation or agglomeration 

can be achieved by dialysis.6 However, this purification step results in dilution of the NP 

suspensions and hence necessitates a subsequent concentration step.  

3.2.3.1. Dialysis  

Dialysis is a classic separation technique that relies on selective diffusion of molecules across a 

semi-permeable membrane from a volume of higher concentration to lower concentration, 

based on different rates of diffusion of the molecules. Dialysis is carried out by placing the sample 

and a buffer solution (also called dialysate) on opposite sides of a dialysis membrane of a certain 

pore-size. Molecules in the sample that are smaller than the pore size pass through the 

membrane, while objects bigger than the pore size are retained in the sample. The driving force 

is the osmotic pressure that tends to equilibrate the concentrations of each species on both sides. 

Dialysis of the functionalized NP suspensions is done against diluted phosphate buffer (0.0133 

M) using 3.5 kDa MWCO (molecular weight cut-off) regenerated cellulose membrane dialysis 

tubes. MWCO is defined as the lowest molecular weight solute at which greater than 90% of the 

solute is retained by the membrane. For example, a dialysis membrane with a 10 kDa MWCO will 

generally retain entities having a molecular mass of at least 10 kDa.  Dialysis of a small volume of 

functionalized NPs (10 mL) against a large volume of 0.0133 M PB (2.5 L) for two days, allowed 

the removal of the unreacted and unwanted components in the NP suspensions.  
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3.2.3.2. Ultrafiltration  

As explained earlier, NP suspensions used for bioimaging are quite concentrated, while the core-

shell NPs obtained after basic treatment, functionalization and dialysis show a rather low optical 

density that is insufficient to realize imaging. Therefore, after dialysis of the functionalized NPs, 

concentration strategies were used to improve the optical density of the NP suspensions. Harsh 

strategies such as direct water evaporation were avoided in order to preserve the colloidal 

stability. Therefore, centrifugation filtration was employed using 100 kDa MWCO PES 

(Polyethersulfone) membranes. Polyethersulfone (PES) membrane is a hydrophilic membrane 

that aids in fast filtration with superior flow rates and high throughputs. This ultrafiltration was 

performed at a low speed of 3000 rpm for 3 minutes in batches of 2 mL. Successive filtrations 

yielded significant increase in optical densities of the NP suspensions as shown in Figure 3.18.  
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Figure 3. 18. Absorbance of functionalized NP-I (black) and NP-IV (red) before (solid) and after (dotted) 
concentration. 

3.2.4. Colloidal stability of NPs in physiological conditions  

The size distribution of FNP-I and FNP-IV (functionalized with long-chain linear PEG), in water and 

0.9 %wt salt solution (obtained by adding 10 %vol of a 9 %wt salt solution to the starting 

suspension) each tested at 25 ᵒC and 37 ᵒC is shown in Figure 3.19. It is evident that the 

functionalized NPs are thermally stable in physiological conditions with a mean size lower than 

200 nm in all cases for both FNP-I and FNP-IV.  
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Figure 3. 19. Size distribution of LCPEG-functionalized NP-I (Black) and NP-IV (red) in (a) water at 25 ᵒC, (b) in water 
at 37 ᵒC, (iii) in 0.9 %wt salt solution at 25 ᵒC and (iv) in 0.9 %wt salt solution at 37 ᵒC. 

The colloidal stability of these functionalized NPs was further confirmed by monitoring the 

absorbance of the functionalized NPs after concentration, in 0.9 %wt salt solution over a period 

of 15 hours to study the possible aggregation of the NPs in these physiological conditions, as 

shown in Figure 3.20. It can be clearly seen than there is no drop in absorbance in both cases, 

confirming colloidal stability in physiological conditions. There was a small decrease in 

absorbance (less than 5%) for NP-IV as can be observed from Figure 3.20. These fluctuations in 

signal could be attributed to instrument parameters like stabilization of the photomultiplier tube 

(detector) and also the UV lamp intensity. Overall, the drop in absorbance is very low (less than 

5%), which is highly promising, as it indicates that the colloidal NP suspensions are stable in 

physiologically relevant conditions, even after concentration. 
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Figure 3. 20. Relative absorbance of FNP-I (black; OD =1.1) and FNP-IV (red; OD = 0.7) after concentration, in 0.9 
%wt salt solution for 15 hours recorded at λ= 470 nm and λ = 480 nm respectively. 

3.2.4.1. Simulated Body Fluid (SBF) 

Simulated Body Fluid (SBF) is an acellular medium with ion concentrations approximately equal 

to those of human blood plasma as shown in Table 3.2.7,8 In this study, SBF has been used to 

mimic the physiological conditions to investigate how the different ion concentrations impact the 

colloidal stability of the functionalized NPs.  

Table 3. 2. Comparison between blood plasma and simulated body fluid (SBF) 

 Na
+
 K

+
 Mg

2+
 Ca

2+
 Cl

-
 HCO

3

-
 HPO

4

2-
 SO

4

2-
 

Blood plasma  142.0 3.6-5.5 1.0 2.1-2.6 95.0-107.0 27.0 0.65-1.45 1.0 

1x SBF 142.0 6.5 1.5 2.5 148.0 4.2 1.0 0 
 

The LCPEG-functionalized NPs after concentration were tested in SBF (1x) and their size 

distribution was measured using DLS 15 minutes after incubation. In the case of FNP-I, a size 

distribution close to 180 nm (in number) and 190 nm (in intensity) in SBF at both 25 ᵒC and 37 ᵒC 

as can be seen from Figure 3.21a and 3.21b respectively.  
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Figure 3. 21. (a) Number and (b) Intensity distribution of FNP-I in water (black) and SBF (red) at 25 ᵒC (solid) and 37 
ᵒC (dotted). 

On the other hand, a slightly higher mean size of 190 nm (in number) and 220 nm (in intensity) 

was measured for FNP-IV under the same conditions as can be seen from Figure 3.22a and 3.22b 

respectively. This could be attributed to the difference in synthesis parameters and dissolution 

conditions used for NP-IV and NP-I. It is interesting to note that the synthesis parameters used 

for NP-IV corresponded to s = 500 as opposed to s = 380 for NP-I, which should have theoretically 

yielded smaller NPs in the case of NP-IV. But the basic treatment was performed for 48 hours for 

NP-I as opposed to 24 hours for NP-IV, which in turn could be responsible for this difference in 

final size distribution after functionalization.  

 

Figure 3. 22. (a) Number and (b) Intensity distribution of FNP-IV in water (black) and SBF (red) at 25 ᵒC (solid) and 
37 ᵒC (dotted). 
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3.2.4.2. Plasma Proteins 

As described earlier, blood is composed of various components, of which plasma proteins 

constitute a major fraction. While serum albumin constitutes 55% of the total amount of blood 

plasma proteins, globulins constitute 38 % with the remaining 7% constituted by fibrinogen. Each 

of these proteins have a different function, with serum albumin mainly responsible for 

maintaining the plasma osmotic pressure, globulins for transporting ions, hormones and lipids 

necessary for immune action and fibrinogen which plays the main role in blood clotting. 

Therefore, it is important to study the effect of these concentrations of plasma proteins on the 

colloidal stability of the NPs. A step-by-step evaluation was preferred to clearly understand the 

effect of each protein, summarised in Table 3.3, on the stability of the functionalized NPs.  

The first protein that was investigated was bovine serum albumin. It is noteworthy that Bovine 

(BSA) and human (HSA) serum albumins are similar in structure (Figure 3.23) with approximately 

76% sequence homology and a repeating pattern of disulfides which are strictly conserved.9,10 

Their molecular weights are also close, 66267 g mol−1 for BSA and 66439 for HSA. The only major 

difference between the two proteins is that BSA has two tryptophan residues (W134 and W212) 

while HSA has only one (W214).11  

 

 

Figure 3. 23. Three-dimensional structures of HSA and BSA 

Table 3. 3. Properties of the different proteins 

Protein Number of amino 

acid residues 

Molecular 

weight 

Isoelectric point 

in water at 25 °C 

Stokes Radius (rs) 

BSA 583 66.5 kDa  4.7 3.5 nm 12 

-Globulin 125013 155-160 kDa 14 7.6 5.3 nm15  

 

The colloidal stability of the functionalized NPs in the presence of Bovine Serum Albumin (BSA) 

was tested at 37 °C using DLS. The concentration of albumin in the body is 35 - 50 mg/mL. 
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Therefore, the effect of BSA at different concentrations was tested on LCPEG functionalized NP-

I (FNP-I) and NP-IV (FNP-IV).  

In the case of FNP-I, at low concentrations of BSA, 6-30 mg/mL, no aggregation was observed. It 

is important to note that the contribution from the NPs is no longer visible in the number 

distribution (Figure 3.24a) when the concentration of BSA exceeds 15 mg/mL. The observed 

peaks at 8 nm recorded at higher concentrations of BSA correspond to the size of the protein. On 

the other hand, in the intensity distribution (Figure 3.24b), the NP contribution is clearly seen in 

all cases due to the higher contribution of higher sizes to the signal. It is important to note that 

the primary size distribution obtained using DLS is a plot of the relative intensity of light scattered 

by particles of different sizes, which is further used to generate the number distribution. 

Therefore, it can be seen from the intensity distribution that there is a slight aggregation of FNP-

I at the highest concentration of BSA (60 mg/mL) resulting in a size increase from 220 nm to ~ 

260 nm. It is important to note that this concentration is higher than the upper limit of the normal 

albumin concentration in the body, showing the stability of the functionalized NPs in nominal 

conditions.  

The inconsistencies between the number and intensity distributions often arise from poor fitting 

of the autocorrelation data and hence need to be treated with caution. The autocorrelation data 

generated by the DLS is indeed the measured data which is fitted by different algorithms to 

generate a size distribution. Plotting the autocorrelation data in log-log scale allows to observe 

the evolution of the autocorrelation function and also indicates the emergence of the different 

contributions to the signal and their relative intensities.  

 

 

Figure 3. 24. (a) Number and (b) Intensity distribution of FNP-I in SBF at 37 ᵒC with different concentrations of BSA. 
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The inconsistencies between the number and intensity distributions were investigated by 

plotting the autocorrelation data as shown in Figure 3.25. It can be seen that there is a slight 

aggregation observed for all cases, although this is more pronounced for the highest 

concentration of BSA.  However, this increase in τ corresponds to a relatively small contribution 

to the intensity signal, thereby indicating colloidal stability of the NPs in the presence of BSA. 

 

Figure 3. 25. Autocorrelation data corresponding to FNP-I in SBF with varying concentrations of BSA at 37 ᵒC. 

FNP-IV on the other hand, yielded size distribution fits that were incoherent, showing no 

conformity to real data. This typically is an effect of poor fitting of the autocorrelation data using 

the Cumulants Analysis. These incongruities in fitting autocorrelation data normally arise from 

the assumption of a Gaussian distribution around a specific size (zaverage) in the Cumulants Analysis 

method. This is turn results in a final size corresponding to an average of the different populations 

detected, often resulting in illogical data. Additionally, the angle at which scattered light is 

collected contributes to the data analysis, resulting in a variation of fit.  

Therefore, the colloidal stability of FNP-IV in the presence of BSA was directly investigated using 

the autocorrelation data presented in Figure 3.26. Using the autocorrelation data, the 

contribution of BSA and the initial NPs in SBF can be clearly seen, corresponding to a τ of ~ 5 and 

200 µs respectively. It can be seen that there is no major change in size towards larger 

distributions upon addition of BSA to the NPs. The contribution at high  values observed at 

concentrations of 30 and 60 mg/mL of BSA corresponds to less than 1 % of an increase in the 

intensity signal. It is important to keep in mind that the intensity contribution is proportional to 

d6 and is therefore strongly impacted by the presence of aggregates. Therefore, it is acceptable 

to conclude that the functionalized NPs are stable in the presence of BSA, with only a slight 
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aggregation at the highest concentration of BSA (60 mg/mL), which exceeds the upper limit of 

the nominal concentration in blood.  

 

 

Figure 3. 26. Autocorrelation data corresponding to FNP-IV in SBF at 37 ᵒC with different concentrations of BSA. 

Next, the effect of the second most abundant protein in the blood plasma, -globulin, was 

investigated. Globulins are a family of globular proteins that are heavier than serum albumin 

protein, as can be seen from its properties in Table 3.3. The typical concentration of globulins in 

blood is 24-46 mg/mL. There are different types of globulins such as 1, 2,  and −globulins. 

An interesting point to note is that a subclass of the −globulins are the immunoglobulins, also 

known as antibodies, which constitute the immune system. This makes the use of -globulins to 

test the colloidal stability of the functionalized NPs particularly relevant.  

In the case of FNP-I, at low concentrations of -globulin (10 mg/mL), no aggregation was 

observed. It is important to note that the contribution from the NPs is not visible in the number 

distribution (Figure 3.27a) even at the lowest concentration of -globulin. The observed peak at 

10  ̶ 12 nm clearly corresponds to the size of the -globulin. On the other hand, in the intensity 

distribution (Figure 3.27b), the NP contribution is clearly seen in all cases due to the higher 

contribution of the larger size to the signal. It can be seen from the intensity distribution that the 

NPs are quite stable at the different concentrations of -globulins (10-45 mg/mL), with a size 

distribution peaking at less than 200 nm. The peaks corresponding to the -globulins are also 

visible in the intensity distribution at 14 nm. 
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Figure 3. 27. (a) Number and (b) Intensity distribution of FNP-I in SBF at 37 ᵒC with different concentrations of -
globulin. 

This can be confirmed using the autocorrelation curves shown in Figure 3.28. It can be seen that 

there is a slight aggregation observed for the highest concentration of -globulin (45 mg/mL).  

However, this increase in τ does not make a significant contribution to the intensity signal, 

thereby indicating colloidal stability of the FNP-I in the presence of -globulin.  

 

Figure 3. 28. Autocorrelation data corresponding to FNP-I in SBF at 37 ᵒC with different concentrations of -globulin. 

In the case of FNP-IV, the number and intensity distributions showed poor fitting of the 

autocorrelation data resulting in inconsistent data. But investigation of the autocorrelation data 

corresponding to increasing concentrations of -globulin revealed colloidal stability of the NPs 
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(Figure 3.29). Using the correlation curves, the contributions corresponding to the -globulin and 

the starting NPs could be clearly differentiated corresponding to a τ of ~ 10 and 200 µs 

respectively. Furthermore, addition of increasing concentrations of -globulin resulted in a less 

than 1% increase in intensity signal. Although a slight contribution of aggregates is observed for 

the highest concentration of -globulin (45 mg/mL), the overall contribution to the increase in 

intensity is very small, indicating stability of the NPs.  

 

Figure 3. 29. Autocorrelation data corresponding to FNP-IV in SBF at 37 ᵒC with different concentrations of -
globulin. 

After investigating the effect of the major proteins in the blood plasma, the effect of glucose on 

the NP stability was studied. Glucose is another major component of blood and while the blood 

glucose level is individual-dependent, it typically ranges between 0.7-1.0 mg/mL. The colloidal 

stability of the functionalized NPs was tested at the highest concentration of blood glucose, 1.0 
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mg/mL. While FNP-1 yielded a size close to 190 nm at both 25 ᵒC and 37 ᵒC (Figure 3.30a), FNP-

IV resulted in a size close to ~ 205 nm at 37 ᵒC (Figure 3.30b).   

 

Figure 3. 30. Intensity distribution of (a) FNP-I + Glucose (1 mg/mL) and (b) FNP-IV + Glucose (1 mg/mL) at 25 (solid 
line) and 37 ᵒC (dotted line) 

Finally, the colloidal stability of the functionalized NPs was investigated in an environment 

composed of a combination of individually tested elements at their highest concentrations. FNP-

I showed good colloidal stability as is evident from the autocorrelation data presented in Figure 

3.31. Although the autocorrelation data revealed a small shift in τ, it can be seen that there is a 

small aggregation of FNP-I only at the highest concentration of -globulin (45 mg/mL) as was 

shown earlier in Figure 3.28. Moreover, the autocorrelation curve corresponding to the 

combination of the different proteins looks very similar to the case corresponding to FNP-I in -

globulin. This indicates a slight aggregation or the presence of a contaminant in the suspension 

that is responsible for this small shift. Overall, this is promising, as FNP-I do not aggregate under 

these drastic conditions corroborated by the fact that there is no major shift in size to larger 

distributions and is comparable to their starting size after functionalization (~180-200 nm).  
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Figure 3. 31. Autocorrelation data corresponding to FNP-I in SBF + BSA (60 mg/mL) + -globulin (45 mg/mL) + 
Glucose (1 mg/mL) at 37 ᵒC 

On the other hand, for FNP-IV, the correlation curves indicated a small increase in size for the 

case corresponding to BSA (30 mg/mL), globulin (25 mg/mL) and glucose (1 mg/mL) (Figure 3.32), 

as shown by the presence of two values of τ corresponding to 10 and 600 µs.  

 

Figure 3. 32. Autocorrelation data corresponding to FNP-IV in SBF at 37 ᵒC + BSA (30 mg/mL) + -globulin (25 
mg/mL) + Glucose (1 mg/mL) at 37 ᵒC 
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Although this indicates a slight aggregation and can be fitted by taking into account the different 

τ values so obtained, the overall increase in intensity signal is still acceptable.  

However, the correlation curves indicated a significant aggregation of FNP-IV for the case 

corresponding to BSA (60 mg/mL), globulin (45 mg/mL) and glucose (1 mg/mL). This yielded a 

contribution at τ = ~ 106 µs. Such a high value of τ is indicative of either very big aggregates or 

the presence of dust or other contaminants.  Interestingly, Pade Laplace fitting of the data yielded 

two populations, one at 17 nm, which correspond to the proteins and the other at around 800 

nm corresponding to the aggregates respectively.  

Therefore, the colloidal stability of both FNP-I and FNP-IV was confirmed in physiological 

conditions and in the presence of proteins. Minimal aggregation was observed in the presence 

of the highest concentrations of BSA and globulin individually, resulting in around 1% increase in 

intensity signal at higher  values as observed in the autocorrelation data. When both proteins 

are mixed above the usual blood concentrations, the aggregation is however significant. These 

results suggest that the performance of these functionalized NPs can be tested in vivo, without 

risk of aggregation as for the in vivo tests the NPs will be strongly diluted in blood.  

Overall, the colloidal stability of FNP-I, was relatively better than FNP-IV, in physiologically 

relevant conditions and was therefore chosen for the preliminary in vivo tests.  

3.3. In vivo tests 

The colloidal stability of the functionalized NPs (particularly FNP-I) in different biological media 

under physiologically relevant conditions, resulted in their investigation in vivo in mice. For this 

study, CX3CR1-GFP mice, expressing GFP only in microglia in the brain were used. Thinned-skull 

cortical window preparation over the somatosensory cortex was performed, for transcranial 

imaging where the skull was reduced to a thickness of 20-30 µm. Imaging was performed using a 

two-photon microscope with a Ti:Sapphire laser with an excitation wavelength of 940 nm.  

Images were acquired every 0.9 seconds over an area of 200x200 µm and a resolution of 521x521 

pixels. 

In a first study, 200 µL of FNP-I (38 µg/mL NPs corresponding to 15 µg/mL dye), with OD = 1.1, ca 

180 nm ф) was introduced into the mouse through retro-orbital injection. Imaging was 

performed approximately 5 minutes after injection. Although bright particles were observed in 

the bloodstream, the fluorescence intensity recorded was quite low. These bright particles 

disappeared quickly within a time span of 10-15 minutes but the fluorescence was still faintly 

visible in the blood flow. A 10% drop in fluorescence signal was observed for a 400 second 

imaging window. Thirty minutes post-injection, fluorescence was still visible in the blood vessels, 

but was much weaker, indicating rapid clearance of the NPs from the bloodstream. 
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In a second test, on another CX3CR1-GFP mouse, the level of an eventual noise in the blood 

vessels was recorded prior to injection of the NPs. This level of noise was undetectable. 200 µL 

of FNP-I was injected into the mouse. However, imaging was performed within 30 seconds post 

injection.  

In this case, the fluorescence recorded was much higher as shown in Figure 3.33., which shows 

the NPs in the blood vessels (ф ca 20 and 40 µm), where they appear as bright red spots in the 

red channel. The fluorescence intensity of the surrounding glial cells in the green channel does 

not evolve much with time and can be used as a reference to ascertain the fluorescence intensity 

of the circulating NPs at different time points. The spots in the red channel correspond to FNP-I 

with some spots brighter than the others, which could either result from the presence of the NPs 

in the focal plane of the microscope or due to the presence of a small percentage of aggregates 

of NPs as can be seen at t90s, t120s, t300s and t600s. These bright spots are also bigger in size as 

compared to the smaller faint spots, possibly due to the presence of bigger sized NPs. Moreover, 

these bright NPs were observed to flow through the blood stream, without sticking to the walls 

of the vessels, which is an indication of their colloidal stability.  

The detection and clearance of the bigger NPs and aggregates from the bloodstream was 

corroborated by an important and rapid drop in fluorescence intensity, recorded within 15-20 

minutes of imaging, as can be seen from Figure 3.33(after t = 900 s) and is also evident from the 

drop in fluorescence signal detected, shown in Figure 3.34.   

However, even with this drop in fluorescence signal, these bright spots were visible even after 

one-hour post injection indicating the circulation of the NPs in the bloodstream. This can be 

further confirmed in Figure 3.33 at t = 3600 s, where some faint spots are still visible (circled in 

white), resulting in lower fluorescence signal.  
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Figure 3. 33. Circulation of FNP-I (red spots) in the bloodstream recorded in blood vessels at different points after 
injection (image size corresponds to 200 x 200 µm2) 
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Figure 3. 34. Drop in Fluorescence Intensity over time 

The drop in fluorescence intensity could be an indication that most NPs were rapidly cleared from 

the blood stream, most likely by the liver. Although the functionalized NPs are colloidally stable 

in biological media, NPs bigger than a few tens of nm are easily detected and cleared by the 

macrophages, while smaller NPs can circulate for longer periods of times16. This further explains 

the scarce bright spots and faint fluorescence that is seen in the blood vessels even after one-

hour post injection, which could be due to the smaller sized NPs that are still circulating in the 

blood stream. It is evident from Figure 3.34 that the fluorescence drops to a much lower signal 

within 20 minutes but some NPs still circulate the blood stream although fewer in number due 

to the elimination of the biggest NPs.  

Although three-dimensional imaging of vascularization could not be performed due to the 

significant drop in fluorescence intensity, these preliminary results are very promising. 

Additionally, there was no aggregation and accumulation of the NPs on the walls of the blood 

vessels, a phenomenon that was observed in earlier trials (with CMONS NPs), thanks to their 

colloidal stability.  

The primary challenge to ensure longer circulation time and reduced clearance by the RES is to 

tune the size of the NPs to below 100 nm to impart furtivity. Considering the method used for 

the synthesis of NPs, spray-drying, which inherently results in polydisperse NPs, the challenge is 

to not only tune the synthesis parameters to reduce the size but to also use improved filtration 

techniques to reach the targeted size ranges. The second challenge that this would entail is to 

overcome the low optical densities obtained upon filtration of the NPs. This could be achieved 

by applying ultrafiltration strategies to concentrate the NPs to reach maximum optical density 

values without provoking aggregation. Other techniques such as tangential field flow 
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fractionation could also be investigated to segregate the polydisperse NPs into the desirable size 

ranges, before concentration.  
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Conclusion and Perspectives 
 

The primary objective of this thesis was to develop organic@inorganic core-shell nanoparticles 
for use as tracers to perform in vivo vascular imaging. This not only involved synthesis and 
physico-chemical characterization of the NPs, but also optimisation of the synthesis conditions in 
order to produce a family of core-shell NPs. It has been demonstrated in this work that it is 
possible to synthesize various organic@silicate core-shell NPs with organic cores strictly selected 
from a molecular engineering of dyes exhibiting efficient fluorescence in the crystal state. Thus, 
the selected dyes are crystal-state emitters, with a fluorescence emission around red 
wavelengths and featuring a high solubility associated to relatively high melting point. The 
encapsulation of the dye was only made possible after the sol-gel conditions were modified to 
increase the polycondensation of the silicate species present in the sol in order to enhance dye 
nanocrystal confinement. An organosilane, AzPTES, was also introduced to the sols, to impart an 
azide functionality to the NPs for further functionalisation using CuAAC. The introduction of this 
organosilane did not induce significant changes to the morphologies of the NPs and spherical 
defect-free NPs were obtained. 

Optimisation of this one-step synthesis approach was made possible by the ability to control both 
the dye nanocrystallization and the silicate polycondensation by tuning the physical parameters 
of the spray-drying reactor (temperature of oven and electrostatic filter, gas flow and 
atomization parameters). Several types of NPs were synthesized by changing the choice of 
organic dye forming the nanocrystalline core of the NPs and also by changing the composition of 
the inorganic-silicate crust.  

The presence of crystalline cores was visualized by SEM after the complete dissolution of the sol-
gel layer, while the crystallinity was unambiguously proven, particularly for NP-IV, by electron 
diffraction. The obtained NPs feature a very high organic loading (ca 29-42%wt). These very high 
dye concentration is an important advantage of these core-shell NPs to impart strong brightness 
by enhancing absorption and emission cross sections through the high number of fluorescent 
molecules. Compared to the dyes in microcrystalline powders, the fluorescence spectra were 
globally preserved, while for NP-I the emission was shifted from 640 to 620 nm. This could be the 
outcome of a partial amorphization occurring during the drying of the silicate crust. Overall, 
bright fluorescent NPs were produced with emission spectra maxima between 580 and 620 nm, 
lying close the border of the biological window that is required for application in bio-imaging. The 
quantum yields of these NP suspensions were also measured and were around 3% for NP-I and 
1% for NP-IV, significantly lower than for the pure dyes in microcrystalline state but enough to 
impart a strong brightness. This was attributed to a partial deterioration of the crystal quality of 
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the organic nanocrystals because of the capillary pressures exerted at the end of drying of the 
silicate shells on the dye cores. Nevertheless, even if the quantum yields are rather low, they 
could be compensated through the very high molecular concentrations of dye nanocrystal. 

Colloidal NP solutions were obtained after a basic partial dissolution of the shells of the NPs 
followed by acidic neutralization to physiological pH. These NPs were then functionalised with 
different forms of alkyne-modified Polyethylene Glycol (PEG), (i) linear chain PEG and (ii) ramified 
PEG, using CuAAC, which is a commonly used click reaction. This CuAAC functionalisation of the 
NPs was done to improve the stability of the NPs by preventing aggregation between the NPs, 
and to render the NPs furtive so as to avoid their recognition by the reticulo-endothelial system 
of the body in order to increase their circulation time in the blood stream. CuAAC was chosen as 
the functionalisation strategy not only due to ease of manipulation, but also due to the ability to 
work in aqueous environments that is essential to maintain the integrity of the organic core of 
the NPs that is otherwise easily dissolved in organic solvents. Colloidal stability was best observed 
with the use of long-chain linear PEG (Mn = 5000) thanks to its effective steric stabilisation 
efficacy.  

The functionalized NPs were purified by dialysis and concentrated using ultrafiltration techniques 
to reach optical densities close to 1 so as to have high fluorescence intensity for deep-tissue 
imaging. The colloidal stability of the functionalised NPs was investigated using dynamic light 
scattering and fluorescence spectroscopy. Dynamic light scattering experiments were performed 
on colloidal suspensions of FNP-I and FNP-IV (functionalised with long chain linear PEG) in two 
media, water and 0.9 % wt NaCl solution, each tested at two different temperatures, 25 °C and 
37 °C resulting in size distributions peaking at less than 200 nm in all four cases. This confimed 
the colloidal stability of the suspensions of functionalized core-shell NPs under physiological 
conditions, even at 37°C, which was not observed in earlier trials. This is a highly promising result 
for the use of these core-shell NPs as tracers in vivo. Absorbance of the functionalized and 
concentrated NP suspensions in 0.9 % wt salt solutions recorded over 15 hours resulted in less 
than 10% in drop in signal, suggesting colloidal stability. The NPs also showed comparable 
brightness after functionalisation, suggesting that no quenching occurred in the presence of Cu 
salts.  

Furthermore, the colloidal stability of both FNP-I and FNP-IV was tested in simulated body fluid 
and in the presence of proteins such as BSA and globulins, by studying the autocorrelation data 
generated by the DLS. Both FNP-I and FNP-IV showed good colloidal stability in these conditions. 
Minimal aggregation was observed in the presence of the highest concentrations of BSA and 
globulin, resulting in less than 1% increase in intensity signal as observed in the autocorrelation 
data. Overall, the colloidal stability of FNP-I, was relatively better than FNP-IV, in physiologically 
relevant conditions and was therefore chosen for the preliminary in vivo tests.  
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Preliminary in vivo tests were performed by injecting FNP-I into a mouse. Imaging was performed 
within 30 seconds after injection and resulted in the observation of bright spots, that disappeared 
quickly from the blood stream (within 15-20 minutes post injection). However, fluorescence was 
still faintly visible in the blood flow even after a day. The rapid disappearance of the NPs was 
attributed to the clearance of the NPs by the macrophages, most likely into the liver. This in turn 
was attributed to the size of the NPs (~ 150-200 nm), which are recognizable by the RES. 
Therefore, this is a challenge that needs to be overcome in order to realize deep tissue imaging, 
in which case sufficiently high fluorescence intensity and furtivity are required for prolonged time 
periods (typically for 24 hours to enable passive or active targeted imaging). Nevertheless, the 
colloidal stability of the functionalized NPs in blood resulted in their circulation without 
aggregation in the walls of the blood vessels, as opposed to the observation of aggregation in 
earlier trials.   

Future Outlooks 

These preliminary results obtained are highly promising and encourage further studies to develop 
these NPs for in vivo vascular imaging. Comprehensive studies of the NP-interaction with human 
serum would further open doors to understanding better the formation of the protein corona 
and its effects on the fate and clearance of the NPs, although with the added complexity of the 
polydispersity of these NPs.   

However, for the use of these core-shell NPs as tracers, the primary challenge is to tune the size 
of the NPs to be below 80 nm in order to ensure longer circulation time and reduced clearance 
by the RES. Considering the method used for the synthesis of NPs, spray-drying, which inherently 
results in polydisperse NPs, the challenge is to not only tune the synthesis parameters to reduce 
the size but to also use improved filtration techniques to reach the targeted sizes.  

The second challenge that this would entail is to overcome the low optical densities obtained 
upon filtration of the NPs. This could be achieved by applying ultrafiltration techniques to 
concentrate the NPs to reach maximum optical density values without provoking aggregation. 
Other techniques such as tangential field flow fractionation could also be investigated to 
segregate the polydisperse NPs into the desirable size ranges, before concentration.  

A third challenge is to further ensure the crystallinity of the core and obtain high quantum yields 
in order to have maximum fluorescence emission intensity for deep-tissue imaging. Although this 
work demonstrated the ability to load a high percentage of organic dyes into the NPs, the 
capillary forces exerted on the nanocrystalline core during the spray-drying process, could 
partially deteriorate the dye crystal quality.    

This could be overcome using a two-step process to synthesise these core-shell NPs, by first 
growing the crystalline core in water and then coating it with a silicate layer to impart 
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biocompatibility. The ability to grow these organic nanocrystals has already been demonstrated 
by spraying an organic solution into a non-solvent (such as water) under strong sonication. This 
results in the creation of droplets with confined nucleation during mixing and growth of the NCs 
during solvent mixing. The quantum yields of these nanocrystals resulted in significantly higher 
values than the core-shell NPs, (18% for NCs of Dye-I and 22% for CMONS NCs) which were 
comparable with the quantum yields of the pure dyes in solid state (micrometer sized crystals), 
and are therefore extremely promising. These high quantum yields arise as a result of strong 
crystallinity thereby leading to excellent optical properties well suited for deep-tissue imaging. 
Moreover, the colloidal stability of these NCs also yielded a stable size range of 200 nm for over 
a month.   

The current challenge is to further reduce the size of these organic NCs and optimize the synthesis 
parameters to ensure excellent crystallization of the dyes and obtain monodisperse NCs. The next 
step is to add a silicate coating in order to not only protect the organic core but to also impart 
biocompatibility and functionality. This silicate layer could then be functionalized either with PEG 
or with PEG and other ligands to add specificity to these core-shell NPs.  

These core-shell NPs could be made more specific by functionalization with a ligand specific to 
certain receptors that are over-expressed on tumour cells to enable active targeting. 
Furthermore, it could be possible to include moieties such as iron-oxide or Au/Ag NPs, within the 
silicate matrix, to add more functionality, which could further enable the use of these NPs for 
biological application such as cell sorting using Fluorescence Activated Cell Sorting (FACS).  
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Experimental section 
 

5.1. Chemicals and reagents 

The silicate precursors, tetramethoxysilane (TMOS) and 1,2-bis (trimethoxysilyl)ethane (TMSE) 

were purchased from ABCR, distilled and stored in a moisture-free environment. The 

organosilane (3-Azidopropyl) triethoxysilane (AzPTES) was synthesized at Institute Neel 

according to the protocol described in the literature.1 Dyes I-IV were synthesized at ENS Lyon by 

Dr. Yann Bretonnière following the syntheses reported in the Ph.D. thesis of G. Eucat.2 Briefly, 

CMONS was synthesized by the Knoevenagel condensation reaction of 4-methoxybenzaldehyde 

and 4-nitrophenylacetonitrile then recrystallized in toluene and acetic acid, as described in the 

literature.3 Hydrochloric acid (1.0 M), Sodium hydroxide pellets, dibasic sodium phosphate, 

monobasic potassium phosphate and Tetrahydrofuran (THF, inhibitor free, >99.9%) were 

purchased from Fischer Scientific and used directly without any other purification. Sodium 

ascorbate and Copper sulphate pentahydrate were purchased from Sigma Aldrich. Alkynylated 

PEG4 and THPTA5,6 were synthesized as described in the literature. Minisart® NML syringe filters 

with surfactant-free cellulose acetate (SFCA) membrane with pore sizes 5, 1.2, 0.8 and 0.45 µm 

were purchased from Sartorius. Pur-A-LyzerTM Mega (10 mL tubes; 3.5 kDa) dialysis kits were 

purchased from Sigma-Aldrich. Vivaspin® 2 concentrators with 100 kDa MWCO pore size 

polyethersulfone (PES) membrane were purchased from Sigma for concentration of the NPs. 

Proteins, Bovine Serum Albumin (35% in 0.85% sodium chloride, aseptically filled) and γ-globulin 

(from bovine blood; ≥99% agarose gel electrophoresis) were purchased from Sigma.  

5.2. Synthesis of sols  

The sols were prepared using a 2:1 ratio of TMOS and TMSE, varying proportions of AzPTES and 

acidic water (1 M HCl) in THF according to parameters, s = [solvent]/[Si] and h = [H2O]/[-OR] 

(where [Si] is the molar concentration in silicon atoms and [-OR] is the molar concentration of 

alkoxide functions) summarized in Table 5.1. Three different protocols were followed. In protocol 

A, described in previous works, the silicate precursors were weighed in a 100 mL bottle to which 

60 mL of THF was added, followed by 1 M HCl. The sol was aged at 60 °C for two weeks. In 

protocols B and C, the acidic water was directly added to the silicate precursors in a small amount 

of THF (3 mL- Protocol B; 5 mL – Protocol C) under vigorous stirring, followed by ageing for a few 

days (2 days - Protocol B; 3/5 days - Protocol C) at 60 °C with the addition of remaining amount 

of solvent after ageing. The prepared sols were stored at 4 °C. An amount of the dye (calculated 

from the d parameter, d = [dye]/[Si]) was dissolved in the sol just before nebulization. The 
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maximum amount of dye, dmax, that can be encapsulated in the NPs is determined by screening 

SEM images as a function of increasing values of d for each dye. When non-spherical objects start 

to be observed outside of the NPs, dmax is reached: limit of dye nanocrystal confinement by the 

silicate shell. 

Table 5. 1. Different protocols for the preparation of sols 

Protocol s h Ageing Preparation 

A 500 1 14 days - Silicate precursors + THF (60 mL) + HCl/H2O 

- Ageing for two weeks at 60 °C 

B 500 1 2 days - Silicate precursors + THF (3 mL) + HCl/H2O  

- Ageing for 2 days at 60 °C 

- Addition of 57 mL THF after ageing 

C 380 1 3 days/5 days - Silicate precursors + THF (5 mL) + HCl/H2O  

- Ageing for 3/5 days at 60 °C 

- Addition of 55 mL THF after ageing 

 

As an example, for a sol made using protocol B with s = 500, h = 1 and d = 0.10 for dye IV, TMSE 

(98.5 mg, 93 µL, 0.36 mmol) and TMOS (110 mg, 107 µL, 0.72 mmol) were weighed in a 100 mL 

bottle. THF (3.0 mL) then aqueous HCl (1.0 M, 92 µL) were added under vigorous stirring. This 

transparent mixture was aged for two days at 60 ˚C in the sealed bottle after which THF (57 mL) 
was added. In the case of dye IV, the dye (69 mg, 0.15 mmol) was dissolved in the sol just before 

sol nebulization. 

5.3. Synthesis of Tris(3-hydroxypropyltriazolylmethyl)amine  

Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) was synthesized using a protocol described 

in the literature.5,6  

 

3-Bromo-1-propanol (20.0 g, 144 mmol) and sodium azide (18.7 g, 288 mmol) were dissolved in 

water (150 mL) and the resulting solution was stirred at 90°C overnight. The mixture was 
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extracted with dichloromethane (3 x 150 mL). The combined organic layers were dried over 

MgSO4 and concentrated by rotary evaporation under reduced pressure using a bath kept at 

room temperature, to obtain 3-azido-1-propanol as a pale-yellow oil.  

To a stirred solution of tripropargylamine (0.80 g, 6.1 mmol) and 3-azido-1-propanol (2.46 g, 24.3 

mmol) in DCM (15 mL) at 0 °C under N2 was added CuBr(PPh3)3 (0.056 g) and the resulting solution 

was stirred overnight under an inert atmosphere. An ice bath was used as the reaction mixture 

has been shown to be violently exothermic within the first two hours of the reaction.  

The reaction was stopped after 24 hours and the DCM was evaporated. The product so-obtained 

was a brown liquid, to which 25 mL acetonitrile was added. This mixture was placed in a fridge 

overnight to induce precipitation. The product so obtained was filtered and vacuum dried, to give 

an off-white solid (1.52 g, 3.49 mmol) with a yield of 56%. 1H NMR data were in accordance with 

the literature.6  

5.4. Synthesis of alkyne-modified PEG 

Two forms of linear (short-chain and long chain) PEG and one form of ramified PEG were 

synthesized.  

5.4.1. Synthesis of short-chain PEG  

The synthesis reported by D.V. Francis et al4 was followed to obtain the alkynyl ethers. 

Triethyleneglycol monomethyl ether (2.46 g, 15 mmol) was weighed in a 50 mL round bottom 

(RB) flask. THF (15 mL) was added to the RB flask. The flask was then immersed in an ice bath and 

powdered NaOH (2.4 g, 60 mmol) was added to the RB flask. After stirring for ten minutes, 

propargyl bromide (2.5 mL, 22.5 mmol) was added dropwise to the reaction mixture using a 

syringe. The reaction mixture was allowed to stir for 24 hours, gradually warming to room 

temperature. The reaction mixture was then poured into ethyl acetate (EtOAc, 20 mL) and water 

(50 mL) and the layers were separated using a separation funnel. Further extraction of the 

aqueous fraction was done using EtOAc (2*20 mL). The combined organic extracts were further 

washed with 10% aq. HCl, followed by saturated NaHCO3 (Sodium hydrogen carbonate) solution 

and brine and finally dried over anhydrous MgSO4 (Magnesium Sulphate). The solvent extraction 

was done using a rotary evaporator at 40 °C. Thin layer chromatography was done using 

cyclohexane and EtOAc (7:3 ratio) as the eluant, to confirm the presence of the expected 

compound. The product was further purified using column chromatography (silica gel, 

EtOAc/cyclohexane, 3:7). The final product was analysed using 1H NMR. 
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Triethyleneglycolmonomethyl ether (2.46 g) gave 3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)prop-
1-yne as a colorless oil (1.5 g). 1H NMR (300 MHz, CDCl3): 2.41(t, J 2.4 Hz, 1H), 3.36 (s, 3H), 3.54 

(m, 2H), 3.62 (m, 2H), 3.65 (m, 4H), 3.66 (m, 2H), 3.67 (m, 2H), 4.18 (d, J 2.4Hz, 2H).  

5.4.2. Synthesis of long-chain PEG (Mn = 5000)  

For the synthesis of long chain alkyne-modified PEG, a similar procedure was followed with a few 

modifications. The starting material, polyethyleneglycol monomethyl ether (Mn: 5000, 5 g, 15 

mmol) was taken in an RB flask. THF (40 mL) and water (10 mL) were poured into it to dissolve 

the starting compound, after which the flask was immersed into an ice bath. Next, powdered 

NaOH (5.4 g, 120 mmol) was added to the mixture followed by stirring for fifteen minutes. 

Propargyl bromide (5.7 mL, 50 mmol) was added dropwise to the RB flask and the reaction was 

allowed to proceed for 24 hours, gradually warming to room temperature. Product extraction 

was done using dichloromethane. The aqueous and organic fractions were further extracted 

(using dichloromethane) and washed as described in the synthesis protocol of the short chain 

PEG.  

Polyethyleneglycolmonomethyl ether (5 g) gave Propargyl Polyethyleneglycolmethyl ether as a 

white solid. 1H NMR data were in accordance with the literature.  

5.4.3. Synthesis of ramified PEG  

 

The starting alcohol was synthesized as described By W.Li. 7  

Sodium hydride (60%w in oil 762 mg, 19 mmol) was washed thrice with pentane, then added to 

a solution of the ramified alcohol (5.66 g, 9.5 mmol) in THF at 0 °C. After 30 min, the temperature 

was raised to 20 °C, and the mixture was stirred for 30 min. The mixture was cooled again to 0 °C 

then propargyl bromide solution (80%w in toluene, 1.7 g, 11.4 mmol) was added. After overnight 

stirring, water was added cautiously followed by dilute HCl. The mixture was extracted thrice 

with dichloromethane, and the organic phase was washed with water and brine, then dried over 

magnesium sulfate. After concentration, the product was purified by column chromatography 

(DCM/MeOH 9/1), yielding the product (4.76 g, 7.53 mmol) in 79% yield. 

1H NMR (400 MHz, CDCl3): 2.46(t, J 2.5 Hz, 1H), 3.34 (s, 9H), 3.49-3.53 (m, 6H); 3.59-3.65 (m, 12H); 

3.66-3.72 (m, 6H); 3.74-3.77 (m, 2H); 3.80-3.83 (m, 4H); 4.08-4.16 (m, 8H); 4.45 (s, 2H); 6.56 (s, 

2H). 
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5.5. Spray-drying  

The organic@silicate core-shell NPs were synthesized in a home-made spray-dryer reactor. The 

mixture of sol and organic dye which is first introduced into a 1 L flask, is sucked into a pneumatic 

atomizer (TSI model 3076- Constant Output Atomizer) by a nitrogen gas flow (56 L/h), diluted 

with air (8 - 16 L/h) and driven into a tubular oven (35 mm diameter × 1.4 m) set to a specific 

temperature. The oven is connected to an electrostatic filter kept at 140 °C and charged to a 

potential of 10 kV where the NPs are collected on electrodes. The core-shell NPs containing the 

different dyes I-IV will henceforth be referred to as NP-I, NP-II, NP-III and NP-IV, respectively.  

5.5.1. Treatment of NPs 

In order to segregate the chemically agglomerated NPs recovered from the electrostatic filter, a 

controlled dissolution of the silicate shell of the NPs was performed. This was achieved by 

sonicating all the collected NPs in water (60 mL) for 20 minutes in an ultrasonic bath (150 W) 

before adding a 1 M NaOH solution until pH 12 and stirring the suspension for 24 h in a closed 

bottle. The NP suspension was then subjected to centrifugation for 5 minutes at 5000 rpm and 

the supernatant was filtered using 5 µm, 1.2 µm and 0.8 µm filters, to ensure the removal of the 

biggest aggregates. This step was followed by neutralization of the NP suspension to pH 7.4 by 

the dropwise addition of 1 M HCl. These treated NP suspensions were used for the fluorescence 

spectroscopy measurements. The pH of the neutralized core-shell NPs for click functionalization 

was further stabilized using 0.133 M Phosphate Buffer by adding a volume corresponding to 10% 

of the volume of NP suspension.  

This buffer (100 mL) was prepared by mixing 80.4 mL of 0.133 M Na2HPO4 (18.89 g Na2HPO4 

Anhydrous in 1 L H2O) and 19.6 mL of 133 mM KH2PO4 (9.08 g KH2PO4 in 0.5 L H2O) to reach pH 

7.4.  

5.5.1.1. Complete dissolution of silicate shell  

In order to visualize the organic core by FESEM, a small volume (5 mL) of the above basic NP 

suspension (pH 12) was stirred for a week before neutralization. The suspension was then 

dialyzed twice against pure water (2.5 L) before electron microscopy imaging. 

5.6. Click functionalization  

Functionalisation of the treated core-shell NPs was carried out using CuAAC. The number of 

moles of AzPTES in the sol used for the synthesis of the core-shell NPs was first estimated so as 

to determine the amount of PEG required for the conjugation. The equivalent PEG amounts for 

the different ratios of AzPTES for a sol corresponding to s = 500 and h = 1, are summarized in 
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Table 2. The protocol described by N.Moitra et al.8 was followed. The synthesized PEG was first 

weighed in a bottle into which the treated NP suspension was added with constant stirring. One 

equivalent each of Tris-(hydroxypropyltriazolylmethyl)amine (THPTA) and of the pre-catalyst, 

copper sulphate (CuSO4.5H2O) were then added to this solution. Argon was bubbled into the 

colloidal suspension for a few minutes to remove any traces of oxygen before the addition of the 

reducing agent (sodium ascorbate) to start the click reaction. Four equivalents of sodium 

ascorbate were then added to this solution, more Ar was bubbled into the suspension and the 

bottle was closed and kept under constant stirring at room temperature for 24 hours. 

Table 1. Different parameters for click functionalization 

Sol No. of 
moles 
of azide 
(mmol) 

                  PEG 
 

Sodium 
ascorbate 
(mg; 
mmol) 

THPTA 
(mg; 
mmol) 

CuSO4.5H2O 
(mg; mmol) 

 

2TMOS + 

TMSE 

+AzPTES 

(1%) 

 

 

0.014 

Type LCPEG Ramified  

 

11.5; 0.58  

 

 

6.3; 0.014 

 

 

3.6 mg; 

0.014 

Equivalents 5 10 

Amount (mg) 357 94.1 

No. of moles 

(mmol) 

0.07 0.14 

 

2TMOS + 

TMSE 

+AzPTES 

(3%) 

 

 

0.043 

Type LCPEG Ramified  

 

34.6; 0.17 

 

 

 

19.0; 

0.043 

 

 

11.0; 0.043 

Equivalents 5 10 

Amount (mg) 1083 282.9 

No. of moles 

(mmol) 

0.215 0.43 

 

2TMOS + 

TMSE 

+AzPTES 

(5%) 

 

 

0.072 

Type LCPEG Ramified  

 

57.6; 0.29 

 

 

 

31.0; 

0.072 

 

 

18.0; 0.072 

Equivalents 5 10 

Amount(mg) 1814 473.7 

No. of moles 

(mmol) 

0.36 0.72 

 

5.6.1. Dialysis  

Purification of the functionalized NPs was performed by dialyzing the NP suspension (10 mL in 

Pur-A-Lyzer tubes with 3.5 kDa pore size) against 2.5 L of 0.0133 M PB for two days.  
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5.6.2. Concentration of NPs  

The purified NP suspensions were concentrated using Vivaspin 2 (2 mL) concentrators. 

Centrifugation was performed at 3000 rpm for 3 minutes on volumes of 2 mL. Successive 

centrifugations were performed to reach an optical density close to 1.0 in all cases. 

5.7. Preparation of Simulated Body Fluid (4x)  
 

Concentrated SBF was prepared according to literature.9 First, approximately 200 mL of ultra-

pure water was poured into a 250 mL polypropylene beaker, and this was stirred using a magnetic 

bar at 36.5°C. After each preceding reagent had completely dissolved, the reagents were 

dissolved in the water in the sequence listed as follows: 550 mM NaCl (8.036 g), 17 mM NaHCO3 

(0.352 g), 12 mM KCl (0.225 g), 4 mM K2HPO4.3H2O (0.230 g), 6 mM MgCl2.6H2O (0.311 g), 10 mL 

2.0 M HCl, 11 mM CaCl2 (0.293 g), 2 mM Na2SO4 (0.072 g), 200 mM Tri(hydroxymethyl) 

aminomethane (6.063 g). Finally, the fluid was adjusted to a final pH of 7.40 at 36.5°C by titrating 

aqueous 2.0 M of HCl into the SBF and the volume was made up to 250 mL.  

 

5.8. In vivo tests 

CX3CR1-GFP mice, expressing GFP only in microglia in the brain were used. Thinned-skull cortical 

window preparation over the somatosensory cortex was performed, for transcranial imaging 

where the skull was reduced to a thickness of 20-30 µm. Briefly, mice were deeply anesthetized 

with isoflurane (3-4%, Isovet, Piramal Healthcare, UK Ltd.) and mounted in a stereotaxic 

apparatus (D. Kopf Instruments). Carprofen (5 mg/kg s.c.) was injected at the beginning of the 

surgery to diminish post-surgical pain and inflammation. After the skull was exposed, a thin 

custom-made metal implant was glued allowing to delimit the area over the somatosensory 

cortex. The skull was then carefully thinned using a high-speed dental drill. To avoid heat-induced 

damage, drilling was repeatedly interrupted and cold sterile saline was applied. When a 20 to 30 

µm skull thickness was reached, a thin layer of cyanoacrylate glue was applied and a cover glass 

was placed on top of the thinned skull. 

Imaging was performed using a two-photon microscope (Olympus) with a Ti:Sapphire laser (Mai-

Tai, Spectra-Physics) tuned to 940 nm. A 20x water-immersion objective (0.95 N.A. Olympus) was 

used to acquire images and the laser power was maintained below 30 mW. Fluorescence was 

detected using a 560 nm dichroic mirror coupled to a 525/50 nm emission filter and a 

photomultiplier tube in whole-field detection mode. Images were acquired every 0.9 seconds 

over an area of 200x200 µm2 and a resolution of 521x521 pixels. 
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5.9. Characterization  
 

5.9.1. 29Si NMR  

29Si NMR experiments were carried out by Dr Béatrice Gennaro at the Département de Chimie 

Moléculaire, Grenoble, with a Bruker AVANCE III 500 MHz spectrometer equipped with a cryo-

probe Prodigy. Data were processed with Topspin software (Bruker). The program uses zggpse 

using spin echo with gradients. The two gradients files name is SMSQ10.100 that use 1% gradient 

ratio each for 1 ms gradient pulse. The relaxation delay is 1 s. The experiments were recorded 

with 65536 points. Two thousand and forty-eight scans were acquired over a spectral width of 

29762 Hz.  

5.9.2. Field Emission Scanning Electron Microscopy (FESEM) 

FESEM images were recorded using a Zeiss Ultra+ scanning electron microscope. The NPs in 

powder form collected just after synthesis were deposited on doped silicon wafers for 

observation. A voltage of 3 kV was used at a working distance of 3 mm.  

5.9.3. Transmission Electron Microscopy (TEM) 

TEM was performed on a Philips CM300 microscope operating at 300 kV at 100 K using a liquid 

nitrogen-cooled sample holder. The TEM grid was prepared by depositing a dilute drop of the 

NPs after synthesis in water on a carbon-coated copper grid. Images and diffraction patterns 

were collected on a TemCam F416 TVIPS, which is a rapid, large field of view, high-resolution and 

high dynamic range CMOS camera (4kx4k, 16 bits). Diffraction patterns were recorded with an 

exposure time of 0.4 s to avoid sample damage while NP images were obtained with 2-5 s 

exposure time.  

5.9.4. Thermogravimetric analysis coupled with Differential thermal 
analysis (TGA-DTA) 

Thermogravimetric analyzes (TGA) were carried out with a SETARAM TAG 16 equipment, using 3 

mg samples within a 100 μL alumina crucibles and a heating rate of 8 °C.min-1.  
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5.9.5. Absorbance and Fluorescence  

The absorbance spectra of the treated NP suspensions were recorded using a SAFAS Xenius XC 

Cuvette spectrofluorometer with a Xenon source UV lamp. Fluorescence emission spectra on NP 

suspensions were measured using a Horiba-Jobin Yvon Fluorolog-3 spectrofluorimeter equipped 

with a Hamamatsu R928 photomultiplier tube. Spectra were reference corrected for both the 

excitation source light intensity variation (lamp and grating) and the emission spectral response 

(detector and grating). Measurements were performed using a calibrated integrative sphere 

collecting all the emission (2π steradians covered with spectralon®), model F-3018 from Horiba 

Jobin Yvon. Absolute quantum yields were determined as explained in Appendix-IV. 

Correction factors  

The absorbance spectra recorded were corrected for diffusion contribution. This was done by 

accounting for Mie scattering using a λ4 dependency. The spectra were fitted using the following 

function, Diffusion = (a *10^8)/ λ4, where a is a constant of proportionality. After subtracting this 

diffusion contribution from the absorbance curves, the spectra were further corrected to remove 

any baseline errors by subtracting another constant for a better fit.  

5.9.6. X-ray Diffraction (XRD)  

XRD data of the pure microcrystalline dyes and the core-shell NPs was collected in a Bruker D8 

Advance diffractometer equipped with a monochromatic Cu Kα1 (λ = 1.5406 Å) source operated 

in a Bragg-Brentanno geometry. The data were collected from 2θ, 5 – 40 ˚ with a 0.200 ˚ step 
size. A Lynxeye detector was used for data collection. 

XRD data of the core-shell NPs was also recorded with Capillary XRD using a 4-circles Nonius 

Kappa-CCD, equipped with an Apex-II detector (75 µm pixels). The data collected were corrected 

from dark and summed azimuthally with Nonius Powderize routine. The source used was an 

Incoatec IµS (50 kV, 600 µA) Ag Kα1 (λ = 0.56087 Å) source (30 w) with Montel focusing optics. 

The capillary used made of borosilicate, had a diameter of 0.7 mm, with 0.01 mm wall thickness. 

The XRD data were recorded at two distances between the capillary and the detector (DX60 and 

DX80). Eight images corresponding to 30 minutes of collection and a spin of 1 s/deg were 

collected for each distance for NP-IV, eight images corresponding to 1 hour of collection were 

recorded for dye-free silica NPs and an empty capillary, while eight images corresponding to 2 

hours of collection were recorded for NP-I.   
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5.9.7. Two-photon fluorescence  

A Ti:Sapphire Laser called Chameleon (repetition rate 80 MHz, pulse duration around 100 fs), 

from Coherent was used. A variable density filter was utilized to choose the intensity focused on 

the sample. A lens with 100 mm focal length was chosen. The beam was focused inside the 

solution close to the entrance of the quartz cuvette (10 mm square) to avoid absorption before 

the focus and close to the 90° face of the cuvette to avoid absorption of the fluorescence before 

detection at 90° of the focal point. A S2000 spectrometer from Ocean Optics with a 1 mm 

diameter optical fiber was used for detection and the maximum signal was measured. Two filters 

were used, (i) Filter 1 between 750-890 nm (which cuts at 650 nm) and Filter 2 between 900-

1060 nm (which cuts at 850 nm). Two references were used, fluorescein (1.0 10-4 M in water at 

pH 11) and styryl (1.0 10-4 M in chloroform). 

5.9.8. Dynamic Light Scattering  

Most of the DLS experiments on the treated NP suspensions were determined using a Malvern 

Zetasizer Nano ZS. Ten measurements were performed on each sample at 25 °C and 37 °C. 1- 1.5 

mL of sample was measured in a cuvette. General purpose analysis was used for the conversion 

of the autocorrelation function into size distribution. Other experiments were performed using 

the Vasco Kin particle size analyzer by Cordouan Technologies.  Time-resolved analysis of real-

time correlation data was done using NanoKin® software to generate three different fits, namely 

Pade Laplace, Cumulants and SBL (sparse Bayesian learning) methods of analysis.  

5.9.9. Zeta Potential  

The zeta potential of the treated NP suspensions was determined using a WallisζTM zeta potential 

analyzer by Cordouan Technologies. Six measurements of medium resolution were performed 

on each sample. Smoluchowski equation was applied for the treatment of data using ZetaQ 

software.  
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Appendix I - Electron Diffraction 
 

Electron diffraction using Transmission Electron Microscopy (TEM) is a powerful tool to 

characterize material structure and crystallinity. There are several differences between electron 

and X-ray diffraction. The first difference is that electrons are less penetrating than X-rays, which 

requires the specimen and the detector to all be enclosed in vacuum. Electron scattering is more 

intense than X-ray scattering (103 to 104 times stronger) which in turn implies that a very thin 

layer is capable of giving a strong diffraction pattern in a short time.1 The intensity of electron 

diffraction decreases with increasing 2θ, which means that the entire diffraction pattern is 

limited to an angular range of about ±4° 2θ.1 Other advantages include extremely short 

wavelength (≈2 pm), and the ability to examine tiny volumes of matter (≈10 nm3).1 

When an incoming planar electron wave interacts with atoms, secondary waves are generated 

which interfere with each other, either constructively (reinforcement at certain scattering angles 

generating diffracted beams) or destructively.2 This scattering event can be described as a 

reflection of the beams at planes of atoms (lattice planes). Bragg’s law gives the relation between 

interplanar distance d and diffraction angle θ which is the distance between the reflection and 

the origin of the reciprocal lattice: 

nλ = 2dsinθ 

Each set of parallel lattice planes, which correspond to planes decorated with atoms in the 

structure, generates a pair of spots in the electron diffraction pattern with the direct beam in 

their center (see scheme below).3 Since the wavelength λ of the electrons is known, interplanar 

distances can be calculated from the diffraction patterns, using which information about crystal 

symmetry can be obtained.  

These spots have a distance of 1/dhkl from the origin and are perpendicular to the reflecting set 

of lattice planes. The two basic lattice planes (blue lines) of the two-dimensional rectangular 

lattice shown below are transformed into two sets of spots (blue) (Figure A1.1). The diagonals of 

the basic lattice (green lines) have a smaller interplanar distance and therefore cause spots that 

are farther away from the origin than those of the basic lattice.3  
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Figure A1.1. Fourier transform of real space into reciprocal space generating diffraction spots3 

Diffraction spots are formed on the back focal plane by scattering of diffracted waves by the 

sample. Recombination of the diffracted waves forms an image on the image plane. Diffracted 

electrons can be focused into a regular arrangement of diffraction spots that can be projected 

and recorded as an electron diffraction pattern using electromagnetic lenses. This pattern is 

formed in a reciprocal space, while the image plane is in the real space. Mathematically, the real 

space can be converted into reciprocal space using Fourier transform.  

The complete set of all possible reflections of a crystal constitutes its reciprocal lattice. The Ewald 

sphere, which has radius 1/λ, drawn through the origin of the reciprocal lattice, describes the 

diffraction event in reciprocal space (Figure A1.2). The Bragg condition is satisfied for each 

reciprocal lattice point that is located on the Ewald sphere of reflection.3 The radius of the Ewald 

sphere is large as the wavelength of electrons is small.  

 

Figure A1.2. Ewald Sphere with point 0 is the origin of reciprocal lattice, k0 is the wave vector of the incident wave, 
kD is the wave vector of a diffracted wave, ZOLZ is Zero Order Laue Zone and FOLZ(SOLZ) is First (Second) Order Laue 
Zone3 
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Furthermore, the lattice points in the reciprocal lattice of thin samples are elongated so that the 

Ewald sphere intersects several of the rods.3 Because of that, diffraction occurs even if the Bragg 

condition is not exactly satisfied, and many reflections appear simultaneously. 3 

If the interplanar distance in direction of observation is large (that means a small distance 

between ZOLZ and FOLZ in reciprocal space), higher order Laue zones (HOLZ) can be observed as 

well (Figure A1.2). 

A diffraction pattern is formed in the back focal plane with electrons scattered by the sample, 

which are combined by the objective lens to generate an image in the image plane (Figure A1.3). 

Both the diffraction pattern and the image are generated simultaneously, but it depends on the 

focusing of the intermediate lens, which one appears in the plane of the second intermediate 

image and is magnified on the viewing screen by the projective lens. Switching from real space 

(image) to reciprocal space (diffraction pattern) is easily achieved by changing the strength of the 

intermediate lens.3 

 

Figure A1.3. Schematic of how an image and diffraction pattern is collected in a TEM3 
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Typically, the final image is constituted by inserting an objective aperture in the back focal plane 

to observe the image with enhanced contrast. When one diffracted beam is selected, it is called 

the dark field method (and a dark field image) (Figure A1.4). For selected area electron diffraction 

(SAED), an aperture in the plane of the first intermediate image defines the region of which the 

diffraction is obtained.1 

 

Figure A1.4. Dark-field observation method1 

Changes in amplitude of either the transmitted or diffracted beam due to absorption and 

dynamic scattering by the specimen gives rise to the contrast. The diffraction pattern obtained is 

an indication of the number of grains contributing to the pattern or crystallinity of the sample 

(Figure A1.5).2  

 

Figure A1.5. Different diffraction patterns2 
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While a single crystal gives rise to a spot pattern, diffraction from several crystals causes an 

overlapping of spot patterns, in which these spots lie along Debye rings. An amorphous sample 

on the other hand results in no diffraction pattern.  

 

(1)  Bendersky, L. A.; Gayle, F. W. Electron Diffraction Using Transmission Electron Microscopy. 
J. Res. Natl. Inst. Stand. Technol. 2001, 106 (6), 997. 

(2)  http://coen.boisestate.edu/faculty-staff/files/2012/01/Electron_Diffraction.pdf. 

(3)  http://www.microscopy.ethz.ch/ED-Ewald.htm. 
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Dynamic Light Scattering (DLS) also called Photon Correlation Spectroscopy (PCS) or Quasi-Elastic 

Light Scattering (QELS) is an optical technique for measuring the size distribution of particles in 

the sub µm to nm range. It measures the Brownian motion of particles and converts it into size. 

Brownian motion is the random thermal motion that particles in a suspension undergo due to 

collision by the solvent molecules that surround them. This Brownian motion can be modeled 

using the Stokes-Einstein equation as: 

Dh = 
𝑘𝐵𝑇

3𝜋𝜂𝐷
                 (Eq. II.1) 

where Dh is the hydrodynamic diameter, D is the translational diffusion coefficient, kB is 

Boltzmann’s constant, T is thermodynamic temperature and η is dynamic viscosity. While T and 

η are known and kB is a constant, D is the parameter that is obtained by the DLS and converted 

into size using the above equation.  

Larger particles diffuse slower than smaller particles. The translational diffusion coefficient will 

depend not only on the size of the particle core, but also on any surface structure, and the 

concentration and type of ions in the medium. Dt is obtained by measuring the speed at which 

particles are diffusing due to Brownian motion. This in turn is measured by monitoring the 

fluctuations in scattered light intensity.  

A cuvette containing the particles is illuminated by a laser. This light is scattered by the particles 

in the sample. The intensity fluctuation rate depends on the size of the particles, with smaller 

particles resulting in rapid fluctuations as compared to larger ones (Figure A2.1).  
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Figure A2.1. Typical intensity fluctuations for larger and smaller particles1 

These fluctuations are measured using a correlator, which basically measures the degree of 

similarity between two signals or one signal with itself at different time intervals. If the intensity 

of a signal is compared with itself at a particular point in time and a time much later, then for a 

randomly fluctuating signal it is obvious that the intensities are not going to be related in any 

way, i.e. there will be no correlation between the two signals.  

However, there is a strong correlation between the intensity of signal at time =t and the intensity 

a very small time later (t+ δt). If the signal at t is compared to the signal at t+2δt, there will still 

be a reasonable correlation between the two signals, although lesser than between t and t+δt. 

The correlation reduces with time (Figure A2.2). 
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Figure A2.2. Schematic showing the fluctuation in the intensity of scattered light as a function of time1 

 The period of time t is typically a few nanoseconds or microseconds and is called the sample 

time of the correlator, while t = ∞ corresponds to an order of a millisecond or tens of 

milliseconds. If the signal intensity at t is compared with itself, there is perfect correlation, 

indicated by unity (1.00), while no correlation is indicated by zero (0.00). Correlation decreases 

as the signal at time = t is compared with the signals at t+2δ t, t+3δ t, t+4δ t etc, until at some 

time, effectively when t = ∞, there will be no correlation (Figure A2.3). 
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Figure A2.3. Different correlator conditions2 

Correlation persists for a longer time for larger particles while the contrary is true for smaller 

particles and the correlator typically generates an autocorrelation function that can be 

mathematically expressed in terms of the fluctuations of the scattered light intensity (Figure 

A2.4), as: 

g2(q,τ) = 
⟨I𝑠(q,t)I𝑠(q,t+τ)⟩

⟨|I𝑠(q,t)(q,t)|
2⟩

                (Eq. II.2) 

where τ is the time lag and q is the scattering vector module. Using the Siegert relation g2(q,τ) 

can be related to the electric field correlation function g1(q,τ) as: 

g2(q,τ) = 1+β|g1(q,τ)|2                 (Eq. II.3) 

g1(q,τ) = 
⟨E𝑠(q,t)⟨E𝑠(q,t+τ)⟩

⟨|E𝑠(q,t)|
2⟩

               (Eq. II.4) 

where β is the so-called intercept. Eq.II.4 may be used to determine the translational diffusion 

coefficient D. For a monodisperse sample, it is fitted to an exponential function 

g1(q,τ)=exp(−Γτ)                  (Eq. II.5) 

yielding the decay rate, Γ. This can be further correlated to the diffusion coefficient using: 

 Γ=q2D                   (Eq. II.6) 
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q = 
4𝜋𝜆0

2
 sin

𝜃

2
                 (Eq. II.7) 

where n is the refractive index of the dispersant, λ0 is the wavelength of the laser and θ is the 

scattering angle. The D so obtained can be further used to estimate the size using Eq. II.1. 

 

Figure A2.4. Intensity fluctuations converted into a correlation function3 

The translational diffusion coefficient is converted into size using different algorithms. The two 

main approaches used are: (i) to fit a single exponential to the correlation function to obtain the 

mean size (z-average diameter) and estimate of the width of polydispersity index (used by the 

Cumulants Analysis) or (ii) to fit multiple exponentials to the correlation function to obtain 

distribution of particle sizes (such as Non-negative least squares (NNLS) or CONTIN). 

The two main theories of light scattering used are Rayleigh scattering and Mie theory. If the 

particles are small compared to the wavelength of the laser used (typically less than d = λ/10 or 

around 60 nm for a He-Ne 633 nm laser), then the scattering from a particle illuminated by a 

vertically polarised laser will be essentially isotropic. Rayleigh approximation states that I α d6 

and also that I α 1/λ4, Where I = intensity of light scattered, d = particle diameter and λ = laser 

wavelength. The d6 term tells us that a 100 nm particle will scatter 106 times as much light as a 

10 nm particle.  So, the contribution from the larger particles will supersede the scattered light 

from the smaller ones.  This also implies that it is difficult to measure a mixture of 1000 nm and 

10 nm particles because the contribution to the total light scattered by the small particles will 

become negligible.  The λ4 factor means that as the wavelength of the laser used decreases, a 

higher scattering intensity is obtained. 

The Mie theory applies when the size of the particles becomes roughly equivalent to the 

wavelength of the laser, resulting in a complex function of maxima and minima with respect to 

angle. Mie theory is the only theory that explains correctly the maxima and minima in the plot of 

intensity with angle and will give the correct answer over all wavelengths, sizes and angles. Mie 

theory is used in most DLS software for conversion of the intensity distribution into volume.  
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The primary size distribution obtained is a plot of the relative intensity of light scattered by 

particles of different sizes and is therefore known as an intensity size distribution. This is further 

used to generate a volume and number distribution. If the intensity distribution results in a single 

peak, conversion into a volume distribution using the Mie theory will only result in a slightly 

different shaped peak. However, if the plot shows more than one peak, then Mie theory can 

convert the intensity distribution to a volume distribution to give a more realistic view of the 

importance of the second peak, using the samples refractive index.  In general, it will be seen 

that: 

d(intensity) > d(volume) > d(number) 

This can be easily understood by assuming two populations of spherical particles of diameters 10 

nm and 100 nm present in equal numbers. A number distribution will result in a plot consisting 

of 2 peaks (positioned at 10 and 100 nm) of a 1 to 1 ratio (Figure A2.5). A volume distribution will 

result in a 1:1000 ratio of the two peaks (because the volume of a sphere is equal to 4/3π (d/2)3). 

AN intensity distribution would result in a 1:1000000 ratio between the 2 peaks (because the 

intensity of scattering is proportional to d6 (from Rayleigh’s approximation).  

 

 

Figure A2.5. Number, volume and intensity distributions of a bimodal mixture of 10 and 100 nm particles1 

A typical DLS consists of six main components (Figure A2.6). First the sample is illuminated using 

a laser light source (1). While the laser beam will pass through the sample for dilute 

concentrations, some part may be scattered, which is measured by a detector. The scattering can 

either be collected at 173 ᵒ (3) (back scattering) or at 90 ᵒ(2) (forward scattering). It Is important 

that the intensity of scattered light be within a specific range for the detector to successfully 

measure it. Too much light results in the detector becoming saturated. To overcome this, an 

attenuator (4) is used to reduce the intensity of the laser source and hence reduce the intensity 
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of scattering. For samples that do not scatter much light, such as very small particles or samples 

of low concentration, the attenuator allows more laser light through to the sample, while for 

samples that scatter more light, such as large particles or samples at higher concentration, the 

intensity of scattered light is reduced.  

 

Figure A2.6. Optical configurations of a commercial DLS setup1  

 

(1)  Malvern. Dynamic Light Scattering : An introduction in 30 minutes 
https://warwick.ac.uk/fac/cross_fac/sciencecity/programmes/internal/themes/am2/boo
king/particlesize/intro_to_dls.pdf. 

(2) 
https://warwick.ac.uk/fac/cross_fac/sciencecity/programmes/internal/themes/am2/boo
king/particlesize/intro_to_dls.pdf. 

(3)  https://www.lsinstruments.ch/technology/dynamic_light_scattering_dls/. 
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Appendix III - Calculation of sol parameters 

 

Solvent: THF  (60 mL)    s = 500 

Silicate matrix: 2TMOS + 1TMSE   h = 1  

Fluorophore: Dye IV        d = 0,1 

Acidic catalysis at 60°C 

Calculation of the volume of TMSE:  

nTMOS = 2*nTMSE 

!"#$%.		("#$%
)"#$%

= 2. !"#%,.		("#%,
)"#%,

  ↔ -.)/0 = 	
)"#%,	.!"#$%.		("#$%
1.		)"#$%	.		("#%,

 

Calculation of the volume of solvent, THF : s =  
[345]
[78]  

[THF] = s. [Si]  ↔  9":;
!"$"

= <. 9%=
!"$"

 

nSi  = 2nTMOS + nTMSE     and    nTMOS = 2.nTMSE   therefore, nSi = 4.nTMSE 

>.?@ = <. 4. >.)/0    ↔   
!":;	.		(":;

)":;
 = <. 4. !"#%,	.		("#%,

)"#%,
 

!":;	.		(":;
)":;

 = <. 4.
!"#%,	.		("#%,	.		#":;

)"#%,.		(":;
 

Calculation of the volume of acidic water, h = 
[4BC]
[DCE] 

-OR corresponds to the alkoxide functions, there are six for TMSE and 4 for TMOS. 

[H2O]	=	h.	[-OR]	 	↔			
9:L$
!"$"

= ℎ. 9N$O
!"$"

	

n -OR  = 4*nTMOS + 6*nTMSE     and   nTMOS = 2.nTMSE , therefore n -OR = 14*nTMSE 
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>?L$  = h.14.	nTMSE  ↔  
!:L$	.		(:L$

):L$
 = ℎ	. 14. !"#%,	.		("#%,

)"#%,
 

-?LV = ℎ	. 14. !"#%,	.		("#%,
)"#%,

. ):L$

(:L$
 

Calculation of the amount of dye, d= 
[WXY]
[78]

 

[dye] = d. [Si] ↔ 
Z[\]

)[\].		!"$"
= ^.		 9%=

!"$"
 

nSi  = 2nTMOS + nTMSE     and    nTMOS = 2.nTMSE   therefore, nSi = 4.nTMSE 

mdye	=	4.	d.	
!"#%,.		("#%,.		)[\]

)"#%,
		

As an example, for a sol made using protocol B with s = 500, h = 1 and d = 0.10 for dye IV, TMSE 
(98.5 mg, 93 µL, 0.36 mmol) and TMOS (110 mg, 107 µL, 0.72 mmol) were weighed in a 100 mL 
bottle. THF (3.0 mL) then aqueous HCl (1.0 M, 92 µL) were added under vigorous stirring. This 
transparent mixture was aged for two days at 60 ˚C in the sealed bottle after which THF (57 mL) 
was added. In the case of dye IV, the dye (69 mg, 0.15 mmol) was dissolved in the sol just before 
sol nebulization. 
 

Sol s h TMOS 

(µL) 

TMSE 

(µL) 

AzPTES 

(µL) 

HCl 

(µL) 

THF 

(mL) 
2TMOS + TMSE 380 1 142.1 122.7 - 122 60 
2TMOS + TMSE + AzPTES (1%) 380 1 125.6 121.5 19.8 122 60 
2TMOS + TMSE + AzPTES (3%) 380 1 92.5 119.0 59.6 122 60 
2TMOS + TMSE + AzPTES (5%) 380 1 59.6 116.5 99.1 122 60 
 
2TMOS + TMSE 

 
500 

 
1 

 
107.6 

 
93.3 

 
- 

 
92 

 
60 

2TMOS + TMSE + AzPTES (1%) 500 1 94.4 92.1 15.0 92 60 
2TMOS + TMSE + AzPTES (3%) 500 1 69.6 90.2 45.0 92 60 
2TMOS + TMSE + AzPTES (5%) 500 1 44.6 88.4 75.0 92 60 
 
2TMOS + TMSE 

 
750 

 
1 

 
72.0 

 
62.2 

 
- 

 
61.9 

 
60 

2TMOS + TMSE + AzPTES (1%) 750 1 63.6 61.5 10.0 61.9 60 
2TMOS + TMSE + AzPTES (3%) 750 1 46.9 60.3 30.2 61.9 60 
2TMOS + TMSE + AzPTES (5%) 750 1 30.2 59.1 50.3 61.9 60 
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Fluorescence Quantum yield (QY) is the ratio between the number of fluorescence photons 
emitted and the number of photons absorbed. It is the fraction of photons absorbed resulting in 
emission of fluorescence and is represented as:  

 

∅" =
$%&'()	+,	-ℎ+/+$0	(&1//(2
$%&'()	+,	-ℎ+/+$0	3'0+)'(2	 

 

Where ∅"  is the quantum yield. 

There are two methods to calculate the quantum yield of a fluorophore, the Comparative 
Method and the absolute method. The comparative method relies on the use of fluorescence 
standards with known fluorescence quantum yields and is mainly applicable to solution phase 
measurements.1 The principle behind the comparative method is that solutions of the standard 
and test samples with identical absorbance at the same excitation wavelength can be assumed 
to be absorbing the same number of photons. Hence, the quantum yield of the test sample can 
be determined by taking the ratio of the integrated fluorescence intensities of the two solutions 
recorded under identical conditions.  

On the other hand, the absolute method directly determines the number of photons emitted and 
absorbed. This in turn is facilitated by using an integrated sphere. The inner surface of the 
integrating sphere is highly reflective such that all light entering the sphere has only two possible 
fates: (a) absorption by the sample or (b) collection by the fluorimeter detection optics.1 So, the 
integrated area under the corrected fluorescence spectrum of the sample represents the total 
number of photons emitted (per unit time) by the sample. The number of photons absorbed by 
the sample (per unit time) is also readily determined as the difference between the number of 
photons at the excitation wavelength reaching the detector with the sample in or out of the 
integrating sphere - i.e. the difference between the integrated areas under the “emission” curves 
representing the excitation peak.1 

The quantum yield of the NP suspensions was determined using an absolute method originally 
developed by de Mello et al.2 Four measurements were recorded for each sample to give four 
integrated intensities to determine the quantum yield with the following equation.  
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∅" = 	
45 − 47

819/()	:($01/; ∗ (>7 − >5)
 

 

Where 

Ec is the integrated fluorescence as a result of direct excitation of the sample in the beam  

Ea is the integrated fluorescence without sample (background of the sphere) 

La is the integrated excitation profile with the empty sphere 

Lc is the integrated excitation profile with the sample inside the sphere in the beam  

La and Lc were obtained by measuring the emission signal at the excitation wavelength (λexc), 
measured between λexc-10 nm and λexc+10 nm with an increment reduced to 0.1 nm to ensure 
proper integration. Additionally, a neutral density filter of 0.5 % was used to reduce the intensity 
without changing the excitation profile and ensure that the maximal intensity stayed below 2x106 
CPS, the limit of the detector when recording the La and Lc signals. Ec and Ea were obtained by 
measuring the emission signal (between λexc+10 nm and 850 nm) at the excitation wavelength 
(λexc).  

 

(1) 
 http://www.nanocotechnologies.com/sites/default/files/attachments/pdf/Nanoco%2BT
ech%2BWhite%2BPaper%2BPLQY.pdf. 

(2)  De Mello, J. C.; Wittmann, H. F.; Friend, R. H. An Improved Experimental Determination of 
External Photoluminescence Quantum Efficiency. Adv. Mater. 1997, 9 (3), 230–232. 
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Résumé  

Nanoparticules fluorescentes cœur-coquille organique@silicates pour 

l'imagerie vasculaire in vivo 

Chapitre I  

Le développement des techniques d’imagerie biologique a permis non seulement d’étudier des 

processus biologiques fondamentaux, mais aussi une amélioration du diagnostic de maladies. 

L’imagerie biologique regroupe différentes techniques qui nécessitent des agents de contraste 

pour donner des informations sur les cibles biologiques à différents niveaux de résolution. Les 

techniques d’imagerie optique comme les imageries par bioluminescence ou par fluorescence 

offrent divers avantages par rapport à d’autres techniques utilisées actuellement (IRM, TEMP ou 

TEP) car elles sont bénignes, peu onéreuses, offrent une sensibilité élevée, une haute résolution 

spatiale ainsi qu’un fort rapport signal sur bruit dans le domaine spectral de l’infrarouge. La 

spectroscopie biphotonique, qui utilise l’absorption simultanée de deux photons d’énergie 

moitié (longueur d’onde double) par rapport à la transition monophotonique correspondante 

pour exciter le fluorophore permet une pénétration plus profonde dans les tissus en décalant la 

longueur d’onde d’excitation du bleu vers la fenêtre de transparence biologique dans le proche 

infra-rouge (typiquement 650-1050 nm).  

En plus des progrès technologiques en instrumentation, le développement de traceurs à base de 

nanoparticules joue un rôle clef dans les avancées en imagerie biologique. Différents types de 

nanoparticules (NPs) fluorescentes ont été développés au cours des dernières années, comme 

les points quantiques (quantum dots, QD), les NPs métalliques, les NPs aux propriétés 

d’upconversion et les NPs polymériques ou à base de silice dopées avec des fluorophores.1 Ces 

NPs doivent être biocompatibles, stables sous forme de colloïdes dans les milieux biologiques, 

éliminables facilement, présenter une émission forte dans la fenêtre de transparence biologique 

ainsi qu’une bonne photostabilité.2–4  

Parmi les nanotraceurs fluorescents, les NPs à base de silice ont été l’objet de nombreuses 

recherches grâce à l'existence d’un très grand nombre de protocoles de synthèse permettant le 

contrôle de la taille, à leur faible toxicité et à la facilité de fonctionnalisation qui permet 

d’augmenter fortement la stabilité colloïdale.5,6 Cependant, ce type de NPs donne des brillances 

relativement faibles car les molécules de fluorophore doivent être fortement dispersées dans la 

matrice afin d’éviter les désexcitations dues à l’agrégation moléculaire. Ceci limite typiquement 

les quantités de fluorophore à environ 1%wt.6–8 
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Afin de franchir l’obstacle de la faible concentration en fluorophore qui limite la brillance de ces 

systèmes, une nouvelle classe de NPs est en cours d’investigation à l’institut Néel. Il s’agit de NPs 

à architecture cœur-coquille organique@inorganique. Ces NPs sont constituées d’un cœur 

organique cristallin à propriété de fluorescence à l’état solide, enrobé d’une coquille de silice qui 

rend l’objet biocompatible.  

Ces NPs ne sont actuellement synthétisables que par un procédé de séchage d’aérosol (spray-

drying), en une seule étape, développé par le groupe d’A. Ibanez,9 qui peut être rendu facilement 

reproductible et peu onéreux. Cette préparation est rendue possible grâce aux contrôles des 

réactions sol-gel et des procédés de nanocristallisation qui ont lieu simultanément. 

L’encapsulation de nanocristaux organiques en matrice sol-gel9–12 a été d’abord contrôlée dans 

des gels monolithiques, les nanocristaux croissant en milieu confiné au sein des pores du réseau 

sol-gel en formation.10,11 Cette technique a ensuite été étendue à des couches minces de silice 

préparées par centrifugation (spon-coating). Des recherches poussées sur les nanocristaux 

formés dans les couches minces ont montré que le confinement spatial de la nanocristallisation 

est à l’origine du positionnement des nanocristaux à l’intérieur de la couche mince (Figure 6.1a). 

Les molécules organiques et les oligomères de silice sont initialement en solution (A1), puis lors 

de la centrifugation conduisant à l’évaporation brusque du solvant, une croûte de silice se forme 

à la surface (A2). Le réseau inorganique est bien plus fortement réticulé dans cette croûte que 

dans le volume en dessous, ce qui engendre une nucléation dans le volume de la couche mince 

(A3). 
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Figure 6.1. Schéma de principe de l’auto-organisation (a) Nanocristaux enterrés dans un film de couche mince par 
spin coating et (b) nanoparticules de types core-shell obtenus par séchage d’aérosol. 

Ce concept a ensuite été étendu à la formation de NPs cœur-coquille par séchage d’aérosols.9 Ce 

procédé est simple et facilement reproductible, et a été appliqué non seulement à des nano- ou 

microparticules de silice dense,13,14 mais aussi à de la silice mésostructurée.15–18 Il est basé sur la 

production de gouttelettes microniques par atomisation de sols de silice.  

Dans le procédé étudié au laboratoire, les gouttelettes présentes dans l’aérosol ainsi formé 

contiennent une dispersion aléatoire d’oligomères de silice, de molécules de fluorophore et 

d’eau acide dans un solvant volatile (Figure 6.1b). L’évaporation du solvant dans le four provoque 

d’abord la formation d’une croûte de silice (B2) ; ensuite, la nucléation confinée du fluorophore 

a lieu au centre de la goutte (B3) par le même mécanisme de nucléation confinée que dans le cas 

des couches minces. Le nanocristal organique croît ainsi au centre de la nanoparticule en 

formation, qui est complètement sèche à la fin du passage dans le four (B4). La combinaison des 

procédés sol-gel et de nanocristallisation permet ainsi de former des NPs originales nanocristal 

organique@silice.  

Le réacteur de séchage d’aérosol permettant la synthèse de ces NPs a été optimisé durant la 

thèse de C Philippot.19 Ensuite, l’optimisation des paramètres de synthèse pour produire des NPs 

du colorant CMONS a été réalisée par J Zimmerman.20 Enfin, une famille de fluorophores à l’état 

cristallin émettant dans le rouge a été conçue par G Eucat, avec des premiers essais 

d’encapsulation.21 Pour l’heure, les NPs cœur-coquille organique@silicate ont été rapportées 
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dans le cas du CMONS et du rubrène,9,22 alors que des nanoparticules similaires contenant des 

complexes de lanthanide luminescents ont aussi été produites.23,24 Le cas du CMONS est 

particulièrement intéressant car deux polymorphes différents de ce composé ont pu être 

caractérisés selon la composition de l’organosilice utilisée dans la coquille,25 ce qui met en 

évidence les difficultés possibles de ce type de synthèse. 

Le travail présenté dans ce manuscrit est axé sur le développement d’une famille de NPs 

composites nanocristal fluorescent@coquille silicatée émettant dans le rouge en étudiant 

l’impact des conditions des réactions sol-gel et du procédé de séchage d’aérosol pour former des 

nanotraceurs pour l’imagerie biologique. Ces NPs devront être dispersées en solution colloïdale 

stable en milieu biologique afin de réaliser des expériences d’imagerie par fluorescence à deux 

photons de la vascularisation du cerveau de souris.  

Une bonne compréhension des facteurs influençant la stabilité colloïdale des NPs en milieu 

biologique est extrêmement importante car la stabilité colloïdale des suspensions de NPs est 

largement affectée lors de l’introduction en milieu complexe. Ceci est dû aux différentes forces 

auxquelles sont soumises les NPs et qui conduisent à leur agrégation. Une stratégie permettant 

d’augmenter la stabilité colloïdale dans le sang consiste à PEGyler les NPs, c’est-à-dire à 

fonctionnaliser leur surface avec du poly(éthylène glycol), qui est une famille de polymères 

hydrophiles peu toxiques, approuvé par la FDA et qui est largement utilisée pour stabiliser les 

NPs vis-à-vis de l’agglomération, et de diminuer les processus d’opsonisation et de phagocytose 

permettant d’augmenter la furtivité de ces objets dans le sang.26,27  

Différentes stratégies sont utilisées dans la littérature pour PEGyler les NPs de silice, comme le 

greffage post-synthétique de silanes à la surface ou bien la co-condensation sol-gel avec ces 

mêmes silanes durant la synthèse. Cependant, afin de préserver le cœur organique il est 

nécessaire de travailler dans l’eau à température ambiante. Aussi, nous avons choisi d’utiliser la 

réaction click de type CuAAC entre des fragments azoture inclus par co-condensation pendant la 

synthèse et des chaînes PEG dérivatisés par une fonction alcyne (Figure 6.2). 
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Figure 6.2.Différentes stratégies de fonctionnalisation de NPs silicatée incluant le post-greffage par chimie click de 
type CuAAC.28 

En résumé, les objectifs de cette thèse sont les suivants : 

- Optimiser les protocoles de synthèse des NPs cœur-coquille en utilisant le procédé de 
séchage d’aérosol.  

- Caractériser les NPs ainsi obtenues pour connaître leur morphologie, leur cristallinité et 
leurs propriétés optiques.  

- Optimiser la dispersion des NPs en suspension colloïdale  
- Etudier la stabilité colloïdale dans différents milieux biologiques par diffusion dynamique 

de la lumière (DLS) 
- Fonctionnaliser les NPs pour les rendre furtives dans les milieux biologiques et accéder à 

des temps de circulation longs dans le sang.  

- Valider leur utilisation possible comme nanotraceurs en fluorescence sous excitation 

biphotonique en imageant la vascularisation cérébrale de souris. 

 

Chapitre II  

Ce chapitre s’intéresse au développement et à l’optimisation d’une famille de nanotraceurs 

fluorescents constitués de NPs cœur-coquille organique@silice contenant un cœur organique 

enrobé dans une coquille d’organosilice, avec un taux très important de fluorophore organique 

(30-40 %) pour l’imagerie biphotonique. Les colorants organiques utilisés pour le cœur organique 

ne sont pas commerciaux et ont été spécifiquement conçus au Laboratoire de Chimie de l’ENS 

Lyon (C Andraud, Y Bretonnière). Ce sont des émetteurs à l’état cristallin optimisés pour des 
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applications en imagerie biologique. Les précurseurs d’organosilice, le tétraméthoxysilane et le 

bis(trimethoxysilyl)éthane ont été choisi pour former la coquille hybride. De plus, le (3-

azidopropyl)triéthoxysilane (AzPTES) a été ajouté au précurseurs silicatées afin de conférer des 

fonctions azoture aux NPs pour les fonctionnaliser ultérieurement par chimie click en milieu 

aqueux. 

L’encapsulation des différents colorants n’a été rendue possible qu’après modification des 

conditions de réaction sol-gel, afin d’augmenter la polycondensation au sein du sol de départ et 

ainsi favoriser le confinement de la nucléation. Par ailleurs, l’introduction de l’AzPTES n’a pas 

conduit à des modifications particulières de la morphologie des NPs. L’optimisation de cette 

synthèse en une étape a été possible grâce au contrôle simultané des procédés de 

nanocristallisation et des conditions des réactions sol-gel en modulant les paramètres physiques 

du réacteur de séchage d’aérosol (température du four et du filtre électrostatique, débits de gaz 

et paramètres de nébulisation). Différents types de NPs ont été synthétisés selon le fluorophore 

organique utilisé pour former le cœur. Les NPs contenant les fluorophores I-IV (Figure 6.3) seront 

appelées NP-I-NP-IV. 

 

Figure 6.3. (a) Schéma générales des NPs et description des quatre fluorophores différents utilisées comme Cœur 
fluorescent cristallin. (b) Suspension colloïdale de NPs sous illumination UV. 

La présence des cœurs organiques cristallins a été mise en évidence par microscopie électronique 

à balayage (MEB) après dissolution basique totale de la coquille silicatée (Figure 6.4). Par ailleurs, 

la cristallinité du cœur a pu être prouvée sans ambiguïté pour NP-IV par diffraction électronique 

dans un microscope électronique à transmission. Les NPs obtenues présentent un taux de charge 

en composé organique très élevé (29-42%), ce qui contribuera de façon importante à conférer 

une brillance forte aux NPs synthétisées.  
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Figure 6.4. L’image FESEM des cœurs nanocristallin pour (a) NP-I, (b) NP-II, (c) NP-III et (d) NP-IV, après dissolution 
complète de la coquille silicatée 

Les spectres de fluorescence des NPs sont similaires à ceux des poudres microcristallines sauf 

pour NP-I dont les maxima des spectres d’émission sont décalés vers le bleu de 640 à 620 nm. 

Cet effet est probablement dû à une amorphisation partielle sous l’effet des contraintes fortes 

exercées par la coquille de silice en formation durant la synthèse. En résumé, des NPs très 

brillantes ont été produites avec des maxima de spectres d’émission allant de 580 à 620 nm selon 

les colorants (Figure 6.5). Ceci est proche de la fenêtre de transparence biologique. Les 

rendements quantiques d’émission de ces suspensions de NPs sont de 3% pour NP-I et 1% pour 

NP-IV, significativement plus bas que dans les poudres microcristallines (18% et 46%, 

respectivement), mais suffisants pour que les NPs obtenues soient fortement brillantes, grâce 

notamment à la charge très élevée en fluorophores. Cette baisse de rendement quantique 

semble être due en particulier à la détérioration de la qualité cristalline des nanocristaux 

organiques sous l’effet des contraintes exercées par les coquilles de silice lors de leur séchage.  
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Figure 6.5. Spectre de fluorescence normalisée des différents colorants (a) sous forme de microcristaux et (b) 
confinée dans les nanoparticules silicatées 

Chapitre III  

Ce chapitre décrit la préparation de suspensions colloïdales stables après la synthèse des NPs, 

qui sont produites sous forme agglomérée en poudre sèche. Après dissolution partielle des 

coquilles silicatées en milieu basique puis neutralisation, des suspensions colloïdales de NPs ont 

pu être obtenues. Les NPs ont ensuite été fonctionnalisées par des chaînes PEG de différentes 

longueur et géométrie (linéaire ou ramifiée) par réaction de CuAAC (Figure 6.6). Les meilleures 

stabilités colloïdales ont été observées avec un PEG à longue chaîne (Mw = 5 kDa), probablement 

grâce à une stabilisation stérique efficace. 

 

Figure 6.6. Nanoparticules fonctionnelles obtenues pour application en bio-imagerie 
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Les colloïdes de NPs fonctionnalisées ont été purifiées par dialyse, et concentrées par une 

technique d’ultrafiltration afin d’arriver à une densité optique de l’ordre de 1, nécessaire pour 

avoir assez de brillance pour des expériences d’imagerie biologique dans le sang. La stabilité 

colloïdale a été étudiée par DLS et par le suivi de l’intensité de fluorescence dans le temps. Les 

expériences de DLS ont été réalisées sur des suspensions colloïdales de FNP-I et FNP-IV (NPs 

après fonctionnalisation par du PEG 5k) dans l’eau pure et dans l’eau salée (NaCl 0.9%w), à 25 et 

37 °C (Figure 6.7). Dans tous les cas, les distributions en taille montrent des maxima en dessous 

de 200 nm, ce qui constitue un progrès important par rapport aux études précédentes. 

L’absorbance des suspensions concentrées en milieu salin est stable sur 15 h, avec une baisse 

limitée à 10%. Les NPs montrent une brillance stable après fonctionnalisation, ce qui suggère 

qu’aucune désactivation n’a lieu sous l’effet des sels de cuivre. De plus, la stabilité colloïdale de 

FNP-I et FNP-IV a été testée en fluide biologique simulé et en présence de protéines comme le 

BSA et les globulines, en étudiant l’évolution des fonctions d’autocorrélation de DLS. Les deux 

types de suspensions sont bien stables dans ces conditions. Une agglomération minime a été 

observée en présence de concentrations élevées de BSA et globuline. Les colloïdes de FNP-I, qui 

présentent une meilleure stabilité que FNP-IV, ont été ainsi sélectionnés pour les tests d’imagerie 

in vivo. 
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Figure 6.7. Mesure en DLS de la Distribution en taille de suspensions colloidales de FNP-1 (noir) et FNP-IV (rouge) 
dans (a) l’eau à 25°, (b) l’eau à 37 ᵒC, (iii) dans une solution contenant 0.9 %w de sel NaCl à 25 ᵒC et (iv) dans une 
solution contenant 0.9 %w de sel NaCl à 37 ᵒC 

Les tests d’imagerie ont été réalisés en injectant FNP-I par voie intraveineuse dans une souris. La 

prise d’image a été commencée environ 30 s après injection, et a permis d’observer des points 

très brillants dans le flux sanguin de la vascularisation cérébrale (Figure 6.8). La quantité de points 

lumineux dans ce flux sanguin disparait cependant rapidement dans le temps (en 15-20 minutes).  
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Figure 6.8. Circulation de FNP-I (points rouges) dans le flux sanguin à l’intérieur d’un vaisseau, enregistrée à 
différents temps après l'injection (la taille de l'image correspond à 200 x 200 µm2) 

La fluorescence reste cependant discernable un jour après injection. La disparition rapide des 

NPs du sang est attribuable à leur élimination par les macrophages, probablement vers le foie. 

Ceci peut être attribué à la taille des NPs (150-200 nm), qui sont alors reconnues par le système 

réticulo-endothélial. Il reste donc à sélectionner les NPs les plus petites et à les concentrer de 
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manière à obtenir suffisamment de brillance afin d’avoir une furtivité permettant de réaliser 

l’imagerie sur une période prolongée permettant un scan 3D. Il faut cependant retenir que la 

stabilisation colloïdale réalisée a permis d’observer la circulation de ces NPs dans le sang sans 

agrégation sur les parois des vaisseaux sanguins ce qui constitue un progrès important par 

rapport aux expériences précédentes.  

Conclusion et perspectives  

Les résultats préliminaires obtenus sont très prometteurs et nous encouragent à continuer ces 

études pour optimiser ces NPs pour l’imagerie in vivo  de la vasculature. Des études approfondies 

des interactions entre le sérum humain et les NPs devraient permettre de mieux comprendre la 

formation et la composition de la couronne de protéines et de ses effets sur l’élimination des 

NPs. Cependant, une difficulté supplémentaire réside ici dans la polydispersité des NPs.  

Afin de pouvoir utiliser ces NPs comme traceurs, le premier défi consiste à moduler la taille des 

NPs à moins de 80 nm pour allonger la durée de circulation en minimisant les chances de 

reconnaissance par le système réticulo-endothélial. Le deuxième défi est d’obtenir des solutions 

suffisamment concentrées après les différentes étapes de filtration. Un troisième défi est de 

conserver un cœur suffisamment bien cristallisé pour ne pas perdre les propriétés de 

fluorescence dans le cas des NPs les plus petites.  

Afin de limiter la baisse du rendement quantique de fluorescence, une alternative en deux étapes 

peut être envisagée, en commençant par préparer des nanocristaux organiques en solution 

aqueuse puis en enrobant ces NPs par chimie sol-gel. La préparation de nanocristaux est en cours 

de développement à l’institut Néel, par atomisation d’une solution organique de fluorophore 

dans l’eau. Ceci résulte en la formation de gouttelettes dont la taille décroît par mélange, 

induisant la nucléation puis la croissance de cristaux du composé organique en milieu confiné. 

Les rendements quantiques des colloïdes obtenus sont bien plus élevés que dans le cas du 

procédé de séchage d’aérosol et parfois comparables aux poudres microcristallines, ce qui est 

très prometteur. Il reste encore à diminuer les tailles des NPs, puis à les enrober en solution 

aqueuse d’une couche de silice. La stabilisation colloïdale pourrait alors être optimisée en se 

basant sur les résultats obtenus au cours de cette thèse.  
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Summary 

The aim of this work is the synthesis, optimization and functionalization of fluorescent 
organic@inorganic core-shell nanoparticles (NPs) to be used for two-photon deep tissue imaging of 
tumor vascularization. They comprise an organic dye nanocrystalline core surrounded by a silicate 
crust, and are synthesized using an original spray-drying method. This one-step synthesis requires the 
control of both the sol-gel chemistry and the nanocrystallization process. Alkoxide precursors, 
tetramethoxysilane and 1.2-bis(trimethoxysilyl)ethane are chosen to form the silicate shell while an 
azide-containing organosilane is added to enable further functionalization with alkyne-modified 
moieties using a click reaction. The organic dyes for the nanocrystalline core are designed to exhibit 
high fluorescence intensity in the crystal state under two-photon excitation in the near infrared and 
the appropriate physico-chemical properties to enable their nanocrystallization. Defect-free NPs with 
high brightness under two-photon excitation were obtained for four of these dyes. The synthesized 
NPs were then derivatized with different forms of alkyne-modified polyethylene glycol (PEG) to 
improve their colloidal stability by steric stabilization. The effects of the functionalization were studied 
using different characterization tools such as fluorescence spectroscopy and dynamic light scattering 
(DLS) under physiological conditions. The interactions of these core-shell NPs with different plasma 
proteins were thus investigated, with minimal aggregation in the presence of high concentrations of 
proteins. Preliminary two-photon fluorescence imaging tests in mice show high brightness.  

Keywords: Silica nanoparticles, Fluorescence, Biophotonics, Sol-gel. 

Résumé 
Le but de cette thèse est la synthèse, l’optimisation et la fonctionnalisation de nanoparticules (NPs) 
coeur-coquille organique@inorganique pour l’imagerie profonde à deux photons de la vascularisation 
des tumeurs. Ces NPs contiennent un cœur nanocristallin organique enrobé d’une coquille de silice et 
sont synthétisées en utilisant une méthode de séchage d’aérosol originale. Ce procédé en une étape 
est rendu possible grâce au contrôle à la fois de la chimie sol-gel et du procédé de nanocristallisation. 
Les précurseurs silicatés sont des alcoxydes de silicium : le tétraméthoxysilane et le 
bis(triméthoxysilyl)éthane choisis pour former la coquille d’organosilice. De plus, un organosilane à 
fonction azoture est ajouté pour permettre une fonctionnalisation ultérieure avec des fragments 
organiques contenant des fragments alcyne par une réaction click. Les colorants organiques sont 
conçus pour fluorescer de façon très brillante à l’état cristallin sous excitation biphotonique dans le 
proche infra-rouge. Des NPs sans défaut ont été obtenues, avec une forte brillance sous excitation 
biphotonique. Les NPs synthétisées ont été dérivatisées avec des fonctions polyéthylène glycol pour 
augmenter leur stabilité colloïdale par effet stérique. L’influence de la fonctionnalisation a été étudiée 
en utilisant différentes techniques de caractérisation comme la spectroscopie de fluorescence et la 
diffusion dynamique de la lumière (DLS) en conditions physiologiques. L’interaction de ces NPs cœur-
coquille avec différentes protéines sanguines a aussi été étudiée par DLS, et une très faible agrégation 
en présence de doses élevées de protéines a été montrée. Les premiers tests d’imagerie par 
fluorescence à deux photons sur souris ont montré une très forte brillance de ces NPs. 
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