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 Abstract 
 
This work explores a range of bionanomaterials, with particular attention to their 

influence on cell growth, function and fate. Also the issue of intracellular nanoparticles 

quantification has been addressed in experimental and model approach. Ternary V-VI-

VII semiconductor material SbSI has been investigated for its capacity to replace 

existing convenient II-VI CdTe, which is commonly used for engineered Quantum Dots 

(QDs). 

QDs are typically composed of heavy metals, and so cytotoxicity continues to be a 

major concern. It remains unclear how QD uptake and cell fate are influenced by QD 

parameters such as size, composition, coating, concentration, and time of exposure. To 

help elucidate such issues, we have investigated experimentally and theoretically the 

toxic effects of intracellular QDs on RAW264.7 cell line. We have performed 

comprehensive study of QDs uptake dynamics and kinetics by monocyte/macrophage 

cells in physiological media conditions depending on particles size, composition, 

concentration, and exposure time using flow cytometry as quantification method. 

Number of cellular and immune responses was measured at the same time by multi-

color approach. Has been measured the distribution of live, necrotic, early and late 

apoptotic cells under different experimental conditions. Pro-inflammatory surface 

markers CD80/86 were profiled as macrophage activation parameter. Flow cytometry 

has been shown as quick unbiased evaluation method of ingested particles on 

population level. We explained sudden drop in surface markers expression related to 

QDs uptake and cell function profile. The model parameters enabled a convenient 

quantitative evaluation of the toxicity of the various types of QDs, and good agreement 

was found between theoretical and experimental results.  

We have developed water-based ultrasonic synthesis of micro-scale SbSI particles to 

bring it down to nano-scale level. We investigated on reaction mechanism and revealed 

the role of intermediate product – antimony trisulfide. Also was made successful 

attempt to control crystal growth of particles with various dimensions were obtained. 

As-prepared micro- and sub-micro crystals were broken down to nanoparticles with 

broad absorption. The potential cytotoxicity of different fractions was tested on 

RAW264.7 monocytes. 
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1.1 Background 
 

The field of nanoscience is rapidly developing, due to the discovery of exclusive 

features of nano-sized matter, which showed intermediate versatile properties between 

single molecules and bulk solids. Therefore, it has become possible to find smart 

solutions for a number challenging tasks, such as alternative energy sources [1-3], high-

effective catalysis [4, 5], construction of new generation of electronic devices [6-8], 

fabrication of high-conductivity elements useful in printed electronics [9], controllable 

drug release [10-13], cancer diagnostics and labeling [14], easy and fast chemical, 

biological and medical assays [15]. The materials used in nanoscience must be stable to 

media conditions, resistant to alterations, cheap in manufacturing, easy in use and non-

hazardous. Thus, the challenge to design materials to relevant conditions  is a strong 

consideration.  

Quantum dots (QDs) were discovered by M. A. Reed in 1985. [16]. They're usually 

defined as inorganic nano-scale crystals with a number of unique physical and chemical 

size-dependent properties. In comparison to current fluorophores (organic dyes and 

lanthanide chelates), QDs demonstrate better characteristics, such as narrow absorption 

and emission peaks (Fig.1.1), prolonged energy separation between absorption  and 

emitting spectra, slower decay radiative life time, better resistance to photobleaching, 

higher brightness and fluorescent time, possibility of excitation by non-specific 

wavelength (even in NIR spectra), which makes them attractive agents for bio-imaging. 

Unlike organic dyes, QDs properties can be adjusted by core size and composition, 

coating material and thickness variation, depending on the eligible application. In 

contrast to molecular fluorophores, QD nanocrystals are suitable for multi-color 

imaging, tunable by means of their size.  The common material for fabrication is II-VI 

or III-V semiconductors, like as CdSe, CdTe (commercially available products), GaP, 

InP [17], AsP etc. Their composition ranges from a few hundreds to thousand atoms and 

therefore, significant number of atoms are exposured to surface. Consequently, the 

nanoparticles have lots of dangling bonds at the surface, which causes exceptional 

reactivity. In fact, this feature leads to decreasing biocompatibility [18], due to the 

essential risk of releasing ions from the particle and triggering the cell's apoptosis. As a 

result, rapid surface degradation excludes implementing bare core QDs in vivo and in 

vitro applications [19]. Furthermore, the degradation affects optical properties of the 
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QDs . This results in emission spectra irregularities, which leads to irreproducible 

results. Thus, QDs  need to be isolated,  in order to increase quantum yield.  

Typical QDs have the core-shell structure. Many optical properties depend on particles 

composition, e.g. material what they're made from: II-VI (CdTe, CdSe), III-V – InP [17] 

or ternary semiconductors, like InGaP [20, 21]. These materials are alternatives to the 

Cd containing compounds. However, in spite of wide range of existing combinations, 

the most popular materials still remain CdTe and CdSe because of ease in synthesis, 

characterisation, functionalising and broad application. Another essential factor 

influencing their properties is size. The quantity of atoms exposed to surface 

significantly increases as the diameter is reduced.  

In order to fix this issue encapsulation methods are in widespread use. For these 

purposes ZnS [10, 22], silica [23], CdS [22, 24], gelatin [25] and albumin are commonly 

used.  Adding the passivation layer is observed as a red shift in absorption and emission 

[26]. The diameter is also increased. The next step in creating nanoparticles with 

eligible characteristics is by grafting to different ligands. Each type of ligand determines 

the specific application. The most common are poly(ethylene) glycol -  PEG [13, 26], 

antibodies, antigenes, peptides [27], trioctylphosphine oxide - TOPO [28], methacrylic 

acid - MCA [13], mercaptoacetic acid – MAA [29]. And finally, functional 

biomolecules should be attached, mostly drugs [10, 11] or signaling peptides [29].  

In summary,  QDs gained significant results  in fluorescent bio-imaging and detecting 

as broadly used agents and in the future, within the search and development of new 

materials [30], they have all chances to become part of personalized drug delivery 

systems [12, 13], cancer diagnostics and treatment [18]. 

 

1.1.1 Quantum confinement 
Quantum Dots possess unique set of optical properties due to their intermediate state in 

between single molecule and bulk material. Thus QD can be considered as combination 

of both.  

In a semiconductor upon light absorption electron gets promoted from valence band to 

conduction band; this leaves a hole behind. Both of them, electron and hole, form a unit 

called exciton. There’re two different types of exciton: Mott-Wannier and Frenkel. 

Semiconductors have Mott-Wannier exciton due to large dielectric constant. This type 

of exciton has weak Coulomb interaction because of big electron-hole distance. Frenkel 
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exciton is typical for organic compounds, due to close proximity of electron and hole. 

Wave-like properties of electron and hole define optical and electrical properties of 

nanostructures [31].  

Quantum confinement takes place when size of the object is comparable to the 

wavelength of exciton. A QD is zero-dimensional relative to bulk; limited number of 

excitons results in quantized discrete energies in density of states (DOS). The step-size 

between energy levels is proportional to the reciprocal to QD radius.  

 Practically, quantum confinement in QD leads to blue-shift (broadening) of band-gap 

energy and its value depends on semiconductor type. This effect also allows to regulate 

band gap width by QD size [32]. Due to direct relationship between particle diameter 

and band gap energy, it's simple to generate series of differently bright colored QDs. 

Compared to bulk material, QDs own discrete energy levels due to small number of 

atoms in their core. As a consequence, each of these levels can be described by wave 

functions similar to atoms. Thus, QDs emission profile is very narrow and sharp, close 

to atomic-like.  

The band gap is often defined as energy needed to create an electron and a hole at 

equilibrium state, when kinetic energy is equal to zero, at a distance sufficient to neglect 

Coloumbic interaction [31]. An exciton is coupled electron-hole pair with energy 

slightly lower than band gap. The exciton is often  called a quasiparticle and behaves 

likewise hydrogen atom; the only difference is that instead of proton, a nucleus is 

formed by a hole. Thus, we can describe an exciton by Schrödenger's equation. 

However, it should be taken in consideration, that the hole mass is significantly less 

than proton's. In bulk semiconductor crystal the size of the exciton is characterized by 

Bohr radius (rB) and defined by equation, where ε - the  optical dielectric constant,  ħ - 

reduced Planck's constant, e - the charge of an electron, me and mh are effective masses 

of electron and hole, respectively. 

If the radius of the nanoparticle is comparable to the Bohr radius or smaller, the motion 

of the elctron and holes are confined spatially [33-35] to the QD dimension which 

increases the transition energy of exciton and resulted in photoluminescence and blue 

shift.  

rB=
ℏ2 ε
e2

( 1me
+ 1
mh

)
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1.1.2 Optical properties 
 

The exceptional QDs characteristics make them a very prominent tool in optical 

biological imaging. Classical bio-imaging is based on organic dyes attached to a 

biological species to illuminate the target. Molecular fluorochromes are extensively 

used as fluorescent reporters in various bioconjugates, such as antibodies and molecular 

beacons. However, this class of dyes suffers from number of disadvantages: 

1. High photosensitivity. It results in short time when assay has to be performed. 

Besides that, during whole preparation procedure, the sample must be protected 

from the light. 

2. Narrow absorption. Most conventional fluorophores require excitation at a  

specific wavelength, which is not possible in many cases (e.g. if lasers are 

source of excitation) and limits number of dyes which can be excited by the 

single source. 

3. Broad emission bands. Extended wavelength tails in the emission profile result 

in spectral overlap if multiple stains used. This makes it more difficult to 

interpret the signal, and demands use of extra controls to compensate signal 

spillover between channels. 

4. Sensitivity to media conditions. The signal from fluorophore undergoes drastic 

degradation if  pH values of the media fluctuate. Some dyes work over a limited 

temperature range. 

In this context, QDs are promissing candidates to replace known fluorophores due to 

following beneficial properties: 

1. High quantum yield. QDs demonstrate high fluorescence brightness. 

2. Broad absorption spectrum. Multiple QDs can be excited by the same source of 

light. 

3. Narrow emission. Have sharp symmetric emission profile; several QD colors 

can be used in the same probe. 

4. Large Stokes shift between maximum of absorbtion and emission wavelength. 

5. Ease in surface functionalising. It enables attachment of different biomolecules 

for selective targeting regardless QD size. 

6. Desirable emission/absorbtion wavelengths can be adjusted by QD size. 

7. Resistance to photobleaching. Quantum dots do not fade when exposed to direct 

light. 
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8. Inert to environmental conditions. The nanoparticles don’t precipitate over long 

time if stored at 4°C. 

9. NIR QDs can be used in clinical applications for non-invasive imaging, where 

autofluorescence from tissues can be avoided. Cells have high background 

fluorescence in green spectrum, that’s why imaging at far red region will 

provide clear picture without signal noise. 

Fig.1.1  depicts a typical QD absorption/emission profile vs. Rhodamine 6G. Within the 

same fluorescence intensity nanoparticles have more advantages in application over 

organic dyes. The main benefit of Cd-based QDs is their controllable size distribution 

via synthesis conditions, which enables to obtain particles with predictable absorption 

and emission wavelengths. It helps to avoid emission anisotropy and makes spectrum 

smooth and highly symmetrical. At the same time, the complicated decay behavior [36], 

surface chemistry, size effects and cytotoxicity limits their use. The scope of differences 

in physicochemical between molecular fluorochromes and QDs represented in Table 1.1 

Fig. 1.1  (a) absorption and (b) emission profiles of rhodamine 6G and CdSe QDs [37]. 

 

 

Table 1.1 Comparison of properties of organic dyes and QDs (based on information 

taken from [38]) 

Property Molecular fluorochrome Quantum Dots 

Light absorption spectrum  Discrete bands, FWHM 35 

nm to 80-100 nm 

Smooth and broad; enables free 

selection of excitation 

wavelength 

Molar absorption coefficient 

(the efficiency of light 

2.5×104-2.5×105 M-1 cm-1 (at 

long-wavelength absorption 

105-106 M-1 cm-1 at first 

exitonic absorption peak, 
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absorbtion at given 

wavelength) 

maximum)  increasing toward UV 

wavelengths; longer wavelength 

QDs generally have higher 

absorption 

Emission spectra Asymmetric, often tailing to 

long-wavelength side; 

FWHM, 35 nm to 70-100 

nm 

Symmetric, Gaussian profile; 

FWHM, 30-90 nm 

Stokes shift Normally <50 nm, up to 

>150 nm 

Typically <50 nm for visible 

wavelength-emitting QDs 

Quantum yield 0.5-1.0 (visible), 0.05-0.25 

(NIR) 

0.1-0.8 (visible), 0.2-0.7 (NIR) 

Fluorescence lifetime 1-10 ns, mono-exponential 

decay 

10-100 ns, typically multi-

exponential decay 

Solubility or dispersibility Control by substitution 

pattern 

Control via surface chemistry 

(ligands) 

Binding to biomolecules Via functional groups; 

Often several dyes bind to a 

single biomolecule  

Labeling-induced effects on 

spectroscopic properties of 

reporter studied for many 

common dyes 

Via ligand chemistry;  

Several biomolecules bind to a 

single QD 

 

Size (primary core diameter) ~0.5 nm 2-10 nm (core size)  

Thermal stability Dependent on dye class; can 

be precarious for NIR-

wavelength dyes 

Very stable; depends on shell or 

ligands 

Photochemical stability Sufficient for many 

applications (visible 

wavelength), but can be 

Very stable (visible and NIR 

wavelengths); orders of 

magnitude higher than that of 
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insufficient for high-light 

flux applications; often 

problematic for NIR-

wavelength dyes 

organic dyes; can reveal 

photobrightening  

Toxicity From very low to high; 

dependent on dye 

Considering in section 1.2 QDs 

in vitro cytotoxicity 

Reproducibility of labels 

(optical, chemical 

properties) 

Good, owing to defined 

molecular structure and 

established methods of 

characterization; available 

from commercial sources 

Limited by complex structure 

and surface chemistry; limited 

data available; few commercial 

systems available 

Applicability to single-

molecule analysis 

Moderate; limited by 

photobleaching 

Good; limited by blinking 

Suitability for multi-color 

assay 

Possible, restrited to 3-4 

colours 

Ideal for multi-color 

experiments; up to 5 colors 

demonstrated 

 

1.1.3 Intracellular fate 
There’s a great interest in QD ability to be ingested by live cells. It can be used for cell 

targeting, tracking and selective drug delivery. That’s why understanding of cell-QD  

interaction is of key importance. This includes investigation on mechanism of QD 

recognition, uptake, interaction with intracellular compartments, effect on cell function, 

and finally, fate of either QD and the cell. 

Quantum dots are shown to be toxic to cells [39]. After crossing cellular membrane, 

nanoparticles start their journey in primary endosomes. Being trapped into vesicles, 

ingested nanoparticles are transported to different organelles during endocytosis. Those 

foreign bodies, which are not identified by the cell, are passed to lysosomes and 

peroxisomes [40]. These compartments have acidic and oxidative environment 

configured to destroy unrecognised species. It has been shown that such conditions 

resulted in the elimination of  surface molecules. Introduction of QD bare core to the 

cell [41] causes release of  Cd2+ ions. Due to high surface-to-volume ratio, big number 

of atoms with the unsaturated bonds results in free radicals formation. Also QD 
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cytotoxicity depends on particle diameter – small green-emitting ones (approx. 2 nm) 

have greater number of surface atoms and easily penetrate the nucleus while larger red-

emitting QDs (approx. 5 nm core) are less aggressive and remain within cytoplasm [42].    

The transformation into toxic objects, as result of QD digestion by the cell, inevitably 

leads to a number of morphological and biochemical alterations. This includes  

cytoplasm granulation, loss of cell function, nucleus fragmenting, chromosome damage 

and eventually, cell death. In order to minimize the damage, appropriate QD 

composition, doses, exposure time and conditions must be used. Nevertheless, above 

mentioned parameters are varied for different cell types and animal models. 

To reduce ineligible negative effects and to improve QD compatibility nanoparticles are 

incorporated into passivating shells, which can  either be inert or have affinity to the 

cell. Numerous strategies have been explored, the most popular are covering by silica 

[43-45],  packing into polymer micelles [19, 46, 47], decorating the surface with various 

biomolecules (proteins, aminoacids, mercaptoacids, carboxylic acids). At the same 

time,adding the extra layers significantly increases hydrodynamic size of particles and 

affects the endocytosis pathway.   

 

1.1.4 Surface chemistry 
The inherent property of  QDs is big number of surface atoms with unsaturated bonds. It 

gives rise to their exceptional reactivity. This affects the physical and chemical stability 

of nanoparticles and results in emission spectrum irregularity and drop in QY. Apart 

from that, bare QDs are extremely aggressive to cells and cause lots of damage. 

Solution of these problems lies in packing up particles into multiple passivation and 

functional layers. As first line of defense, QDs are covered by semiconductor shell, 

which is typically not exceeding 1-2 monolayer and does not add significant thickness 

to the particle core. Capping material is usually chosen from semiconductors with 

minima lattice mismatch and the same structural type. This can be done during the 

synthesis or afterwards.  The most common compounds are ZnS, CdS, ZnTe, ZnSe. 

This step helps to stabilize QD photoluminescence and prevent particles clumping and 

colloid sedimentation over time.  

At early years, when the concept of QDs was under intensive development, synthesis in 

organic solution was the basic technique [48]. As-prepared nanocrystals had 

hydrophobic nature and were of no use in biological applications requiring aqueous 
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conditions. Consequently,  solubilization is the next stage of post-synthetic treatment. 

Three main strategies are commonly used: ligand exchange, silica incorporation, micelle 

growth [49, 50]. Fig. 1.2 schematically shows mentioned ways. 

 

 
Fig.1.2 Strategies of QDs solubilisation. QD synthesized in organic solvents can be 

converted to hydrophilic form by ligand exchange, capping in silica or incorporating 

into micelles. 

 

Ligand exchange 
The hydrophobic molecules stabilizing QD colloidal system during the synthesis can be 

substituted by bipolar compounds easy soluble in water. These molecules have both 

positively and negatively charged functional groups, one is attached to QD surface and 

oppositely charged one ensures hydrophilicity. The typical agents are aminoacids, 

carboxylic acids, mercaptoacids, thiols. Unfortunately, in many cases hydrophilic QDs 

showed reduce QY compared to their colloids in organic solvents [51, 52].  

 

Silica incorporation 
 Alternatively, QDs can be solubilised by silanisation [43-45, 53].  The notable 

disadvantage of this method is QD size increase, as-modified particles range from tens 

nanometers [45] to few micrometers [53]. Wolcott et al in 2006 [44] has reported 

preparation of CdTe QDs prepared in one-pot synthesis with silica coating layer only 2-

5 nm with final particles size less than 12 nm. Also this method is more complex than 

two others and suitable only for diluted systems. However, silica and its derivatives is 

the leading non-toxic biomaterial used routinely in biomedicine for numerous 

applications, including magnetic particles for MRI, drug delivery vectors, bioglasses for 

bone augmentation and periodontal repair, various implants and etc.  
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Micelle growth 
Synthesized in organic solvents QDs possess higher quantum yield comparing to 

particles obtained in aqueous process. Incorporation into multilayered biosurfactant 

shell helps to solubilise  nanoparticles with minimal loss in fluorescence. Typically, 

QDs in organic solvent phase (chloroform) injected into phospholipids or surfactants 

mixture containing various hydrophilic functional groups (-NH2, -COOH, -PEG) [46, 

49]. Also these groups provide sites for further engrafting to biomolecules. Under 

rigorous stirring and heating conditions, chloroform evaporates from microemulsion 

and results in nanoparticles interfacial transfer. The main downside of micelles is 

significantly bigger particle diameter (>10 nm). Another approach is demonstrated by 

Chen and Rosenzweig in 2002 [54], who loaded a big siloxane micelle (over 100 nm) 

with multiple QDs.  

Afterwards, these core/shell water soluble nanoparticles receive their surface 

functionalisation. The options are almost unlimited and dictated only by final goal. It 

can be conjugating to antibodies, drugs, molecular beacons, proteins, receptors, DNA or 

RNA fragments and list goes on. They can be also incorporated into microspheres and 

hydrogels.  

 

1.2 QD uptake by live cells 

1.2.1 Endocytosis mechanisms 
To sustain homeostasis, cells need to ingest nutrients necessary for stable and healthy 

functioning. While small species like small molecules (O2, CO2) can penetrate through 

membrane passively by concentration gradient, larger entities (e.g. proteins) have to be 

recognized by receptors and require active transport. Endocytosis is energy-dependent 

transfer of large molecules inside the cells. It can be used to regulate cell-cell signaling, 

receive essential compounds for life cycle maintenance, destroy potentially hazardous 

material. In the first approach, endocytosis can be divided into 2 types: phagocytosis 

(from greek “cell eating”) and pinocytosis (“cell drinking”). The purpose of 

phagocytosis is to trap and digest foreign bodies which were recognised as non-self and 

thus carrying a threat. Typically it targets bacteria and compartments larger than 500 

nm. Special type of immune cells – phagocytes – are employed to execute the process; 
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they circulate with the blood stream or permanently reside in tissue and continuously 

scanning the environment.  Monocytes/macrophages (either circulating in peripheral 

blood or residing in tissue) and dendritic cells (bone marrow) are professional 

phagocytic cell types.   

Second type, pinocytosis, is aimed to engulf particles from the surrounding liquid 

media. There're several types of pinocytosis differ from each other by mediators, which, 

in turn, depend on target dimensions.  

• Caveolae are small flask-shaped pits (approx. 50-80 nm) containing mainly 

protein caveolin. In endocytosis these membrane invaginations are designed to 

accommodate species (e.g. bacteria, viruses) in size range 200-500 nm entering 

the cell. However, endocytosis is not their primary function. 

•  Clathrin-dependent endocytosis is a most common pathway which 

accommodates intracellular trafficking of nutrients, growth factors, antigens, 

receptors. Clathrin-coated pits after engulfing intruders are fused with the early 

endosomes, which, in turn are appeared as sorting centre of the content. They 

also control activity and destination of taken up compounds.  

• Clathrin-independent (lipid raft). These routes can deliver compounds to 

Golgi apparatus, endoplasmic reticulum (ER) and recycling endosomes. 

Clathrin-independent pathways are susceptible to cholesterol depletion, 

supporting the idea of lipid raft mechanism.  

It's been agreed by many studies that NPs are delivered intracellularly preferably via 

clathrin- and caveolin-dependent pathways [55-57]. However, these conclusions are 

arguable, since caveolae is claimed to be the mechanism, only due to fact that NPs 

endocytosis can be reduced by cholesterol depletion. Or, alternatively, by assuming that 

NPs are co-localised with cholera toxin. Both statements are not convincing enough, 

because the agents pinching off cholesterol can interfere with other pathways, as well as 

cholera toxin is not taken up exclusively by caveolae. Worth to note, that endocytosis 

mechanism and efficiency are strongly dependent on cell type and origin. For example, 

the majority of cell types have equally charged surfaces, whilst epithelial cells are 

polarized and basolateral side has different properties than apical. Either poles of 

endothelial cells have different behaviour.  

In summary, NPs are taken into the cells through clathrin-mediated mechanism, only if 

the particles form is optimal for invagination cluster. Once entered the cell, NPs are 
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trapped into a cargo vesicle called endosome. If endosome content can not be utilized 

by the cell, it'll be fused with peroxisome or lysosome to destroy it. Under acidic 

conditions in lysosomes, the molecular functional layer is getting pinched off and NPs 

start aggregation. The local massive release of toxic core ions may lead to oxidative 

stress induction and trigger cell death. The outcome of processes taking place in 

lysosome defines further cellular responses and cell fate. The described scheme is 

general approach, it varies depending on NP parameters and biological model. 

 

1.2.2 Methods of investigation 
 

Energy inhibition 
Passive penetration of the molecules through the membrane is an energy-independent 

process, taking place either at low and normal physiological temperature. Endocytosis 

can be carried out only at normal physiological temperature (37°C). That's why first test 

on NPs internalising mechanism is uptake study at 4 and 37°C [58, 59]. 

 

Pharmacological inhibitors 
To prove prevalence of one mechanism among others, pharmacological inhibitors are 

broadly used in study. However, the assumption that one drug can selectively block 

specific pathway is not fully feasible as often the same compound can cross-react with 

multiple receptors. Table 1.2 summarizes data about popular drugs used in the research, 

their cellular effects and drawbacks. 

Table. 1.2 Common endocytosis inhibitors used in NPs uptake mechanism study 

(Adapted version from [60]). 

 

Toolbox of pharmacological inhibitors used to study endocytosis 

Agent Effect Mechanism affected Pitfalls 
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Amiloride (or its 

derivative EIPA or 

HOE-694)  

Blocks 

macropinocytosis by  

lowering 

submembraneous  

pH (cytosolic pH 

close to the 

membrane) and  

preventing Rac1 and 

Cdc42 signalling 

Macropinocytosis  

Chlorpromazine Inhibitor of Rho 

GTPase CME 

 Not efficient in all 

cell lines 

Cytochalasin D Inhibits actin  

polymerization and 

may thus lead to actin 

filament disassembly  

Macropinocytosis 

and may affect 

several endocytic 

mechanisms  

Not necessarily 

efficient in adherent 

cells, except for 

macropinocytosis  

Latrunculin A Sequesters actin 

monomers, blocks 

actin polymerization 

and may thus lead to 

actin  

filament disassembly 

As for cytochalasin 

D 

 As for cytochalasin 

D  

Jasplakinolide Stabilizes actin and  

promotes actin 

assembly  

Macropinocytosis   

Dynasore  Inhibitor of dynamin  

function  

Several mechanisms  
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Methyl-beta-

cyclodextrin 

Cholesterol depletion 

by extracting 

cholesterol 

Macropinocytosis 

and both CME and 

CIE giving rise to 

small vesicles  

Should be checked 

for  

possible leakage of 

K+  

(more sensitive than 

protein leakage) 

Filipin Interacts with 

cholesterol A  

Number of clathrin-

independent and  

cholesterol-

dependent  

mechanisms  

Unstable and toxic  

Nystatin Interacts with 

cholesterol 

 As for filipin  Toxic  

Lovostatin Lowering of 

cholesterol content 

by inhibiting 

cholesterol synthesis  

See pitfalls Uncertain if agents  

inhibiting 

cholesterol  

synthesis are 

sufficient to inhibit 

endocytosis  

Genistein Inhibitor of several 

tyrosine kinases 

Inhibits caveolae 

pinching. Used as a 

caveolae inhibitor, 

but not specific for 

this process  

Affects several 

processes  

Phosphoinositide 3-

kinase inhibitors 

(wortmannin,LY94002)  

Inhibit 

phosphatidylinositol  

3-kinase  

Macropinocytosis 

and  

compensatory 

RhoA  

mediated 

endocytosis 
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Cholesterol is an important mediator for caveolae and micropinocytosis. Overall, it is 

required for clathrin-dependent uptake too; thus cholesterol depletion will affect a 

number of pathways, and make it hard to say, which one is dominant. Some of the 

inhibitors can also be toxic and thereby affect cell viability. 

Expression of mutated proteins and use siRNA 
Alternatively, endocytosis can be disrupted by implementing mutations in the important 

proteins. As mutated proteins no longer have right structure, normal functioning will be 

corrupted, and the specific mechanism won't be available anymore. However, the side 

effects may reduce the effectiveness of chosen target. Small interfering RNA (siRNA) 

usually require few days (2-5) for cell treatment, and may impair other cellular 

functions and give non-relevant effects. Oxidative stress can be induced as the response 

to siRNA implementation. Overall, there is no guarantee that alternative pathways won't 

be elevated to cover knocked-down mechanism. 

 

1.2.3 Mechanism of QD uptake 
Current opinion suggests that QD endocytosis is strongly dependent on the particle’s 

surface chemistry. Typically QD size don't exceed 10 nm core diameter. It is therefore 

logical to assume that particles are trafficked to cells via clathrin-mediated route. 

However, the exact mechanism still remains unclear. According to leading opinion [61], 

the main condition for effective uptake is sufficient QD extracellular concentration. It's 

necessary to form vesicles with optimal size and shape that cellular membrane will wrap 

around and promote the intrusion of the QD into the cell. If the particle diameter 

deviates from optimal value, the uptake rate will be decreased. These statements were 

formulated on gold nanoparticles model [61]. Experimentally it has been discovered 

that the eligible size for quick and efficient uptake is 45-50 nm, which is at least 5 fold 

greater than QD core diameter [61].  

Since QDs possess very small size, other factors also contribute to the difference in their 

uptake by cells. One of the crucial parameters influencing endocytosis is protein content 

in media. QDs bear different functional groups on their surface which in turn leads to 

protein sorption and corona formation [62-65]. It results in drastic increase in 

hydrodynamic size which can affect the process in certain ways, including mechanism 

switch and  dynamics pattern change. More discussion is given in Chapter 4 [66, 67]. 
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1.3 QD in vitro cytotoxicity 

1.3.1 Factors influencing QD cytotoxicity 
 We should define first the meaning of cytotoxicity. As it comes from the name, it deals 

with something harmful for cells. The common definition of cytotoxicity is the degree 

of  destructive action to the cell. In a first approach, it can be taken as ability of an agent 

to kill or, at least, reduce activity of target cells. More precisely, cytotoxicity can be 

tested by compound uptake and efflux, the interaction with extra- and intracellular 

receptors, the influence on growth and proliferation, metabolic activity, cellular 

compartments integrity, the mechanism of caused cell death (apoptosis/necrosis). A 

number of methods is applied to quantify cell activity. These include, but  are not 

limited to: MTT, Alamar Blue, Trypan blue, Pico Green, LDH, Live/Dead, PI, Annexin 

V, TUNEL, Ki-67 etc (see List of abbreviations  section for the full names of the 

methods). 

Prior to any clinical application, the question concerning the safety of quantum dots 

must be fulfilled. The biggest concern relates to heavy metal content and high reactivity 

of nano-crystals. Unless various passivation techniques have been applied, there is no 

solidarity in reports investigating  NPs’ toxicity. The contradiction in results arise from 

differences in biological models employed for the interpretation of studies. Other issues 

are diversity in experimental conditions, QDs characteristics, concentration and 

exposure time. The nanotoxicity is multi-parameter phenomenon, it depends on NPs 

size, shape,passivation, core/hydrodynamic size, surface chemistry, charge, presence of 

functional molecules (Fig. 1.3). Another issue making it difficult to interpret and 

comparison of obtained data is dose units (mg/ml, mol, ppm, number particles per cell); 

sometimes it's a time consuming and tedious task to correlate this crucial parameter 

across the studies.  

QDs 

Core diameter Core composition Shape 

Surface charge 

Passivation shell 

Hydrodynamic size 

Surface functional 
 molecules 

Colloidal stability 
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Fig. 1.3 Physicochemical factors determine QD in vitro cytotoxicity 

 

The outcome of nanoparticle interaction with a cell depends on many factors, including, 

but not limited to, cell origin, cell line, exposure time, culture conditions, NP type. 

There is a gross diversity in experiment design and conditions used in biocompatibility 

studies, from human cancerous cell lines, immune cells to primary mouse blastocytes 

and recently, primates [17, 68, 69]. At certain concentration/time point QDs induce cell 

death, which may follow 3 pathways: apoptosis, necrosis or autophagy. Classically, 

these mechanisms are alternate, however, in some papers apoptotis and necrosis take 

place in the same cell population [70, 71]. 

After trapping in primary vesicles (endosomes), nanoparticles are transported to cellular 

compartments. Usually NPs end up in lysosomes or peroxisomes with acidic conditions, 

as they can't be utilized by the cell. Introduction to a low pH and oxygen environment  

leads to NPs degradation and aggregation [41]. Since nanoparticles undergo 

deformation, the logical consequence is  release toxic by-products. The most obvious 

reason of cell number decrease is leakage of Cd2+ from the QD core. It was very 

common in the first manufactured QDs which did not have protective shell, hence lots 

of surface atoms were available for ionizing in oxygen-containing media. Co-culture 

with any cells provoked massive release of toxic cadmium cations and resulted in quick 

cell death [41, 72]. Severe toxicity led to the demand of encapsulated QDs to enable 

their use in bioapplications. Interestingly, it was shown quantum dots have their own 

toxicity which is much higher than Cd2+ itself [72]. However, extra surface layers 

reduce this negative effect. It has been assumed that subsellular location of QDs is  

more important rather than ion cleavage. In other words, nanotoxicity is about where the 

leakage is happening, not how much ions have been released. This was proved in later 

study by Chen et al in 2012 [19] who worked with core/shell/shell particles and found 

them almost neutral to cells. Based on that, they hypothesized that site-specific 

intracellular localisation of QDs leads to particles accunulation and massive release of 

Cd2+ in that area, which  induces cell death (Fig. 1.4, from [19]).  
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Fig. 1.4  Scheme of CdTe QDs cytotoxicity. Engulfed nanoparticles allocated within 

cytoplasm in perinuclei area. Release of free cadmium ions is the main reason of 

observed toxicity; additionally, strict localization results in excessive toxicity in 

particular cellular compartments.  

 

The capping layer can be built from cationic, anionic or zwitterionic compounds. 

Herein, listed types of functional groups have different impact on QD-cell interaction. 

For example, Tan et al [73] had generated and examined 6 different surface 

modifications. Their finding is aggressive behaviour of cationic and hydrophobic 

particles due to quicker internalizing by cells. Also they carried out control experiments 

using iron oxide NPs with similar surface ligands. Iron oxide NPs are recognised as 

non-toxic; however in this study they demonstrated the same trend in toxicity as QDs. 

This was attributed to ligand cytotoxicity. Another study done by Ryman-Rasmussen 

[74] questioned QD toxicity to human keratinocytes; in this case elevated cell death was 

registered for both amine and carboxylic acid coated particles, but not for PEGylated 

ones. 

 

1.3.2 Mechanisms of cytotoxicity 

ROS formation 
Reactive oxygen species (ROS) is an abbreviation used to describe a range of molecules 

and radicals derived from molecular oxygen. ROS are produced by inflammatory cells 

and cause damage to DNA and proteins. This class of molecules is called free radicals 

(short-lived molecules with unpaired electron); most important for cell biology are 



 
 

20 

superoxide (O2*), nitroxyl (NO*), alkoxyl (RO*), hydroxyl (*OH) and peroxyl (ROO*) 

radicals and hydrogen peroxide (H2O2) molecule. The radicals have high reactivity, 

therefore they play an important role in cell defense against foreign bodies. Also ROS 

production triggers apoptosis. A curious fact, is that the mitochondria are at the same 

time the source and target of ROS. They oxidise cardiolipin-cytochrome c complex, 

what causes cytochrome c release, which, subsequently, activates cascade response 

from caspases-9,3,7, respectively.  Fig. 1.5 shows the mechanism of ROS formation. 

The cells can be rescued from a lethal fate by antioxidants, such as catalase, N-acetyl 

cysteine (NAC), glutathione, alpha-tocopherol. Primary hydroperoxide radical (O2*) 

can be converted to less active hydrogen peroxide or neutral oxygen by  superoxide 

dismutase enzyme (SOD). In turn, H2O2 can be either neutralised by defence 

mechanism (antioxidants) or converted into hypochloric acid (HOCl) by 

myeloperoxidase heme enzyme (MPD). 

 
 

Fig. 1.5 The mechanism of ROS formation and fate scenario. QD is effective electron 

donor, that can turn oxygen into hydroperoxide radical. After that, it can be 

transformed into toxic hydrogen peroxide. Antioxidants can block ROS promotion by 

converting H2O2 into water. Otherwise, H2O2 can converted into hypocloric acid or 

hydroxyl radical which resulted in cellular damage. 

 

Quantum dots are potent electron donors. They are able to induce molecular oxygen 

transformation to ROS and in turn, promote oxidative stress, cell damage or death [75]. 

Many studies reported QD cytotoxicity being mitochondria ROS mediated [42, 76, 77]. 

W-H. Chan [77] found that CdTe QDs cause IMR-32 human neuroblastoma cell death 
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via apoptosis by suppressing the expression of the survival signal and heat-shock 

proteins. Intriguingly, the exact apoptosis pathway is still under debates. While some 

groups provide evidences of classical caspase-dependent [77, 78] route, others see it as 

alternative caspase-independent process [42]. On the top of that, some studies found 

autophagy [79, 80] or necrosis as the prevalent mechanism. 

 

Apoptosis 
 

The first apoptosis induction by engineered iron oxide NPs was reported in 2004 by 

Berry et al [81]; earlier, in 1998, Xu et al [82] found that titanium oxide NPs caused cell 

death by necrosis in cancer cells. Apoptosis (programmed cell death) may be caused by 

a number of stimuli, internal and external. Apoptosis triggered by binding external 

ligands to the surface death receptor is called extrinsic. The intrinsic pathway is caused 

mainly by oxidative stress and is called mitochondrial route. Oxidative stress and ROS 

production are known to be apoptosis mediators. As it was mentioned above, 

mitochondria are both ROS target and source. Cytochrome c is an apoptosis mediator of 

key importance in the intrinsic (mitochondrial) apoptosis pathway. Cytochrome c is 

attached to the inner mitochondrial membrane via binding to cardiolipin. When 

cytochrome c gets detached from cardiolipin, as a response to oxidative stress, it is 

released through pores in the outer mitochondrial membrane formed by pro-apoptotic 

Bcl-2 family proteins and triggers caspase (cysteine proteases) cascades. Once released 

cytochrome c binds to a cytosolic protein Apaf-1, pro-caspase-9, dATP or ATP forming 

so called apoptosome complex. In this complex pro-caspase-9 undergoes processing and 

activation. Active caspase-9 cleaves and activates downstream caspases. Altogether, 

cytochrome c, caspase-9 and Apaf1 form a complex called apoptosome. The purpose of 

the executioner caspases-3,6,7 activity is to eliminate the cell. Interestingly, initiator 

caspase-8 has a dual regulation function; in  necrosis it suppresses and in apoptosis it 

promotes the process. Fig. 1.6 shows machinery of both extrinsic and intrinsic 

apoptosis. 
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Fig. 1.6  Extrinsic and intrinsic pathways of apoptosis. The extrinsic apoptosis pathway 

is activated through the binding of a ligand to a death receptor, which in turn leads, 

with the help of the adapter proteins (FADD/ TRADD), to the recruitment, dimerization, 

and activation of caspase-8. Active caspase-8 then either initiates apoptosis directly by 

cleaving and thereby activating executioner caspase (-3, -6, -7), or activates the 

intrinsic apoptotic pathway through cleavage of BID to induce efficient cell death. The 

intrinsic or mitochondrial apoptosis pathway can be activated through various cellular 

stresses that lead to cytochrome c release from the mitochondria and the formation of 

the apoptosome, comprised of APAF1, cytochrome c, ATP, and caspase-9, resulting in 

the activation of caspase-9. Active caspase-9 then initiates apoptosis by cleaving and 

thereby activating executioner caspases. Taken from MacIlwain et al, 2013 [83]. 

 

The hallmarks of apoptosis are chromatin condensation, mitochondria swelling, 

membrane blebbing and integrity loss, nuclei deformation, cell membrane disruption. 

Figure 1.7 shows cytochrome c release mechanism followed by oxidative stress (from 

Orrenius&Zhivotovsky, 2005 [84]). Interestingly, ROS formation has opposite function 

depending on the process. For example, in eosinophils  low concentrations of H2O2 are 
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the reason of apoptosis, high amounts do not affect cell cycle [85]. In a number of 

studies nitric oxide (NO*)  has been shown as the apoptosis inducing agent for several 

cell types [86], while in other systems it blocked some apoptotic mediators [87]. It is 

also reported that ROS is  necessary for cell surveillance. ROS role in apoptosis was 

discussed in more details [88]. 

 

Fig. 1.7 Cytochrome c release from mitochondria triggered by oxidative stress 

induction. Dysregulation in mitochondria membrane potential leads to cytochrome c 

leakage from complex with cardiolipin and caspases cascade initiation. 

 

In an earlier study HepG2 cell exposure to cadmium in a concentration as little as 2 uM, 

has resulted in apoptosis induction [89]. The process was found to be caspase 

dependent, with induction of capsase-3,8,9. Caspase-8 appeared to be an upstream 

regulator, as its activation was inhibited by zIETD-fmk specific inhibitor, but not by 

zVAD-fmk (broad spectrum caspase inhibitor). Release of proapototic agents Bid and 

Bax was hampered by treating the cells with NAC. In some experiments failure of 

zVAD-fmk to rescue the cells was related to a necrotic pathway, unless an elevation in 

caspase3/7 expression and change in mitochondria membrane potential were reported 

[90]. This conclusion is quite questionable, especially if common inhibitors 
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(glutathione, NAC) prevent cell death. Electron microscopy (in particular TEM) is a 

helpful method to resolve the question as it clearly shows some morphological 

alterations, which are very explicit for each death mechanism. Using same criteria – 

zVAD-fmk inhibitor activity towards caspase activity, Lovric et al, 2005 described the 

process taking place in MCF-7 cells (human breast cancer) as caspase-independent 

apoptosis. She also used unprotected QDs and has observed typical for apoptosis 

morphological changes – cell and mitochondria membrane dysfunction, nuclei damage, 

cytochrome c concentration increase in mitochondria, ROS formation; as in other 

studies, NAC was efficient reagent to prevent cellular damage. 

When the same as used by Oh et al [89] hepatocyte cell line (HepG2) was treated with 

beta-cyclodextrin/glycirrhizic acid (beta-CD/GA) coated CdSe QDs, similar hallmarks 

of apoptosis were detected [91]. Nanoparticles selectively targeted hepatocytes among 

other tested cell lines (HeLa, Chang's liver, ECV-304); the uptake correlated with 

recorded cytotoxicity. Further investigation was taken for HepG2 cells and death 

mechanism was revealed. The comprehensive tests proved that mitochondrial 

dysfunction via ROS formation had its place, hence apoptosis is observed. Also cell 

cycle arrest is detected in G0/G1 phase. No information was provided about apoptosis 

mediators and how they related to ROS production. 

Bare CdSe QDs were able to induce apoptosis in IMR-32 (human neuroblastoma) cells 

via caspase-3/9, but not caspase-8 activation and oxidative stress [77]. ROS were 

successfully neutralised by scavengers (alpha-tocopherol, NAC). The NPs activity is 

found to arrest survival pathway mediated Ras and Raf-1 molecules (it's resulted in 

reduction of ERK-1/2 protein activity) and down-regulation of heat shock protein 90 

(HSP90). At the same time, ZnS-passivated particles did not affect cell activity.  

In another malignant cell line, LNCaP (prostate cancer), the same mechanism of 

apoptosis (ROS mediated, caspase-dependent) has been triggered by CdS QDs  [78]. 

Unlike the previous case, zVAD-fmk had effectively prevented caspase-3,8,9 

downstream activity. Similarly, Bax/Bcl-2 ratio was increased, hence favoring 

apoptosis. DNA damage proteins were significantly upregulated (p53, HSP70), while 

NF-kB level (which is responsible for anti-oxidative cytokines activation) was dropped 

down. A free cadmium toxicity test was carried out and showed no effect on cells; the 

concentration of Cd2+ tested is the same as found to be leaked from nanoparticles. Thus 

it proves approach that cell death is rather related to nanotoxicity than cadmium 

toxicity. It renders Chen's assumption that QD subcellular localisation and  massive 
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local increase of  free Cd2+ concentration is the main source of nanotoxicity [19]. Earlier 

Su et al, 2010 [72] has pointed out that CdTe NPs toxicity is greater than free cadmium. 

More evidence in defense to the caspase-dependent pathway were provided by Yan et 

al, 2011 [92]. Human endothelial cells (HUVECs) were employed as a model 

representing response of blood vessels on QDs injection. The study was carried out in 

serum-containing (2% FBS) continuous culture (12-24 hours) conditions. The inhibitors 

zVAD-fmk and Ac-DEVD-cho have terminated caspase-3/9 activation, as well as NAC, 

and reduced QDs negative effect down to 40%. An interesting “threshold” effect is 

observed in ROS induction experiment: the highest introduced QD concentration (10 

ug/ml, approximately 24 nM) found to down-regulate ROS amount, compared to 

control cultures, whilst lower doses (0.1 and 1 ug/ml) increased radicals content up to 

135-138%. However, this effect has not been discussed. The authors also hypothesized 

that certain concentration may convert cell death mechanism from apoptosis to 

autophagy/necrosis.  

Collectively, quantum dots are found to be powerful apoptosis inducers in various cell 

types (prevalently in cancerous cell lines). The hallmarks of apoptosis, either 

biochemical and morphological are listed below: 

• Drop in mitochondria membrane potential (also occuring in necrosis) 

•  cytochrome c release 

• pro-apoptotic Bax expression increase 

• survival Bcl-2 down-regulation 

•  caspase cascade activation 

• peripheral chromatin condensation. Looks  like partial increase of chromatin 

density vs. complete bulk condensation in necrotic cells. 

• DNA damage. So-called DNA laddering, unlike DNA smear which is 

characteristic for necrosis 

• mitochondria swelling; also it happens in necrosis when all organelles are 

damaged. 

• apoptosomes formation 

These hallmarks are clearly observed after cell exposure to nanoparticles. In most cases, 

NAC and glutathione effectively rescued cells from the caused death. While not in all 

cases, pan-caspase inhibitor zVAD-fmk could prevent caspases activity. Researchers 

came to conclusion because (i) apoptosis is caspase-independent or (ii) cells follow 
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necrosis. In those cases no further investigation on apoptotic parameters were taken. It 

should be noted, that apoptosis is a complicated phenomenon, it can be induced by 

various signaling molecules and influenced by number of factors. The exact mechanism 

should be investigated in detail in each particular case. The presence of character signs 

should be confirmed, and the absence of alternative pathways should be proved too. 

 

Autophagy 
Autophagy is a mechanism of intracellular degradation of unnecessary or dysfunctional 

cellular compartments in lysosomes. The recycling of these components provides 

required energy for cell survival during starvation. All unused cellular components are 

wrapped into double-membrane vesicle called autophagosome. Next, autophagosome is 

fused with lysosome where further degradation takes its place. 

Engulfed nanoparticles either by passive or active transport are usually accumulated in 

lysosomes. The acidic environment of these compartments destroys foreign species 

which can't be utilised by cells. The biochemical hallmark of autophagy is the 

conversion of a light chain protein (LC3-I) to LC3-II by  phosphatidylethanolamine 

(PE) conjugation. This results in autophogosome formation along with decrease in p62 

expression (protein responsible for toxic cellular debris recognition). In low pH 

conditions functional molecules are eliminated from QD surface what inevitably leads 

to nanoparticles deterioration. It is still little known how aggregation affects cellular 

fate.  

Since lysosomes have an important function in cell-QD interaction, they can moderate 

the outcome of nanoparticle uptake. In many cases NPs demonstrate high toxicity which 

resulted in cell death, autophagy becomes a probable scenario in the cellular response. 

The name of the process can be literally translated as “self-eating”. Autophagy 

describes the break-up of cellular entities (e.g. proteins, organelles) into components 

which can be used for further cell growth or homeostasis maintenance. It takes place in 

autolysosomes – compartments with double membrane, fusion of autophagosomes and 

lysosomes. The outline of pathway is showed in Fig. 1.8. This can be induced by a 

number of conditions, including oxidative stress, lack of growth factors, nutritional 

starvation, infection [93, 94]. In the previous section (see Apoptosis) mitochondria 

membrane permeabilisation has been pointed out as sign of the toxic effect caused by 

NPs. Similarly, here lysosome dysfunction is the result of membrane disruption caused 
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by trapped nanomaterial. In turn, lysosome membrane permeability (LMP) can induce 

ROS formation and mitochondria outer membrane decay. Depending on LMP 

breakdown degree, it can end up either by oxidative stress and apoptosis or cytoplasm 

acidification and necrosis. The mechanism and possible outcomes of LMP are 

illustrated in Fig. 1.8 and 1.9 [95]. Briefly, if lysosome membrane is not compromised 

much, it is followed by hydrolytic enzymes (e.g. cathepsins) release and consequently, 

mitochondria membrane disruption. More likely, it'll end up by triggering apoptosis. 

Otherwise, if LMP is massive, it can provoke ROS formation and involve mitochondria 

induced apoptosis or, if oxidative stress is abundant, the cell will proceed through 

necrotic pathway. However, autophagy is more pro-survival mechanism rather than cell 

death; observed lethal outcome of autophagy  is artificially induced. The direct role of 

autophagy as “programmed cell death” is questionable. 
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Fig. 1.8 Autophagy mechanism. 1) During autophagy, a double layer membrane, the 

autophagosome, is formed that surrounds proteins and damaged organelles destined for 

degradation. 2) The autophagosome then merges with the lysosome, where hydrolytic 

enzymes in the lysosome dismantle the autophagosome contents. 3) The autophagy 

pathway is interconnected with the endocytosis pathways, with most endosomes 

eventually merging with the lysosome. The image is adapted from Stern et al, 2012 [95] 
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 Figure 1.9 Mechanisms of autophagy and lysosomal dysfunction toxicity. The initiators 

of autophagy and lysosomal dysfunction toxicity, displayed in light blue text in the 

figure, include blockade of vesicle trafficking, lysosomal membrane permeabilization 

(LMP), and autophagy dysregulation. 

Nanoparticles could potentially cause autophagy dysfunction by overloading or directly 

damaging the lysosomal compartment, or altering the cell cytoskeleton, resulting in 

blockade of autophagosome-lysosome fusion. Nanoparticles could also directly affect 

lysosomal stability by inducing lysosomal oxidative stress, alkalization, osmotic 

swelling, or causing detergent-like disruption of the lysosomal membrane itself, 

resulting in LMP. Toxic effectors (lysosomal iron, cytosolic acidification, hydrolytic 

enzymes, reactive oxygen species, and the NLRP3 inflammasome) are displayed in dark 

blue. Conditions resulting from effector-mediated loss of homeostasis (oxidative stress, 

inflammation, ER stress, disrupted mitophagy, accumulation of ubiquitinated protein 

aggregates, and mitochondrial perturbation) are displayed in green. Finally, this loss of 

homeostasis can result in the cell death pathways necrosis, and apoptotic (type I) and 

autophagic (type II) cell death; displayed in red. From Stern et al, 2012 [95] 
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Quantum dots of different chemical composition are reported to induce autophagy in 

various cell types: porcine kidney cells [79], mesenchymal stem cells [80, 96], human 

glioblastoma [97], murine macrophages [98], GFP-LC3/HeLa [99], human cerebral 

endothelial cells [100], mouse renal adenocarcinoma [101]. As particles of similar size 

range were used and autophagy detected in all these cases, the nanotoxicity takes place 

rather than cytotoxicity caused by release of toxic agents.  

Red-emitting (5.1 nm) CdSe and InGaP (3.7 nm) QDs significantly reduced porcine 

renal proximal cell (LLC-PK1) viability at concentration 10 nM after 24-48 hours 

exposure. The morphological changes characteristic for autophagy, such as double-

membraned autophagosomes loaded with cell debris, have been found in TEM images. 

At the same time,  no necrotic nor apoptotic ultrastructures were present [79]. Caspase-

3 activity elevated at low concentrations was significantly shut down at toxic 

concentration values. Based on that, the authors assumed that cell death has not a 

caspase-dependent apoptotic nature. Then, no correlation between oxidative stress and 

metal-induced toxicity has been found. Similarly, cerium oxide (CeO2) NPs induced 

both caspase-independent apoptosis and autophagy in primary human monocytes [102]. 

The autophagy was proved as a cell death pathway not only co-existing, but cross-

talking to apoptosis. Autophagy inhibition is resulted in increased cell survival rate, 

whereas p53 silencing (which regulates both processes) amplified autophagy and did 

not affect apoptosis. Controversially, Luo et al, 2013 [101] showed on mouse renal 

adenocarcinoma cells (RAG) that NAC and 3-MA inhibited ROS formation and 

autophagy, hence increased number of apoptotic cells. They've hypothesized that 

moderate oxidative stress is essential for autophagosome formation, whereas massive 

ROS production drives cells to apoptosis. It contradicts to Stern et al, 2012  [95] who 

postulated that autophagosome/lysosome dysfunction is underlaying factor of oxydative 

stress and depends on LMP degree.  

The variation in nanoparticle size from 3.7 to 60 nm did not affect the cell response  

[79, 97, 102]. Thus, we can assume in case of NPs we're dealing with nanotoxicity 

rather than classical cytotoxicity. One of the main contributing factor, driving cells 

either to apoptosis or necrosis is the particles uptake rate. Indeed, if observed effects are 

not caused by leakage from the NPs core, it is known that the accumulation of trapped 

ubiquinated protein-NP complexes is the reason of autophagosome dysfunction; then, 

after autophogosome-lysosome fusion, the degree of its rupture (and further cell 

response and fate) depends on protein-NP content. In fact, cells do not ingest NPs 
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equally, thus it's the reason of realising of 2 different death mechanisms at the same 

time in the same cell population. 

Bigger species, like graphene oxide sheets (350 nm – 2.4 um effective hydrodynamic 

radius, 1-2 nm thickness), do induce autophagy in murine macrophages and immune 

responses similar to bacterial intrusion through TLR4 and TLR9 [98]. However, cell 

number did not decrease even after 24 hours of exposure to the material, mainly due to 

species dimensions not favourable for uptake. 

 

	  Necrosis 
While apoptosis is a programmed tightly controlled on all stages process, necrosis is 

violent cell death. It affects a group of contiguous cells and caused by external agents 

followed by severe inflammation. The hallmarks of necrosis are disintegrated cell 

membrane, random DNA damage, organelles swelling and perforation, cell lysis and 

phagocytosis by macrophages.  

Necrosis is a passive process required direct intervention into cell cycle, like infection 

or toxic chemicals. For example, it can be the dissolution of exposed agents. Large 

calcium phosphate (CaP) NPs (300 nm diameter) were found to cause necrosis in 

HepG2 cells via lysosome rupture and release of hydrolytic enzymes, such as cathepsin 

B and D  [103]. However, particles did not disturb lysosome integrity in hypertonic 

solution (145-325 mM NaCl). The lysosome disfunction was induced by an osmotic 

pressure disbalance. The excess of free cytosolic Ca2+ originates from CaP NPs 

dissolution. Thus, hypertonic conditions restore osmosis and keep intracellular calcium 

low. 

In the case of shielded QDs, the necrotic pathway is more related to functional layer 

toxicity factor than to core itself. The role of ligands length/charge and QD diameter on 

cell viability and proliferation was investigated by Nagy et al, 2012 [104]  and 

summurized in Table 1.3. Briefly, the surface charge is the most influencing parameter 

for QD biocompatibility, carrying positive charge particles are extremely harsh on the 

cells. After the charge, the length of the ligands significantly shifts number of viable 

cells. In my opinion, “ligand length” correlates with hydrodynamic radius, as it adds the 

thickness to QD core. 
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Table 1.3 QDs cytotoxicity is dependent on particles size, surface charge and ligand 

length 

 long ligands short ligands 

 MUA-QDs AUT-QDs MPA-QDs CYST-QDs 

cell 

response 

3 

nm 

5 

nm 

10 

nm 

3 

nm 

5 

nm 

10 

nm 

3 

nm 

5 

nm 

10 

nm 

3 

nm 

5 

nm 

10 nm 

necrosis +++ + 0 ++ +++ ++ 0 0 0 0 + + 

apoptosi

s 

+ ++ + + 0 0 0  0 0 + 0 

proliferat

ion 

-  -  - -  -  - 0 -  -  - -  -  - -  -  - 0 - - -  - + + 

ROS +++ +++ + ++ + ++ 0 +++ 0 + 0 0 

MUA - mercaptoundecanoic acid 

MPA -  mercaptopropanoic acid 

AUT - amino undecanethiol 

CYST – cysteamine  

The number of + corresponds to the number of concentrations that resulted a 

significant increase in response. The number of - corresponds to the number of 

concentrations that resulted in a significant decrease in response. The fields marked 

with 0 indicate that none of the concentrations tested resulted in a significant increase 

or decrease in response. Taken from Nagy et al, 2012 [104]. 

 

The interplay of pro-survival and lethal mechanism realised in cells in response to 

intruders.  Necrosis is a secondary mortal route which can be triggered as last instance 

of QDs exposure. In a number of studies, a necrotic subset of cells is found to co-exist 

with apoptotic. Apoptosis and necrosis are not fully independent, but cross-connected 

processes. For example, caspase-8 serves as initiator in apoptosis and suppressor in 

necrosis. Or, NAC, can rescue cells from both mechanisms co-existing at the same cell 

population, as observed in HEK293 cells (human embryonic kidney) exposed to yttrium 

oxide NPs [105]. Apparently, it happens due to the ROS scavenge effect triggered by 

anti-oxidants. The phenomenon of such differentiation remains unclear; perhaps the 

reason lies in NP uptake difference by individual cells which results in non-equal ROS 
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production hence different death mechanism. One could suggest that the processes take 

place consequently. For example, a cell goes first through apoptotic cycle, when it has 

reached late stage it can be cleaved by necrosis. However, it is not feasible assumption, 

as oxidative stress is trigger for both, and same caspase-8 can either promote apoptosis 

and suppress necrosis. Thus the cell is facing a choice on early stage, as both routes 

can't be triggered by the same mediator. To consider a caspase-independent apoptosis 

(what is quite questionable, as each caspase inactivity requires a proof), then the above 

scheme can be executed, but it suggests less controllable scenario. A useful experiment 

could be done to unveil the reason – if NP treated cells were PI/Annexin V stained and 

sorted on FACS and then ROS level measured for four categories of cell subsets: live, 

early apoptotic, late apoptotic and necrotic. In this case, the ROS expression would give 

answer wether oxidative stress defines the appropriate death mechanism or not. 

Another recent study on a necrotic pathway used murine macrophage model 

(RAW264.7 and J774A.1 cell lines). It has revealed TLR4 mediated route trigger is 

caused by the treatment with carbon oxide derived engineered nanomaterials [106]. The 

involvement of pro-inflammatory machinery is a typical response of immune cells to 

intruders; TLR4 activation is associated with a defense against LPS. When TLR 

signaling was blocked, the number of dead cells has significantly dropped. It should be 

noticed, that graphene oxide nano-scaled derivatives predominantly cause necrosis, 

whereas the apoptotic subset was very small (<5%). Taking in consideration cases 

above, the same result (apoptosis/necrosis induction) varies depending on cell type. 

1.3.4 Cytotoxicity of QD bio-conjugates 
As it was mentioned above, QD is prominent candidate for molecular fluorophores 

alternate (see 1.1.2 Optical properties section for detailed comparison). Quantum Dots 

have been used as fluoresence reporter in molecular beacons [107-109], antibodies 

[110-113], anti-cancer drugs [11, 114-117], proteins [118, 119], peptides [120], 

biomolecules [121]. On another hand, toxic effects of QDs have been examined in 

numerous studies. However, only few works have considered and reported hybrid 

probes cytotoxicity.  

All described tests can be divided into two groups: acute and chronic exposure. Acute 

exposure is usually less than 4 hours [117, 121-123], whereas chronic introduction is 

from 24 to 96 hours [124-127]. In most cases, cell viability is greater than 80% [128, 

129]. The majority of conjugates are designed for bio-imaging and live cell targeting, 
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thus low toxicity is required [130, 131]. However, some constructs are aimed to target 

and destroy cancer cells, thus QDs were engrafted with  peptides and drugs [114, 124]. 

It should be noted, that comparison is quite difficult due to various units used to express 

conjugates concentration – ng/ml, ug/ml, nM, percents. 

Interestingly, there’re many examples when conjugates have better biocompatibility 

compared to QDs. This is due to obvious fact, that functional molecules (such as 

hyaluronic acid, coenzyme Q, thymidine kinase, lactose) provide extra layer of capping 

and increase hydrodynamic size [121, 126, 127, 130]. Also attachment of specific 

molecules requires receptor recognition, that enables selective targeting according to 

markers affinity to the cells [122, 124]. 

1.4 Immune responses caused by nanoparticles 
 
Unique properties of nanoparticles have been discovered in the late eighties of the last 

century, but the peak of their vast production and application started in mid nineties. 

Their exceptional characteristics are as a result of the combination of complicated 

surface chemistry, small size, chemical composition, shape, affinity to water, organic 

solvents and the behavior in colloidal systems. In last two decades nanomaterials have 

been widely used in catalysis, solar cells, cosmetics, sunscreens, paints, medical and 

electronic devices. However the safety question of manufactured NPs remains open. 

Due to fact of humans introduction to them mainly through the airway, contact with 

skin and mucosal surfaces,  nanotoxicology has become the major concern.  

Being the first gates in innate immune response chain, macrophages play important role 

in inflammation initiating, development and fate. Broad repertoire of subsets provides 

steady defense against invading foreign entities. The primary reaction of macrophages 

is the trapping of entering species recognized as non-self bodies; further in depend on 

stimuli nature, number of immune cascades can be triggered, likewise up-regulated 

expression of pro-inflammatory interleukins (IL-1, IL-6), tumor necrosis factor alpha 

(TNF-α), reactive oxygen species, cyclooxygenases (COX). Beyond that, some nano 

and fine particles are able to quench aforementioned responses which leads eventually 

to failure of macrophage functions.  
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1.4.1 Carbon black (CB) nanoparticles 
 

Carbon black consists of elemental carbon in the form of combustion-derived colloid or 

a suspension produced by partial thermal decomposition particles, either in gaseous or 

liquid phase. Physically it is an extremely fluffy powder with a large surface area, 

consisting of aggregates of three particle fractions: nano-scaled, ultrafine and fine. It has 

been reported to be an industrial air pollutant causing  allergic airway diseases [132, 

133] and as potential cancerogen in mice and human models. In the meantime it should 

be taken into consideration that mainly high toxicity of CB is caused by various 

aromatic by-product compounds attached to a particles’ surface.   

The in vitro  study showed the induction of ROS generation, NF-kB activation and 

enhancing of cyclooxygenase-2 (COX-2), TNF-α and IL-6 production [134]. The model 

used in the experiments is murine monocyte-macrophage cell line RAW264.7. 

Nano-sized CB particles (CBNPs) appear either as single or multi wall tubes, with 

diameter ranged from 20 to 200 nm. Applied along with OVA as allergy booster, 

CBNPs were shown to trigger an inflammation in lungs in vivo. It was accompanied by 

high release of IgE, which led to an increase in number of eosinophils and induction of 

Th2 cytokine production (IL-5, IL-10); this took place after 21 days of exposure [133]. 

In earlier study mice were exposed to multi-walled NPs by inhalation during 7 and 14 

days. A significant increase in IL-10 expression was indicated only after 14 days of 

treatment where no signs of sufficient inflammation were detected, but IL-6 level was 

not elevated. High rate of uptake by the lung macrophages and escalated pathological 

alterations in histology have been shown [135].  

CBNPs can affect lung macrophages either directly or indirectly. Type II rat alveolar 

epithelial cells (L-2) are known by their ability to mediate macrophage migration 

through the expression of chemoattractant molecules like as MCP-1, IL-8, TNF-α [136-

138]. Due to the high surface-to-volume ratio, CBNPs and TiO2 NPs induced lactate 

dehydrogenase (LDH) release in L-2 cells line. However, only exposure to carbon 

particles resulted in chemotaxins up-regulation and macrophages recruitment to the 

stimulated site [139]. TiO2 particles, as well as fine CB particles were proved as inert. 

Particle shape also contribute to the cell-nanoparticle interaction. CB aggregates 

consisting of straight tubes tend to avoid phagocytosis and stimulate oxidative stress. 

This may lead to chronic inflammation;  in contrast, nanofibers can not promote release 

of peroxide  nor TNF-α. After all it does not mean that tangled structures are fully 
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harmless. Short-term in vitro experiments revealed the ability of tangled CBNPs to 

inhibit activation and phagocytosis of E. coli by THP-1 cells [140].  

Overall carbon black species may cause pathological alterations in lung tissue to be one 

of reasons of cancer, but it can develop without acute inflammation. The residue of 

impurities on the particles surface, size, aggregation, primary type of graphene structure 

and shape of aggregates contribute to complexity and variability of interaction with 

macrophages.   
 

1.4.2 Silica nanoparticles 
 

Fluorescent-tagged silica NPs have been proposed as a beneficial tool for bio-imaging, 

cells labeling [141-143], drug carriers for the controlled release and bio-sensing [144]. 

This interest is based on the assumption that they don't contain any toxic ions in the core 

(no Cd, Te, Se, As). Silica NPs are potentially inert and don't require any surface 

passivation. Nevertheless it should be admitted that the lack of negative influence on 

cells viability does not guarantee absence of immune reactions which required longer 

time to be triggered  rather than necrosis.  

The main trend in Si NPs uptake and inflammatory potential increase withing decrease 

in particle size and concentration [145, 146]. Indeed, there is nothing unusual in the fact 

that particles with greater surface and bigger number of reactive atoms have high 

reactivity. It leads to leak of aggressive radicals into cell cytoplasm and trigger 

inflammation as defense mechanism. Apparently that smaller particles are ingested 

quick and in high rate. Further was demonstrated the necessity in capping Si NPs by 

neutral or negatively charged (amino-terminated) surface layer to prevent their 

penetration in nuclei and reduce cells damage [146, 147]. 

Interestingly enough, studies of immune reactions in macrophages consider only over-

expression of cytokines (IL-1, IL-6, TNF-α) and ROS (NO, peroxidase) but they don't 

give any comments when these parameters are notably lower than in untreated cells 

[145, 146, 148]. This is the  most intriguing part – certain exposure time and particle 

characteristics (composition, surface chemistry, size, concentration) suppress the 

inflammation whilst it is supposed to be enhanced. Why does it happen? Does it mean 

that macrophages lost their protective ability? How does it affect further fate of particles 

and other immune cascades? All these questions still remain open.  
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1.4.3 TiO2 nanoparticles 
 
The risk of casual exposure to CB, carbon nanotubes or nanowires, CdTe, CdSe, Si and 

other toxic NPs is very low. However, every day we consume TiO2 containing goods. 

This is widely used type of nanoparticles. The broad implementation of this material is 

started from white pigment for paints. It is a good alternate to antimony- or lead-

containing compounds used before for a long time before they appeared to be toxic. By 

now TiO2  is a common filler used in food and cosmetic industry. Thus the questions of 

safety, stability under physiological conditions and final fate of TiO2 NPs in biological 

systems are under intensive research. 

An in vivo study for single intratracheal instillation showed drastic enhancement of 

multiple inflammation parameters, such as IL-1, 4, 5, 6, 10, 12, TNF-alpha and IFN-

gamma [149]. The responses were acquired at 1, 7 and 14 days post-instillation. Acute 

production of inflammatory cytokines in bronchalveolar lavage (BAL) fluid and blood 

was observed at day 1 in 20 mg/kg treated group. The extremely high expression level 

of a number of cytokines, such as IL-6, IL-10, IFN-γ,IL-2 and IL-4. These cytokines 

stimulate T-helper type 1 (Th1) cell proliferation, which triggers anti-bacterial defence 

mechanism. It was observed up-regulated expression of genes which are responsible for 

inflammation and induction of chemotaxis of immune cells. Also has been detected the 

formation of granuloma in the lungs, intensive secretion of macrophage inflammatory 

protein-2 (MIP-2) and monocyte chemoattractant protein-1 (MCP-1) at day 1 and 14, 

respectively. This is the clear evidence that acute inflammation is gone to chronic form. 

The sufficient increase in IgE level in BAL fluid and blood is sufficient evidence of 

allergy sensitization. Earlier study explored the effects of inhaled NPs. Was observed 

up-regulation in some chemokines expression (CXCL1, CXCL5 and CCL3), which 

resulted in alveolar epithelial cells damage and apoptosis. Emphysema injury 

accompanied by activated macrophages infiltration was also found [150].  

 Small (2-5 nm) titanium dioxide NPs were administrated through inhalation [151]. 

Mice were exposed acutely (once for 4 hours) and chronically (4 hours/day during 10 

days) to TiO2 containing aerosol. Acutely treated mice did not show any significant 

inflammation in the lungs and BAL fluid. The animals, which were chronically exposed 

to nanoparticles for 1 and 2 weeks, had a slight increase in IFN-γ, IL-6 and IL-1β 

concentration in BAL fluid. After 3 weeks of exposure mice recovered and the 
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chemokines expression has returned to normal values. 
 

1.4.4 Silver and Gold nanoparticles (Ag and Au NPs) 
 
Gold nanoparticles have been widely investigated due to their strong absorption and 

scattering properties, high biocompatibility and convenient surface chemistry. The 

surface of gold NPs can be decorated with proteins, antibodies, drugs, nucleotides, 

organic dyes and surface markers. It is possible because of high affinity of Au NPs to 

amine and thiol groups. These ligands form clusters, which in turn compose a protective 

shell around the particle. Lack of toxic ions, excellent size-tunable optical properties 

and ease in functionalizing made Au NPs an effective tool in a number of bio-medical 

applications. This includes cancer therapy [152], drug cargos and controllable release 

systems, carriers for precise bio-targeting, cells tracking and bio-sensing [153]. 

Antibacterial and antifungal properties of silver NPs make them a convenient 

biomaterial for wound dressing, contraceptive devices, surgical instruments and  masks, 

bone cement and prostheses. Silver nanoparticles are also applied as coating material for 

household and industrial appliances. Bactericidal activity of Ag NPs strongly depends 

on their shape rather than size, as it was shown in study with E. Coli [154]. 

Similar to silica, spherically shaped Ag and Au nanoparticles cause up-regulation of 

pro-inflammatory cytokines (IL-1, IL-6, TNF-α) at short-term treatment (3-6 h) and 

arrest their production at long-term exposure (24 hours and more). The difference 

between gold and silver NPs is in ability to induce immune responses. Gold NPs  

elevated the expression level of pro-inflammatory genes in size-dependent manner in 

murine alveolar macrophages J774 A1 [148]. Human monocyte cell line THP-1 

demonstrated similar response; treatment with high concentration of the particles 

resulted in over-expression of IL-6, IL-10 and TNF-α. 

 The antimicrobial activity of Ag NPs has been compared to  commercial antibiotics. 

This is tested on a number of common bacterial strains (E. coli, P. aeroginosa, E. 

faecalis, S. aureus, S. maltophilia and C. jejuni). The results revealed that Ag NPs are 

more effective than any tested antibiotics  [155]. 

RAW264.7 murine macrophage cell line was used to examine immune reactions in 

response to the different NPs [134]. It was found that most types of NPs increased 

intracellular ROS content, but in the same way (2.2-3.8 ± 1 folds higher than in control 
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cultures). Only gold particles have down-regulated oxidative stress. The treatment with 

lipopolysaccharide (LPS) caused more strong ROS production (5.8±1.25 folds). Silver 

and aluminium  NPs activated NF-kB signaling pathway; this mechanism is responsible 

for cells survival. Also they increases expression of  cyclooxygenase-2 (COX-2), IL-6 

and TNF-α. These inflammatory cytokines were up-regulated only after long-term co-

incubation with the cells (48 hours). At the same time, gold NPs did not affect profile of 

these cytokines. .  

Unlike a murine model, rat alveolar macrophages did not show any sensitivity towards 

Ag NPs. The particle size ranged from 15 to 55 nm [156]. Surprisingly IL-6  expression 

level has not changed at acquired time points (6 and 48 hours). 

 

1.4.5 Iron-containing nanoparticles (Fe NPs) 
 

Magnetic resonance imaging (MRI) is convenient technique for non-invasive soft tissue 

imaging without usage of radioactive isotopes or X-rays. Nevertheless MRI suffers 

from low sensitivity and hence gives poor resolution results for minor tissue alterations. 

Paramagnetic particles seem to increase contrast and therefore the sensitivity. The rare-

earth elements family (are also called lanthanides, the row in the Periodic Table La-Yb 

including scandium and ytterbium)  are known for excellent magnetic properties of their 

derivatives. That’s why gadolinium (Gd) compounds were one of the first explored as 

contrast agents. The efficiency of Gd-containing complexes still remains relatively low, 

have short circulation time and may leak toxic gadolinium ions. Thus a search of more 

effective alternates is of high priority. Iron oxide materials are eligible candidates due to 

the set of paramagnetic characteristics combined with good stability in biological 

systems [157, 158]. 

 The ex vivo model was used in the study. Primary peritoneal macrophages were 

harvested from mice and exposed to iron-containing particles. The iron oxide NPs  

induced pro-inflammatory response in a dose-dependent manner [159]. Cell viability 

was not affected, only relatively high concentrations (>100 ug/ml) promoted cytokines 

(TNF-α, IL-1β) and NO secretion, but less significant than LPS. Chemotaxis was 

reduced by the arrested expression of CX3CL1 chemokine. The earlier research with the 

same mice strand (C57BL/6) did not reveal any inflammatory effect [160]. The murine 

macrophages demonstrated increase in IL-10, while no deviation has been observed in 
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the rat model.  

Human Monocyte-Macrophages (HMMs) were examined in vitro for their susceptibility 

to Fe2O3 NPs [161]. Cells remain indifferent to stimulation with iron NPs, none of 

examined cytokines (IL-12, IL-6, IL-1β, TNF-α) was elicited. In addition, loading cells 

with NPs did not affect their ability to be activated by LPS. As in the case with the 

murine model, chemotaxis in HMMs was arrested too. The oxidative stress wasn’t 

induced. 

 

 1.4.6 Cerium oxide nanoparticles  
 

Most of the above discussed particles were considered as potential reasons of the 

inflammation caused by foreign bodies. In contrast, cerium oxide nanoparticles have 

been proposed as potential NO scavengers. This feature could be implicated in 

treatment of chronic inflammation. Cerium oxide particles have oxygen defects at the 

surface. This kind of the surface defects is typical for this compound because of 

irregularities in lattice. Thus it creates traps for  oxygen-derivated radicals. The ability 

of nanoceria to decrease NO production in the J774 A.1 murine macrophage cells line 

followed by stimulation with LPS and IFN-γ [162]. In addition, was confirmed 

reduction in iNOS expression - the gene is known as being responsible to trigger NO 

production.  An in vivo test did not demonstrate any significant difference between 

control group and mice received high dose intravenously. The traces of granulated 

nanoceria were found in blood vessels tissues, liver hepatocytes and renal tubular 

epithelia cells in high-dose long-term exposed mice. All others main organs – lungs, 

brain, pancreas, liver, kidneys, spleen – did not show any evidences of pathological 

alterations. 

 

1.4.7 Conclusion 
 

Discovery of unique possibilities brought by nano-scaled particles of well-known bulk 

materials (such as silica, carbon, titanium dioxide and etc) caused a vigorous boost in 

technology and changed our views on existing matters. Engineered nanoparticles made 

an essential impact in the majority of biological and medical applications, but  the issue 
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arose with potential risks of their exposure to humans. Due to the complex nature and 

sophisticated organization of immunity, various responses to NPs might be revealed on 

different levels of the immune system over long period of post-treatment times. 

Macrophages are the first line in an innate immune defense; their  inherent function is 

the physical isolation of foreign bodies by ingestion and destruction. If for some reason 

the ingested species can not be neutralized by macrophages, inflammation has to be 

initiated. The signaling cascades of presence of potentially dangerous entities are 

propagated and activate next level of protective mechanism. The nanoparticles can not 

be destroyed easily by cells due to their engineered nature. That’s why they cause 

promotion of inflammatory reactions and activate macrophages. But at some point NPs 

start to quench pro-inflammatory cytokines and surface markers expression. Currently, 

there is no clear answer regarding the nature of this phenomenon. This section has 

sought to show general trends in interaction between various types of macrophage cells 

and nanoparticles.  

 

 

1.5 Ternary Quantum Dots 

1.5.1 Benefits and prospective 
To facilitate deep tissue penetration required for effective in vivo bio-imaging, QDs 

should have an emission peak in near infra-red (NIR) spectrum. One of the most 

striking opportunities can be achieved by implementing NIR QDs is optically guided 

surgery. The clinical translation of widely investigated QD imaging technique is 

hampered because of toxic components of the nanoparticles (Cd, Te, Se, Pb, Hg). The 

convenient Cd-based QDs are also limited in the quantum yield and fluorescence 

intensity in NIR region. Thus alternative materials should be explored to overcome this 

issue.  

The choice has fallen at I-III-VI2, V-VI-VII or III-V semiconductor classes. The 

principal difference lies in chemical bonds of the core [163]. Unlike II-VI crystals 

which have ionic bonds, III-V compounds are described by robust covalent bonds, what 

makes the NPs less toxic. Ternary semiconductors have band gap width similar to 

binary II-VI (1.45-1.8 eV), their luminescence ranges from visible to the near infra-red 

(650-900 nm) spectrum [164-167]. Small lattice mismatch value (<2%) allows epitaxial 

growth of thick ZnS shell which significantly strengthens particles stability under 
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physiological media conditions [164]. However, similar to II-VI NPs at the early stage 

of research, synthesis and stabilization of ternary QDs requires intensive improvement. 

To date, hot injection in organic solvents remains as the most popular synthetic route. 

 

1.5.2 Antimony sulpho-iodide 
Antimony sulpho-iodide (SbSI) is widely studied as it has many unique properties 

including semiconducting, ferroelectric [168-171], photoconductivity [169, 170], 

piezoelectric, pyroelectric and pyro-optic [169]. Its ferroelectric properties change when 

it is optically excited as its adsorption edge is in the near infra-red region, so SbSI is 

said to be photoferroelectric. SbSI has the highest Curie temperature (TC) of any of the 

V-VI-VII class of ternary materials is approximately 21°C	  [168,	  170,	  172]; the highest 

dielectric constant along the polar axis of 5x104  and also the highest known refractive 

index (n) of any material of 4.5 along the c-axis [170, 173]. This refractive index adds 

to the importance of SbSI in the development of electro-optic devices, although this is 

dependent on large defect-free crystals becoming readily available. SbSI has a band gap 

of 2.12 eV, which shows abnormally high temperature coefficients [171]. It is also a p-

type semiconductor [174]. These properties of SbSI  make this material very promising 

for applications in displays and solar cells. SbSI is also a promising candidate for use as 

infrared detectors in thermal imaging [168]. The small size particles of SbSI are can 

also find important applications for future developments of nanoscale electronic and 

optical devices [175].   

Antimony trisulfide (Sb2S3) is a very important intermediate as its formation is a key 

step in the preparation of SbSI. Sb2S3 possess good photovoltaic properties and has high 

thermal electric power, as a result it has been applied for use in television cameras, 

electronic and optoelectronic devices and also in infrared (IR) spectroscopy [176]. Sb2S3 

lattice is orthorhombic, there are four molecules per unit cell, it has a crystal structure 

Pnam [177]. SbSI is also orthorhombic but differs in an axis of symmetry and has a 

different lattice type (Pnma). 

The era of fluorescent nanoparticles, so-called Quantum Dots (QDs) has started from 

exploration of size-tunable luminescent properties of II-VI class semiconductors on 

nanoscale level. QDs have gained lots of attention as prominent bio-imaging agents. 

The gross advantage of QDs versus organic dye is the set of unique properties [38]. 

They demonstrate bright size-dependent photoluminescence, broad absorption, large 
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Stokes shift, high quantum yield and long life-time. Numerous studies have revealed 

large potential of QD in vitro and in vivo applications, however, their use in humans is 

hampered due to presence of toxic components (Cd, Se, Te) in the core. Moreover, QD 

fluorescence is limited in near infra-red region eligible for non-invasive clinical bio-

imaging. Recently, ternary semiconductors have been pronounced as non-toxic 

candidates for NIR emitting quantum dots.  A few papers reported successful synthesis 

and in vivo application of water-soluble NIR nanoparticles made of CuInS2 [164, 178-

180].  

Various techniques have been developed to produce and texture SbSI in its different 

modifications. Flash and beam evaporation methods were first reported for thin film 

manufacturing [181-183].  Hydrothermal synthesis, sonication in ethanol, vapor 

transport reaction, refluxing were approached by number of groups for SbSI and its 

derivatives [169-171, 175, 176, 184-186]. Unless all gained features all mentioned 

methods suffer either from long reaction time, high temperature/pressure, low product 

yield, small synthesis scale. Simple and elegant water-based synthesis route has been 

described by I. Rybina in 1998 [187]. It allows to produce pure crystal SbSI from easy 

available precursors in large scale at room temperature. The only downside of this 

technique is the poor control of reaction kinetic and thus crystal size/shape.   

The main goal of our work was to develop and optimise the synthesis of SbSI micro- 

and nanocrystals,investigate their optical properties and perform in vitro biological 

testing. In current study we also explored influence of physical and chemical parameters 

(temperature, solvent, ionic strength, pH) as well as presence of surfactants on synthesis 

kinetic, crystal formation and particles dimensions. The reaction is found to be 

extremely sensitive  to pH and solution ionic strength. Treatment with ultrasound helps 

to improve final product purity and crystallinity. Crystal shape has been drastically 

changed upon adding surfactants. The cytotoxicity of as-prepared material also has been 

tested.  

1.6 Methods of  QD quantification 
Upon exposure to biological media conditions, NPs undergo number of consecutive 

alterations, mainly resulting in particles degradation. In many cases, NPs before and 

after adding into bio-systems are not the same species. That's why NP quantification in 

biological models is a very challenging task. The importance of correct intracellular QD 

content can not be highlighted enough, as their biomedical applications strictly demand 
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easy, fast and accurate data interpretation.   

 

1.6.1 Light microscopy 
All quantification methods can be divided into two groups: sample preserving and 

sample digesting. Various microscopy techniques (light, fluorescent, confocal, electron) 

are aimed to preserve the cell integrity and acquire NPs within the cell boundaries. It 

also allows precise detection of NPs co-localisation with the specific organelles. 

However, fluorescent microscopy is not able to distinguish whether particles are 

adhered to the surface or inside the cell. A second downside is the lack of accuracy, as it 

based relative signal intensity, hence doesn't specify how many particles per cell. The 

discovery of super-resolution microscopy has decreased the detection limit to as little as 

50 nm. Stimulated emission depletion (STED), stochastic optical reconstruction,  

photoactivated localisation microscopy are the new approaches enabled visualisation of 

individual nanoparticles of corresponding size [188-190]. For example, STED has been 

used to distinguish and quantify 25 nm and 85 nm silica nanoparticles internalized by 

A549 epithelial cell line [191]. Fig. 1.10 shows confocal versus STED images of 40 nm 

beads (from Willig et al, 2006 [190]). 

 

Fig. 1.10 The advantage of STED over confocal microscopy. (a) confocal microscopy 

image (b) STED image of 40 nm bare beads. Scale bar is 500 nm. 

 

1.6.2 Flow cytometry 
Flow cytometry doesn't require cell lysis in a prior assay; it also suggest to sort the cells 

according to their physical parameters (size, granulation). Similarly to light microscopy, 

it only measures relative fluorescence intensity per cell. Calibration of the signal is the 
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most significant issue of the method. Flow cytometry is convenient approach for semi-

quantitative nanoparticles assay and can be used along with biological markers. Thus, it 

can be applied to simultaneously to measure the uptake along with cellular responses. 

Moreover, fluorescence activated cell sorting can be used to select and sort cells 

containing QDs for further culture and experiments.  

 

1.6.3 Electron microscopy 
Transmission Electron Microscopy provides exceptional resolution in visualising 

nanoparticles inside the cells. The biggest disadvantage of the method is time 

consuming sample preparation which require a large number of cells. Also the process 

involves highly toxic osmium tetraoxide as contrast increasing agent. In most cases cell 

sectioning is not consistent – it often does not go through the middle, thus some results 

might be false and contain no nanoparticles. It can be overcome by using automated 

systems which can consistently cut and image each section to make 3D reconstruction 

of the entire cell [192]. Only thin sections of biological samples (less than 300 nm 

thickness) can be examined. Imaging of thicker sections require higher beam voltage 

what results in fragile samples melting.  

 

1.6.4 Mass spectrometry 
The family of methods based on mass spectroscopy employs cell digestion prior to 

quantifying QDs. These techniques have a very low elemental detection limit which 

results in an accurate mass, and, consequently, number of QDs, evaluation. At the same 

time, it's not possible to say how many QDs are in the individual cell, only estimated 

average value is obtained.   

To date, inductively coupled plasma (ICP) mass spectorometry (ICP-MS) and atomic 

emission microscopy (ICP-AES) are the absolute standard for precise nanoparticle 

quantification inside the cells [193, 194]. This technique (ICP) is based on high 

temperature electromagnetically induced argon plasma (6000-10000K), which is 

sufficient to break down most bonds. ICP-AES recognises and resolves elemental 

content by its electromagnetic emission spectra indicated from atom excitation by 

plasma. In ICP-MS samples are atomized and ionized by induced argon plasma and 

mass-to-charge ratio are analysed by mass spectrometer. Both techniques require cells 



 
 

46 

in single cell suspension, with live cells pre-sorted if desired.  

However, in biomedical application, intracellular QD content should be quantified as 

number of nanoparticles per cell. Desirably it should reflect population behavior upon 

exposure to nanomaterial. Both techniques are capable to provide information of general 

QD amount in the probe, as it requires sample full dissolution. Yet it can't analyse QDs 

in individual cells. 

 

1.6.5 Mass cytometry 
Mass cytometry is a novel method combining the advantages of flow cytometry and 

inductively plasma generated mass spectrometry (ICP-MS). Instead of convenient 

molecular fluorochromes, it explores how stable isotopes can be used to tag the cells 

and takes readings with mass spectrometer. Isotopes are easy to resolve from each other 

as they have unique masses what can be reflected in ICP-MS spectra (Fig. 1.11 from 

Tanner et al, 2013 [195]). Each isotope has its own unique spectrum. There is no 

overlap during the measurements. Unlike convenient molecular dyes, which suffer from 

fluorescence spillover and require careful compensation; it significantly restricts 

number of colors can be used in assay. 

 

Fig. 1.11 Mass spectrum of 30 enriched stable isotopes of the lanthanides, recorded for 

solution analysis at concentrations of approximately 20 ng/L (20 parts per trillion) for 

each isotope 

 

Isotope conjugated antibodies have the same binding affinity as fluorophore tagged. 

Better resolution of isotopes offers multi-parameter assays regardless the marker 

expression (fair, abundant, negative). As example, it has been shown opportunity of 
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PBMCs analysis with simultaneous screening of 20 markers (Fig. 1.12 from Tanner et 

al, 2013 [195]). This opens new horizons in more confident diagnostics based on precise 

phenotyping.  

 

Fig. 1.12 Computer screen shot during mass cytometric analysis of adult PBMC. These 

cells were probed with antibodies against 27 surface antigens. Each antibody was 

labeled with a different stable isotope (given in the table at the top of the figure: the 

antigen is indicated, such as CD2, followed by the isotope used to tag the 

corresponding antibody, 175Lu). In addition, cellular DNA was labeled with an Ir-

intercalator (used as a trigger for cell recognition). 

 

1.7 Conclusion 
This chapter gives an overview of quantum dots nature, properties, prospectives and 

current issues. One of the main challenges is lack of the instrumental methods suitable 

for precise quantification of nanoparticles on a single cell level, which would be able to 

deal with large cell populations. Numerous studies have showed toxic effects of 

engineered nanoparticles. The several strategies were developed to improve NPs 

biocompatibility. It is still little known about chemical and biological mechanisms of a 

cell-nanoparticle interactions. This review provides the state-of-art of nanotoxicity 

initiation, development and outcome to both cell and nanoparticle. 
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Objectives 
The aim of presented work is to develop a reliable and simple multi-parameter method, 

which will allow to evaluate intracellular QD content and its effect on cell function. 

Flow cytometry was chosen for its quick sample preparation and processing, as well as 

opportunity to use multiple fluorescent channels in a single assay. This enables staining 

the cells with various biomarkers after cell exposure to the fluorescent nanoparticles. 

Also flow cytometry has an attractive function of subset sorting according to their 

fluorescence intensity. All together, it makes this technique a prominent candidate for 

express analysis of QD internalizing by live cells. 

To summarize existing experimental results on QD cytotoxicity, we have built up a 

mathematical approach. It helps to predict the uptake kinetics and dynamics prior to an 

experiment. To date, it accumulated lots of experimental data of engineered material 

toxicity, but very few theoretical models. To fulfill it, we attempt to formulate a 

mathematical model which would let us to analyse cell fate depending on amount of 

ingested QDs.  

In a number of studies, CdTe/CdSe quantum dots have been shown as potent inducers 

of oxidative stress, and, as result, cell death. It is believed, that leakage of toxic Cd2+ is 

the main reason of toxicity. To address this issue, we investigated properties ternary 

semiconductor SbSI, which doesn’t contain heavy metals. We used different surfactants 

to control crystal formation and growth to obtain well-separated sub-microsized 

needles. As-prepared crystalline phases were tested on RAW264.7 monocytes for their 

biocompatibility.   
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2.1 Chemical methods 
This section describes all chemical techniques which were used to synthesize and 

characterize CdTe and SbSI nano-scaled crystals. The initial set up, synthesis route, 

fractions separation and purification are fully described. As-prepared particles are 

characterised by UV-vis absorption, photoluminescence and electron microscopy. 

2.1.1 Quantum Dots synthesis 

Materials 
Cadmium perchloride (CdClO4) or cadmium chloride (CdCl2) were taken as cadmium 

sources; aluminum telluride (Al2Te3) was taken as tellurium source. Sulfuric acid 

(H2SO4), thioglycolic acid TGA was used as stabilizer), sodium hydroxide (NaOH), 

gelatin and Millipore water were used as precursors in all synthesis. Propanol-2 

(isopropanol) was used for final particles precipitation; Sephadex G 25 was used for 

size-exclusive, post-synthetic, purification. All listed chemicals were purchased from 

Sigma Aldrich, except Al2Te3. It was purchased from Cerac Inc. An Argon supply 

Schlenk line was used to purge the air, exhausting fume hood, 3-necked round bottom 

flasks, heating/stirring system, reflux setup, evaporator apparatus, pH-meter, balance, 

centrifuge, gel chromatography column, disposal polysterene cuvettes, 50 ml tubes, 

syringes, pipette tips and glass vials were used during the whole synthesis, purification 

and characterisation process. All precursors and consumables were kindly provided by 

Y. Gounko (Trinity College Dublin). 

 

Method 
CdTe quantum dots were synthesized according to previously published procedure [25]. 

Briefly,  aluminum telluride was constantly stored under vacuum in order to avoid any 

oxidation. The required amount of Al2Te3 (approx. 0.5 g per each synthesis) was 

weighted and rapidly transferred into 3-necked flask under argon gas flow. Other 

precursors were measured according to the working molar ratio of 1:0.25:1.4 

(CdCl2:Al2Te3:TGA). The weighed Cd-containing salt (CdCl2 in that particular case; 

however, CdClO4 can be used as well) was dissolved in Millipore water under stirring.  

 A full synthesis setup is shown in Fig.2.1. Sulfuric acid was added in flask dropwise  

with Al2Te3; the resulted gas (H2Te) was passed through a 3-necked round bottom flask 

(supplied with reflux and vigorous stirring) with CdCl2 solution in 150 ml of Millipore 
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water. Then, TGA was poured to the reacting system; the clear solution became cloudy 

shortly afterwards. Two molar sodium hydroxide  solution (NaOH) was added until 

initial transparent state of reaction mixture and  pH adjusted to 11 (working value). 

Continuous heating and stirring was applied throughout synthesis. In the case of gelatin 

capped nanoparticles, 0.3 g gelatin was added as well. Afterwards, crystals were 

allowed to grow during the time required to enrich eligible size: as longer synthesis time 

– as larger their diameter. 

After synthesis was completed, the primary transparent solution became turbid, reddish-

brown, color, what indicated crystals formation. Then, the as-prepared colloid was 

evaporated by half of  initial volume as it cooled  down to 80° C. 

Different size fractions were separated and collected as described: 

1) The concentrated colloid was centrifuged for 10 min at 3000 rpm. The first 

fraction contains the biggest particles with significant diameter scatter. Thus it 

has low quantum yield and wide size distribution (as it's shown in Table 2.1) 

2) The supernatant was harvested and mixed with propanol-2 due to generate the 

next fraction 

3) Solid centrifuged sediment was dissolved in a minimal volume of Millipore 

water,  suspended until became a homogeneous colloid, transferred in glass vial, 

marked and kept in fridge at 4°C 

4) The precipitated second fraction was centrifuged, extracted, dissolved and stored 

as-described 

5) All manipulations were repeated until supernatant has become pale yellow 

6) All samples were stored at 4°C  
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 Fig.2.1 Synthesis setup. Cadmium containing salt is dissolved in water in presence of 

TGA. Aluminum telluride is reacted with sulfuric acid to produce gaseous tellurium 

hydride (H2Te) and bubble it through Cd2+ solution. CdTe crystal seeds are formed 

under heating and constant stirring. They were let to grow into nano-crystals for a few 

hours, depending on eligible size.  To protect system from contamination, argon gas is 

used.  

 

UV-vis and PL spectra 
The optical properties of the prepared colloids were measured on a Shimadzu UV-1601 

UV-vis and Cary Eclipse PL spectrometer. The emission and absorption spectra were 

recorded, quantum yield was found using rhodamine 6 G as a reference; sample 

concentration, core diameter and number of particles were calculated. Results are shown 

in Table 2.1 

Table 2.1  List of physicochemical synthesized QDs properties  

Sample 

name 

Coating 

structure 

Absorption 

wavelength 

(nm) 

 Emission 

wavelength 

(nm) 

Full width 

half peak of 

fluorescence 

(nm) 

Quantum 

yield % 

Concentration 

(mol/L) 

Size 

(nm) 

±0.1 

nm 

Number 

of 

particles 

(per ml) 

VG 083 (1) TGA-gelatin 535 588 56 1.00% 2.05E-004 3.1 1.23E+017 

VG 083 (2) TGA-gelatin 539 580 43 6.00% 3.32E-004 3.2 1.99E+017 
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VG 083 (3) TGA-gelatin 544 576 41 6.00% 9.01E-004 3.3 5.41E+017 

VG 083 (4) TGA-gelatin 541 567 48 10.00% 5.46E-004 3.2 3.28E+017 

VG 083 (5) TGA-gelatin 532 556 43 14.00% 1.22E-004 3 7.32E+016 

VG 083 (6) TGA-gelatin 519 547 39 16.00% 8.15E-005 2.5 4.89E+016 

VG 084 (2) TGA-gelatin 512 556 42 2.00% 2.49E-004 2.3 1.49E+017 

VG 084 (3) TGA-gelatin 521 551 37 3.00% 2.71E-004 2.6 1.63E+017 

VG 084 (4) TGA-gelatin 515 542 41 4.00% 5.20E-004 2.4 3.12E+017 

VG 084 (5) TGA-gelatin 505 535 49 4.00% 3.56E-004 2.1 2.14E+017 

VG 085 (1) TGA-gelatin 604 637 57 24.00% 1.31E-004 5.3 7.86E+016 

 

Particles further storage and use 
CdTe nanoparticles should be stored at 4°C in vials and covered by foil. For biological 

applications, in order to remove all traces of unreacted precursors, QDs should be 

purified in a gel chromatography size-exclusive column with Sephadex G 25 prior to 

exposure to the cells. Optical properties should be measured after purification.  

 

2.1.2 SbSI synthesis and modification 

Standard synthesis procedure 
All precursors were purchased from Sigma Aldrich and used without further 

purification. Antimony trichloride (SbCl3), sodium sulfide nonahydrate and potassium 

iodide, were weighed in proportion 1:1.2:1.4. SbCl3 was dissolved in hydrochloric acid 

and placed into round-bottomed flask, which was inserted in ultrasonic water bath. The 

temperature was adjusted to 40°C. Na2S and KI were dissolved in millipore water and 

added to the antimony (III) chloride. The orange precipitate (Sb2S3) was formed 

immediately, however it turned to deep red colour (SbSI) approximately after 15 min. 

The sonication time was 1 hour. Afterwards the solid product was decanted and washed 

in a hydrochloric acid followed by ethanol and milliQ water. The resultant dried powder 

was stored at room temperature; no alterations were observed over time.  

 

Powder X-ray diffraction (XRD) structural analysis 
As-prepared SbSI was examined for purity and crystal structure by XRD. The spectra 

were taken on Inel Equinox 6000 Powder X-Ray Diffractometer. The dried powder of 
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SbSI was placed into aluminium tab; the spectrum was taken in the 2theta range 10 to 

80°.  The recorded sample spectrum was compared to the standard. All characteristic 

peaks were in place; no impurities were found. 

 

Electron microscopy 
SEM described the morphology of obtained precipitates with EDX elemental analysis 

(Hitachi S-4700 Scanning Electron Microscope). TEM images were taken on Hitachi 

H7500 transmission electron microscope. 

 

Treatment with high power ultrasound 
In order to break down SbSI rosettes into individual nanoneedles and nanorods, the 

obtained powders were exposed to high power ultrasonication. Eighty mg of sulpho-

iodide were dissolved in 80 ml of distilled water. Oleic acid and citric acid were used as 

stabilizers. The mixtures were treated with ultrasound for various times (from 10 to 80 

min).  

 

Nano-needles optical properties test 
The resulted colored colloidal solutions were further examined for the absorbance and 

photoluminescence. The UV-vis spectra have been recorded on Shimadzu UV-1601 and 

fluorescence on Cary Eclipse spectrometers.   

 

2.2 Cell culture 
A range of cell lines and primary cells was used to examine the synthesized particles 

(SbSI and CdTe). RAW264.7 and U937 have monocyte morphology. RAW264.7 is 

adherent murine monocyte cell line. U937 is human monocyte cell line, which grows in 

suspension.  MS-5 and NIH3T3 are murine connective tissue fibroblasts. Both fibroblast 

lines are adherent. 

Materials 
RAW264.7 and MS-5 cells were received from REMEDI, NUI Galway. NIH3T3 

fibroblasts are the property of our group. U937 cells were provided by Dr. Alessandro 

Natoni (Apoptosis Research Centre, NUI Galway). The RAW264.7, MS-5 and NIH3T3 
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cells were cultured in T75 cell culture grade plastic flasks or well-plates. The disposable 

serological pipettes of 5, 10, 25 ml volume and pipette filler were used to manipulate 

the liquids.  Fetal bovine serum (10%) and penicillin-streptamicin were used to 

complete the culture media. The cells were cultured in Dulbecco's Modified Eagle 

Media (DMEM), the 1X Trypsin (0.05%) and Hank's balanced salt solutions (HBSS) 

were used to sub-culture the monocytes. The RPMI-1640 media was used for U937 

cells. Lonza serum-free media was used in primary cultures. 

 

2.2.1 Cell Lines 

RAW264.7  
RAW 264.7 murine macrophage cell line was used in this study. Cells were cultured in 

Dulbecco's Modified Eagle Media (DMEM; Sigma), supplemented with 10% Foetal 

Bovine Serum (FBS; Sigma), 100 µg/mL of penicillin and 100 µg/mL of streptomycin. 

Macrophages were maintained in a humidified atmosphere with 5% CO2 at 37°C. Cells 

were regularly split into fresh cultures once the confluence reached 70%. A confluence 

is the percent of surface area occupied by cells. To remove the cells from substrate, a 

fluid wash technique was applied. Briefly, cells in a T75 flask were washed twice with 

3-4 ml of sterile HBSS. Aliquot of the medium was pre-heated for 15 min in prior to 

experiment in water bath at 37°C. Fresh media was added to flask and vigorously 

pipetted up and down for 3-5 min. Bubbling and splashing were strictly avoided to 

reduce contamination and cell death. Harvested monocytes were seeded 1:3 or 1:4 ratio 

onto plastic substrates and placed back into incubator till further demand. The estimated 

seeding density is 1.5-2 million cells per flask. 

 

MS-5 and 3T3 cell lines 
The murine stromal fibroblast cell line MS-5 and NIH3T3 were used in the stent 

vascularisation study. The same media formulation as for RAW264.7 monocytes was 

used. Cells were passaged every 2-3 days depending on the confluence. To harvest the 

fibroblasts, cell were washed two times with 3-4 ml of sterile buffer (HBSS). Followed 

by washing, 2.5-3 ml of 1X Trypsin were added and gently spread over. The cells were 

trypsinised for 5 min in incubator. After that, the flask was slightly tapped to detach the 

cells. Equal volume of equilibrated to 37°C culture media were added to neutralise 

trypsin. Fibroblasts were centrifuged at 1500 rpm for 5 min. Supernatant was discarded; 
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the pellet was re-suspended in fresh culture media. Cells were split in 1:4 or 1:5 ratios, 

approximately 1 million cells in a T75 flask.  

 

U937 cell line 
Human leukemic monocyte lymphoma cell line was use for comparison with 

RAW264.7 murine monocytes. Unlike murine cell line, U937 grow in suspension. Cells 

were maintained in complete culture media (RPMI-1640, 10% FBS, 1% pen-strep), in a 

humidified atmosphere, with 5% CO2 at 37°C. Cells were grown to a density of 2.5 x 

105 cells/ml in T75 flasks. Monocytes were passaged every 2-3 days. Cells were 

removed from incubator and centrifuged at 1500 rpm for 5 min, the supernatant was 

discarded and the pellet re-suspended in 5 ml of sterile HBSS. Cells in buffer were 

centrifuged and washing was repeated again. Afterwards cells were counted on 

haemocytometer and re-suspended in appropriate volume of fresh media.  

 

2.2.2 Primary cells 

Periphery blood mononuclear cells (PBMCs) extraction and maintenance  
 16 ml venous blood was collected from volunteer donors and proceeded immediately. 

Peripheral blood mononuclear cells (PBMCs) were extracted according to published 

procedure. Briefly, Lymphoprep buffer was overlayed with whole blood and 

centrifuged at 400 x g for 30 min. PBMCs band was harvested from buffer-plasma 

interface with a pasteur pipette and washed twice with HBSS. Cell pellet was 

resuspended in a complete cell culture media (X-VIVO 15 media) and seeded into a 24-

well plate. After 75 min of incubation in humidified atmosphere at 37°C, 5% CO2, non-

adherent cells were removed; fresh cell culture medium was added and cells were 

grown further for 1 or 2 weeks. The media was changed every 2-3 days; cell confluence 

was regularly checked under light microscope. 

The day before cytometry measurements, cells were removed from incubator, washed 

with HBSS. A fresh cell culture media containing QDs in eligible concentration was 

added into well plate. Cells were co-incubated with nanoparticles for next 24 hours. 

Afterwards, they were washed twice with serum-free PBS and harvested by pipetting. 

Cells were washed once with FACS buffer (PBS, 2% FBS, 0.1% sodium azide), stained 

with monoclonal antibodies (CD14, CD80) for 30 min at 4°C. The probes were 

proceeded to flow cytometry (BD FACSCanto II, 2 lasers, 8 colours instrument) at the 
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same day within 4 hours after staining. Untreated cells (did not receive any 

nanoparticles) and single stained samples were used as control panel. The FlowJo 

software v. 10 was used for statistical data analysis. 

 

Cell growth study on cardiovascular stents 
RAW264.7 monoctes-macrophages were cultured according to protocol described 

above. Confluent T75 flasks were removed from incubator and cells were harvested by 

intense pipetting. The number of cells was estimated by counting on haemocytometer. 

The monocytes suspension was centrifuged at 1500 rpm for 5 min and the obtained 

pellet was re-suspended to achieve desirable density (approx. 2 million cells/ml). 

Concentrated cell suspension was added dropwise on the top of stent or flat sample. The 

samples were placed in incubator for 6 hours to let the monocytes adhere. Afterwards 

the samples were moved to fresh wells in well plate and fresh culture media was added. 

Cells on stents/flat probes were incubated overnight. The same protocol was applied to 

MS-5 fibroblasts. 

2.3 Electron microscopy 

2.3.1 Transmission Electron Microscopy (TEM) 

Cell culture 
RAW264.7 monocytes were routinely cultured as described. Cells were harvested 

according to standard procedure and seeded onto Thermanox films (13 mm diameter) in 

24 well plate. The seeding density was 50,000 cells per well. The monocytes were 

incubated for 24 hours; after that, fresh media containing QDs in appropriate 

concentration replaced conditioned culture media. Cells were further incubated in 

presence of nanoparticles for next 12 or 24 hours as desired.  

 

Primary fixation 
Cells were fixed in 2 stages – through gluteraldehyde and osmication. The reduced 

culture medium was discarded; cells were washed twice with PBS followed by 

cacodylate buffer. After that, cells were primarily fixed with 2.5% gluteraldehyde, 2.5% 

PFA in sodium cacodylate buffer (25% gluteraldehyde, 10% PFA, sodium cacodylate in 

milliQ water) for 90 min. Then fixative was removed, cells washed twice with 

cacodylate buffer. 
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Secondary fixation 
 Next, cells were processed to osmication – secondary fixation in 1% osmium solution. 

It is necessary step to increase the contrast of TEM images. The samples were 

introduced to the osmium solution for 60 min. Used osmium solution was appropriately 

discarded; used Pasteur pipettes were placed in 2% ascorbic acid solution to neutralise 

osmium.   

 

Dehydration 
Samples were introduced to ethanol gradient to dehydrate them. The following 

procedure was applied: 

• 50% EtOH for 15 min at room temperature 

• 70% EtOH for 15 min at room temperature 

• 90% EtOH for 15 min at room temperature 

• 95% EtOH for 15 min at room temperature 

• 100% EtOH for 15 min at room temperature 

 

Resin embedding  
Followed by ethanol gradient, samples were introduced to low viscosity resin gradient 

made according to recommended protocol: 

1. 1 hour 25% resin and 75% EtOH at room temperature 

2. 1 hour 50% resin and 50% EtOH at room temperature 

3. 1 hour 75% resin and 25% EtOH at room temperature 

 

Cells sections and imaging 
Afterwards thermanox films were moved to silicon moulds and filled with 100% resin. 

For resin hardening, the moulds were baked at 65°C for 72 hours. The thermanox film 

was peeled off; the hard blocks were cut and trimmed to produce thin sections (approx. 

90 nm thick). The sectioned cells were placed onto copper TEM grids. No post-fixation 

has been performed to avoid artefacts, which can be confused with nanoparticles.  
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2.3.2 Scanning Electron Microscopy (SEM) 

Fixation 
After incubation, the stents/flat probes were removed from incubator. The  reduced 

culture media was carefully removed from the wells. The samples were gently washed 

twice with non-sterile PBS. Cells were fixed in 2.5% gluteraldehyde, 2.5% PFA mixture 

overnight at room temperature. Fixative was obtained from 25% gluteraldehyde, 4% 

PFA in PBS and non-sterile PBS.  

 

Dehydration 
The fixative was gently discarded from the wells; samples were washed twice with non-

sterile PBS. The ethanol gradient has been introduced to dehydrate the cells as 

following: 

1. 50%	  EtOH	  for	  5	  min	  at	  4°C	  

2. 75%	  EtOH	  for	  5	  min	  at	  4°C	  

3. 80%	  EtOH	  for	  5	  min	  at	  4°C	  

4. 90%	  EtOH	  for	  5	  min	  at	  4°C	  

5. 100%	  EtOH	  for	  5	  min	  at	  4°C	  

The dehydrated samples were stored in absolute ethanol (100%) till next step. Eligibly 

they were immediately processed to drying.  

 

Drying 
The samples were dried by critical point drying (CPD) technique. Briefly, CO2 was 

flown through the CPD chamber to bring the temperature down to 4°C. Once it was 

cooled down, CO2 was turned off, the chamber was filled with absolute ethanol and 

samples were placed in chamber. The meniscus level was checked; the chamber was 

pressurised. The heating was switched on and left till temperature had reached 32°C and 

pressure was maintained at 1250 psi. Afterwards heating was stopped and pressure was 

gently released. The dried samples were removed from the chamber, adhered to carbon 

tabs and coated with gold. Afterwards samples were stored in dried place (sealed Petri 

dishes filled with silica granules to absorb water from the air) until viewie under 

scanning electron microscope.  
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2.4 Biological in vitro assays 

2.4.1 Live/Dead Assay  
Live/Dead Assay (Life Technologies) was used to visualize viable and necrotic cells. 

Cells were seeded onto a 8-well glass bottomed chamber in density 50,000 cells per 

well and cells were incubated for 24 hours. Next day, the appropriate amounts of QDs 

were added into the chamber and cells were placed back in incubator for 12 or 24 hours, 

respectively.  After co-incubation, samples were washed twice with PBS and stained 

with calcein and ethidium bromide (EthD-1) from the kit as recommended by 

manufacturer. Briefly, 2 uM calcein and 4 uM EthD-1 stock solution was made up in 

PBS at the day of assay. 400 uL of the stock were added to cells, the chambers were 

covered up with foil and incubated at room temperature for 45 min. Slides were 

proceeded within an hour for fluorescent microscopy.  

 

2.4.2 Fluorescent microscopy 
Cell morphology was tested at each time point. Actin was stained with phalloidin eFluor 

760 (eBiosciences) according to recommended procedure. Cells were also seeded at 

density of 50,000 per well in 4-well chamber slide and let grow overnight. Next day, the 

QD solution was added to the slides and incubated for further 12 or 24 hours. Untreated 

monocytes were used as control. Afterwards cells were removed from incubator, 

washed with PBS and fixed with 4% PFA for 15 minutes. The fixed cells were 

permeabilised with 0.2% Triton X solution for 5 min, washed with PBS and stained 

with phalloidin for 1 hour. DAPI solution was added to stain nuclei; the slides were 

viewed immediately under inverted fluorescent microscope.  

 

2.4.3 Alamar Blue 
To examine cell metabolic activity, Alamar Blue® assay has been used. The cells were 

seeded in a 24-well plate to a density of 1x105 cells per well, 24 hours prior to 

experiment. Different types of QDs (either TGA or TGA-gelatin-covered) within a 

range of concentrations (1 – 100 nM final concentration) were added to macrophages. 

After 12 or 24 hours of co-incubation, the cells were progressed to Alamar Blue assay 

according to protocol. Conditioned culture media was discarded, the cells washed twice 

with PBS. Cells were treated with 10% Alamar Blue solution and incubated for 4 hours 
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at 37°C, 5% CO2, humidified atmosphere. After that, cells were removed from 

incubator and dye reduction was analysed by fluorometric reading on Varioskan Flash 

plate reader at 570 nm excitation and 610 nm emission wavelength. 

2.4.4 ds-DNA Quantification  
Quant-iT Pico Green ds-DNA Assay Kit was used for a precise counting cell number in 

the probe. The cells were seeded in a 24-well plate to a density of 1x105 cells per well, 

24 hours prior to experiment. Different types of QDs (either TGA or TGA-gelatin-

covered) within a range of concentrations (1 – 100 nM final concentration) were added 

to macrophages. After 12 or 24 hours of co-incubation, the cells were progressed to 

PicoGreen assay according to protocol. Conditioned culture media was discarded, cells 

washed twice with PBS. To release DNA, 250 ul of milliQ water were added to each 

well and cells underwent repeated (3 times) freezing-thawing cycle at -80°C/room 

temperature. The DNA content was analysed by fluorometric reading on Varioskan 

Flash plate reader at 485 nm excitation and 528 nm emission wavelength. 

  

2.5 QDs uptake study by flow cytometry 

2.5.1 Principles of the method 
 Flow cytometry is a physical method what allows analysing multiple characteristics of 

a single cell for a large number of cells. It measures optical properties, such as cell size 

(forward light scatter), intracellular complexity/density (side light scatter); it helps to 

recognise and target different cell populations (e.g. lymphocytes, granulocytes, 

erythrocytes in whole blood). Various fluorochromes can be tagged to wide range of 

surface molecules or cellular compartments (DNA, RNA) and proteins. To avoid signal 

irregularities, the injected sample should be single cell suspension; besides big 

aggregates can clog and damage the machine.  

When the labelled cell passes the interrogation point, a laser excites the attached 

fluorescent molecule to a higher energy state. The molecule emits photons, which are 

registered by the light detectors; the fitted filters separate the signal into narrow 

wavelength bands. The resulted bands can be converted into electronic signal and 

quantified in special software. Depending on cytometer type, up to 8 fluorescent 

channels can be used simultaneously. 

The panel of appropriate controls should accompany any flow cytometry measurements; 
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first of all, the fluorescence from unstained cells should be recorded for further voltage 

adjustments and gating on target populations. Secondly, single stained probes (or 

isotype controls) should be included in experiment to check staining index. If multi-

colour panel with interfering fluorophores is used in an experiment, we're facing to 

spectral overlap problem. In the case when both markers co-expressed by the same cell 

and two dyes have close emission spectra, it creates high background in both channels. 

This effect is called a spillover; the width of spillover is a linear function, thus it can be 

resolved by applying simple linear algebra. This mathematical operation is called 

compensation. If there are more than 2 overlapping channels, compensation must be 

performed for each pair.  

 

2.5.2 Sample preparation for flow cytometry 
Monocytes were cultured in 6-well plates and treated with nanoparticles as described 

above. On the day of flow cytometry measurements, the well plates were removed from 

incubator and placed in fume hood. The reduced culture media was removed and cells 

were washed twice with HBSS. Fresh culture media was added to the well plates and 

cells were harvested by vigorous pipetting. RAW264.7 cell line appeared to be resistant 

to Trypsin; scrapping technique was also found ineffective due to massive cell damage. 

Thus pipetting with 1000 ul micropipette was used in all flow cytometry experiments. 

The obtained cell suspension was placed in marked Eppendorf tubes and centrifuged at 

1200 rpm at 4°C for 5 min. The supernatant was discarded, the pellet re-suspended in 

PBS and centrifuged. The cells were washed till media traces were fully removed. After 

that, cells were washed twice in serum containing FACS buffer: PBS, 2% FBS, 0.1% 

sodium azide. The prepared buffer is kept refrigerated. In a basic experiment, when no 

additional labelling was involved, the cell pellet was re-suspended in 500 ul FACS 

buffer and proceeded to flow cytometry immediately. In between operations tubes with 

the samples were kept on ice.  

 

2.5.3 Gating strategy 
In each set of measurements performed, the first tube contained just untreated 

monocytes, without any fluorescent tags/nanoparticles. This gives us baseline values in 

the reference channels and further used for detection of appropriate cell population.  
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Prior to a first run, the forward and side light scatter were adjusted according to values 

recommended by technician. To exclude any mechanical debris, threshold value was 

adjusted to 5,000 events. A firm, consistent cell population is gated as it shown on Fig. 

2.2A. The selected subset was plotted in FITC/APC channel as histogram to establish  

background.  For correct QDs detection, the voltage in FITC (green QDs) and APC (red 

QDs) channels was adjusted to give us small, but detectable value. Typically, at least 

10,000 events were recorded. After the correct gates and voltage were found, no further 

changes were made. The probes of cells containing QDs were ran, the result is 

represented as peak shift (Fig. 2B). In-built statistics options were used to interpret 

results.  

 

 

 

 

 

 

 

 

 

 

Fig. 2.2  Basic gating strategy for QD uptake evaluation. Primary gates (A) are chosen 

based on physical parameters of the cells (size/internal consistence). Afterwards cell 

population was examined on fluorescent response in QD reference channel (B).  Peak 

shift to the right corresponds to increase in intracellular fluorescence from cells treated 

with 100 nM QDs (red line). Three coinciding peaks belong to control, 1 nM, 10 nM 

QDs and refers to no uptake in case of low doses.  

 

 

2.5.4 Annexin V Apoptosis Assay 
In this assay cells were seeded to a density of 2.5x105 cells per well in 6 well plates. 

After 24 hours of culture, appropriate amounts of QDs were added to each well. Control 

samples remained untreated. Cells were co-incubated with or without nanoparticles for 

12 or 24 hours. Samples were harvested on the day of analysis. Briefly, the reduced 

A 
B A 
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media was removed and the cells were washed twice with phosphate buffered saline 

(PBS). Macrophages were harvested by pipetting in fresh media and then were placed in 

eppendorf tubes. Cells were washed twice with PBS immediately after harvesting, re-

suspended in 500 ul buffer and stained with viability dye according to protocol. 

Afterwards cells were washed with serum-containing buffer. Finally, cells were 

prepared and stained with Annexin V Apoptosis Assay Kit (eBioscience) and directly 

processed to flow cytometry. All measurements were performed on BD FACS Canto A 

fitted with 2 lasers (blue, 488 nm; red, 633 nm) and 6 available colours. Unstained cells, 

single-stained samples, and cells treated with QDs only (without further staining) were 

used as quality controls.  

 

2.5.5 QDs uptake and CD80/86 surface markers expression 
Flow cytometry was used to detect the amount of internalized nanoparticles and to 

measure the expression of pro-inflammatory receptors caused by exposure to QDs. All 

measurements were performed on BD FACS Canto A. In this experiment cells were 

seeded into 6-well plates to a density of 2.5x105 cells per well and left 24 hours to 

adhere. The next day, macrophages were loaded with different types of QDs within a 

range of concentrations (1 – 100 nM final concentration). After 12 hours of treatment 

(for the CD86 study) and 24 hours (for the CD80 study), the probes were processed to 

the assay according to a standard protocol. Cell were harvested and washed twice in 

PBS followed by 2 times washing in FACS buffer (PBS, 2% FBS, 0.1% sodium azide). 

Armenian hamster IgG and Rat IgG2a K were used as isotype controls for CD80 and 

CD86, respectively. All antibodies and isotype controls were purchased from 

BioLegend. The standard staining protocol recommended by manufacturer was 

employed. Cells were re-suspended in FACS buffer, appropriate volume of antibodies 

was added. Samples were incubated at 4°C at least for 30 min. Cells were centrifuged at 

4°C, washed 2-3 times in FACS buffer. Afterwards the cell pellets were re-suspended in 

500 ul of FACS buffer and processed to flow cytometry. APC and FITC channels were 

used as references for signal detection. FlowJo software was used for results 

interpretation. 

 



 
 

65 

2.5.6 Intracellular quantification of QDs 
The amount of ingested nanocrystals was defined by FlowJo software. At least 10,000 

events were recorded per tube. Consistent macrophage population was selected from 

light scatter graph, the levels of fluorescence in FITC and APC channels (for green and 

red particles, respectively) were evaluated from a histogram plot; the geometric mean 

value was used quantitatively as a statistical parameter. The percentage of population of 

interest was found from the overlay of two histograms of cells treated with QDs and 

untreated control in the reference channel. 

 

2.6 Conclusion 
A wide range of experimental techniques was used in this work. This chapter reviews 

methods of nanoparticle synthesis, characterisation and in vitro testing. The 

nanostructers of two different semiconductors – binary and ternary – were fully 

described. The optical properties of the obtained fractions were examined for UV-vis 

absorption and fluorescence. The size and morphology of crystals were described by 

SEM, TEM and XRD (for SbSI only). 

The cell function and fate were investigated after the exposure to a number of 

biomaterials with various surface structures and compositions. The bioassays include 

Alamar Blue, PicoGreen, Annexin V, Live/Dead and surface markers profiling. 

Fluorescent, light and electron microscopy were routinely applied to the samples 

acquisition. 
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Fluorescent nanocrystals are made of semiconductor compounds are called Quantum 

Dots (QDs). These nanomaterials were first synthesized and named by M. Reed in 1985 

[16]. Since that time various uses of QDs have been developed including their 

applications in photonics, energy harvesting and bio-imaging. Unlike organic 

fluorochromes, the optical properties of QDs include a large Stokes shift, broad 

absorption and narrow emission, bright fluorescence and high resistance to 

photobleaching. The set of unique size-tuneable optical characteristics, ease of 

manufacturing, surface modification and bioconjugation made them eligible alternates 

for organic dyes as fluorescent agents [196]. Despite the benefits provided by QDs, the 

challenge of quantifying altered intracellular components is complicated, and not clearly 

investigated, due to interaction of nanoparticles with different cellular compartments.  

The issues of cyto- and nano-toxicity and the lack of simple reliable methods for 

quantification of ingested QDs hamper their broad integration in in vivo and clinical 

imaging applications. Several techniques were employed to resolve this problem, 

however they all suffer from significant disadvantages. Table 3.1 summarizes the strong 

and weak sides of major quantification techniques. Confocal and fluorescent 

microscopy methods are widely applied for complex multi-parameter cell assay. Due to 

fact that cells are stained with organic fluorochromes, it limits imaging time. Also the 

cells must be cultured in special chambers with certain optical properties. The main 

weakness of the methods is high dependence on instrument calibration, which affects 

result reproducibility.  Image analysis is the tool used for statistical data analysis and 

interpretation for any microscopy technique. Electron microscopy has excellent 

resolution, which allows visualizing organelles morphology and does not require use of 

fluorophores. It makes possible to quantify the uptake of nanoparticles [197], but it is 

time consuming and does not reflect processes taking place on realistic cell population. 

Also it operates with very limited cell number (<100). Inductively coupled plasma mass 

spectrometry (ICP-MS) is relatively straightforward technique employed by several 

groups [198-200]. It allows precise measure of cadmium in the probe even on single-

cell level [201]. It does not specify a nanoparticles location or any structural changes. 

Flow cytometry is a perfect tool to describe cell population behaviour based on signal 

harvested from individual cells. In a combination with mass spectroscopy it gives a 

unique opportunity to perform unbiased quantitative assay and evaluate exact number of 

QDs inside the cells in population of interest. A major part of the work was aimed to 

investigate the technique capability as QD quantification method. 
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Table 3.1 Overview of main QD quantification methods 

Method Advantage Disadvantage 

Light microsocpy Fast; doesn’t affect cell 

viability; cells can be 

cultured further. Large 

number of cells can be 

visualised 

Gives information only 

about number of cells and 

can confirm only absence 

of morphological changes. 

Only available low 

magnification option 

Fluorescent/Confocal 

microscopy 

Can visualise QDs; able to 

distinguish intracellular 

localisation and assess 

various organelles integrity 

Can visualize limited 

number of cells; great 

variability between images 

taken at different days; 

requires expensive glass-

bottom culture dish  

Electron microscopy Can directly visualize 

nanoparticles with very 

high magnification and 

resolution; possible high 

resolution 3D 

reconstruction of the cell; 

Gives detailed information 

on cell morphology; QDs 

can be quantified on single 

cell level 

Time consuming (takes up 

to a week to prepare the 

final sections); operates 

with only few cells (less 

than 100); Sample 

preparation is also 

technically complicated 

 

Mass spectrometry Provides exact information 

on intracellular elemental 

content of QD; easy to 

reproduce and compare 

results; simple instrument 

calibrate; Able to work 

with large number of cells 

Can analyse only overall 

amount of nanoparticles; 

completely destroys the 

cells; doesn’t give any 

information about cell 

morphology or viability 

Mass cytometry Has all advantages of mass 

spectrometry; also able to 

The instrument is 

expensive and rarely 
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analyse single cells; other 

cellular parameters can be 

acquired simultaneously 

with QD content; large 

number of parameters can 

be analysed at the same 

time 

available; high cost of 

consumables and sample 

processing;  

Flow cytometry Able to analyse cell 

morphology and cell 

function along with QD 

quantification; fast, easy to 

calibrate; simple way to 

analyse the data; instrument 

is widely available, kow 

cost of consumables; easy 

calibration strategy; can 

process large number of 

cells (>10,000) 

Number of parameters is 

limited by application of 

molecular dyes; if multiple 

colours are used, 

fluorescence compensation 

is required; Doesn’t 

provide information on 

exact number of QDs 

inside the cells;  

 

QDs are easy to detect in concentrations of 100 nM when exposed to phagocytic cell 

cultures for 12-24 hours. Lower concentrations (1 and 10 nM) did not result in any 

visible fluorescent response. The nanoparticles uptake was described in conjunction 

with a number of cellular responses (pro-inflammatory markers expression, cell 

viability, death mechanism). Four different types of particles were explored with core 

sizes ranging from 2.1 to 5.3 nm and either TGA or TGA-gelatin coating. Unlike the 

proposed model by Chithrani and Chan [61], QD uptake dynamics and kinetics are 

strongly depend on particle size. 

As mentioned previously, flow cytometry has been shown as convenient and relatively 

fast method for semi-quantitative analysis of fluorescent nanoparticle uptake and their 

effect on cell function on cell population level. This is a significant benefit as other 

more accurate methods are both too slow in sample preparation and processing or deal 

only with average values and not individual cells. 

Green TGA-capped nanoparticles, with a core size as small as 2.1 nm, have been 

investigated. The general tendency of small green-emitting QDs to penetrate cells and 
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actively interact with organelles in aggressive manner was suggested by Lovric et al, 

2005 [42] and confirmed in our experiments. Such behaviour is explained by uptake 

kinetics which can be described by “fast model” for green TGA-capped QDs – due to a 

lower number of attached albumin molecules and smaller eventual hydrodynamic 

radius. These QDs are more easily trapped and destroyed by macrophages, which results 

in rapid nanoparticles clumping and leaching of cadmium ions, hence higher toxicity. 

Apoptosis was found as the main scenario for cellular fate after exposure to QDs; the 

late apoptotic subset was significantly larger than early apoptotic, which was nearly 

absent in most probes. Late apoptotic cells are shown as brightest upon others due to 

their higher density. Several apoptosis hallmarks were detected by electron microscopy, 

including breach of mitochondria membrane, swelling of organelles, condensation of 

chromatin etc.  

Incorporation of QDs in inert outer shell has been proved as efficient strategy to reduce 

ineligible cytotoxicity. In the current work gelatin is explored as a cell-friendly isolating 

material, as it contains hydrolysed fragments of various proteins, mainly collagen. Our 

experiments showed that gelatination has increased QD intracellular retaining time. 

Indeed, monocytes accumulated nanoparticles over time, this resulted in a significant 

increase of fluorescent response. It also leads to induction of cell death. According to 

our results, the uptake has reached nearly 100% at 24 hours acquisition point. 

In summary, was developed a simple approach for semi-quantitative intracellular QD 

quantification. Compared to other methods, it is fast, gives statistically reliable results, 

able to handle big cell populations and allows carrying out other multi-parametrical 

bioassays at the same time. However, this method can’t detect the exact intracellular 

localisation or amount of. To our best knowledge, available to-date precise 

quantification methods deal only with particles at least 40-50 nm in core size, whereas 

we considered QDs in size range 2.1-5.3 nm. Such drastic dimensional difference gives 

rise to completely new challenges and affects compared to larger species. Thus new 

instrumentation and technology is required for further investigations. For example, in 

last few years has been successfully developed a crossover technique between mass 

spectroscopy and flow cytometry – mass cytometry. It is unique technology, which 

allows quantifying exact amount of the chemical elements inside individual cells or use 

heavy isotopes to tag biomarkers and antibodies. It can be an effective strategy to 

evaluate precisely the intracellular content of the QDs and enlighten the mechanisms 

behind their toxicity and interaction with cellular compartments. The main issues are 
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limited availability of the equipment, high costs, complicated operation and service.  

Based on obtained experimental results, we have attempted to build up a mathematical 

model of QD cytotoxicity. For the first approach, number assumptions has been made as 

follows: 

• All cells are initially taken to be healthy.  

• They may then enter an apoptotic or necrotic state, resulting in cell death. Thus, 

we introduce a compartment model consisting of four compartments, one for 

each state that the cell may be in, with associated transition rates between each 

compartment.  

• The transition rates depend on the concentration of quantum dots, which the 

cells are exposed to, so it is necessary to develop an expression describing the 

intracellular concentration of nanoparticles. 

• Apoptosis and necrosis are irreversible processes, thus once a cell has entered 

one of the pathways, it’s resulted in cell death. 

The model is composed of ordinary differential equations that tracks the evolution over 

time of four cell subpopulations, namely:  healthy cells, apoptotic cells, necrotic cells, 

and dead cells. The aim of the modelling is to quantitatively assess the response of a 

population of healthy cells to exposure from quantum dots. This is a simple type of 

mathematical  model, however it is universal and can be applied to describe similar 

systems dealing with species of the same size range (some toxins, bacteria). The 

suggested model can be significantly strengthen if intracellular QD concentration is 

known. That means mass cytometry would be the best option to obtain the data 

required. Also more detailed experimental measurements will enable formulation of 

predicting models rather than descriptive. It is also significant, that most of effective 

models are developed for non-toxic (polymer, silver, gold) nanoparticles 40-50 nm size 

range. Such model, as developed in our work, is an important step to prediciting 

theoretical nanotoxicity. There is a new type of nanoparticles being synthesized every 

day; thus it is not feasible to investigate all possible effects experimentally. That’s why 

establishing valid mathematical models is a necessity dictated by nanoscience.  

Even after two decades of intensive development, binary QDs still have many issues. 

Apart from mentioned toxicity, they have very weak emission in near-infra red 

spectrum (NIR), which is optimal for deep tissue imaging. The capacity of penetration 

through live tissues without signal scatter is vital for non-invasive techniques, which 

have clinical potential. It led to an idea to develop new type of QDs composed from 
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ternary semiconductors, well known for their piezoelectric and interesting optic effects. 

As part of the project, we have explored properties of antimony sulpho-iodide (SbSI) as 

promissing candidate for NIR QDs. This material has needle morphology and set of 

exceptional optic characteristics, however it is hard to synthesize in controlled manner. 

We have explored the factors, which influence crystal growth kinetics and obtained 

SbSI needles and rods. As-prepared phases have high crystallinity and purity. 

Cytotoxicity tests have showed strong ability of the material to kill quickly growing 

cells, what can be potentially used in anti-cancer therapy, especially due to fact that 

SbSI is pyro-optic material, i.e it tranduces light energy into the heat. 

To expand our knowledge in other types of biomaterials, a collaboration project has 

been conducted. We have tested cell attachement and growth onto cardiovascular stents 

with different surface texture. The surface ripples were introduced by laser pulse shots; 

two different wavelength were used to regulate ripple depth. Afterwards, the stents were 

introduced to monocyte and fibroblast cell cultures as substrates. The cell adherence and 

growth were examined by scanning electron microscopy (SEM). Bare (untextured) 

stents and samples treated with culture media only served as controls. As results, has 

been observed distinct and consistent reaction on the generated ripples. Monocyte 

cultures, which belong to circulating immune cells, did not adhere to any rippled 

samples, but preferred smooth surfaces instead. In contrast, fibroblasts, which 

reperesent connective tissue, have demonstrated clear affinity to rippled stents; they 

failed to attach to bare samples. Interestingly, when the same set of experiments has 

been conducted on flat samples, all cell types have made a strong connection. It 

highlights an importance of in vitro tests on actual biomedical device design rather than 

coupon material, which doesn’t reflect the final topology. It is not a trivial observation, 

as many biomaterial studies have been done on flat samples; however, these results can 

not be translated any further. 
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Summary 

 

We believe, that all of our published peer-reviewed papers have made an impact to 

biomaterials research. The conducted studies covered in vitro testing of biomaterials and 

biomedical devices, controllable synthesis and characterization of novel nanomaterials, 

and multi-parameter intracellular acquisition of fluorescent QDs. Also it has been 

attempted to build up and develop theoretical approach to predict QDs cytotoxicity in 

mathematical model based on experimental data. It’s worth to note, studies that 

incorporate quantitative modelling of nanoparticle cytotoxicity are rare and hence, our 

concept makes a valuable contribution to such important topic. 

In our work we have performed comprehensive study of QDs uptake dynamics and 

kinetics by monocyte/macrophage cells in physiological media conditions depending on 

particles size, composition, concentration and exposure time using flow cytometry as 

quantification method. Number of cellular and immune responses was measured at the 

same time by multi-color approach. Flow cytometry has been shown as quick unbiased 

evaluation method of ingested particles on population level. We explained sudden drop 

in surface markers expression related to QDs uptake and cell function profile. Some 

previous reports did not outline this phenomenon nor make any hypothesis. Over all, 

design of majority experiments did not include serum proteins in culture conditions. 

However, nanoparticle-serum interaction makes a dramatic difference, up to change in 

ingestion mechanism. Also we have demonstrated that even small variations in QD size 

(2.3 nm vs. 5.3 nm) lead to ultimately different outcome of cell-nanoparticle interaction. 

To explore potential candidates for NIR emitting nanoparticles, which are desirable for 

non-invasive deep tissue in vivo imaging, we have tested antimony sulpho-iodide. It’s 

ternary semiconductor with outstanding set of physical and chemical properties. 

Currently it has found application in nanophotonics. The material suffers from lack of 

easy synthesis method. To address this issue, we developed water-based ultrasonic 

synthesis of micro-scale SbSI particles to bring it down to nano-scale level. We 

investigated on reaction mechanism and revealed the role of intermediate product – 

antimony trisulfide. It has been shown, that Sb2S3 serves as template for SbSI crystals. 

Also was made successful attempt to control crystal growth; particles with various 

dimensions were obtained. As-prepared micro- and sub-micro crystals were broken 

down to nanoparticles with broad absorption. The potential cytotoxicity of different 
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fractions was tested on RAW264.7 monocyte cell line. 

Likewise in case of QDs, surface modification of cardiovascular stent played the crucial 

role in cellular responses. Intriguingly, monocytes and fibroblasts have showed the 

same trend in preferences regardless alloy composition. Laser surfaces ripples have not 

attracted monocytes, which is beneficial for implant (hence it prevents inflammatory 

response and stent rejection). At the same time, ripples were preferred by fibroblasts, 

what increases possible risk of scarring. The main challenge of this study is necessity to 

perform cell culture, bioassays, and imaging on 3D non-transparent to light object. This 

is technically difficult task, as we had to deal with very narrow, curved metal surfaces. 

It’s resulted in very small number of cells able to adhere to the stents. Besides, majority 

of bioassays are based on fluorescence, which requires full transparency of light 

pathway. That was limiting factor in the choice of available methods we could use to 

characterize cell attachment, growth, and viability. To our best acknowledge, there’re 

not many papers that tested actual biomedical devices in vitro. Usually the studies were 

carried out on flat samples, which have different properties, as we have demonstrated in 

our work. The best example is our attempt to culture endothelial cells on stents and 

metal coupon. While cells showed excellent growth on flat samples, there was observed 

poor adherence to stents of the same alloy. In conclusion, this study has reported 

valuable results of pros and cons of surface laser treatment that can be applied to 

biomedical devices to extend implants lifetime.  

 

Conclusion 
 

1. Developed systematic approach for multi-parameter CdTe QD acquisition by 

flow cytometry. We have established strategy for intracellular QD quantification 

and various effects on cells function in cell populations. Investigated parameters 

include inflammatory surface markers profile (CD80 and CD86), distribution of 

apoptotic and necrotic cells in respond to QD exposure and uptake. To our best 

knowledge, this is the first work, which explored flow cytometry for 

simultaneous QD quantification and broad spectrum of cellular responses. 

2. Found the influence of QD size and protective shell composition on cell fate. 

The outcome of nanoparticle-cell interaction strongly depends on particle uptake 

kinetic and dynamics. The small (2.1 nm) particles capped only with TGA have 
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fast internalizing and short intracellular retaining time. High uptake of green 

TGA-covered QDs promotes cell death via apoptosis. Green TGA-gelatin 

capped particles remain detectable longer than cell cycle length. Red TGA-

gelatin covered QDs are proven to accumulate inside the cells over time with 

98% uptake rate after 24 hours of co-culture. This resulted in massive cell 

necrosis.  

3. Explained sudden drop in CD80/86 inflammatory markers expression in cells 

exposed to 100 nM QDs. This happens due to high QD uptake rate. Intracellular 

accumulation of nanoparticles causes in turn loss of cell function. The impaired 

cells are supposed to be eliminated from the system by apoptosis or necrosis. 

Thus, those cells are not able to maintain normal level of the surface markers. 

4. Suggested mathematical approach to predict cytotoxic effects of QDs. The 

model is based on experimental data obtained in flow cytometry study. To our 

best acknowledge, this is one of the first theoretical approaches aimed to predict 

toxic effects of engineered nanoparticles in dependence on their uptake rate. The 

main advantage of this model is that it can be applied to various cell lines and 

nanoparticle types. Evaluation of the nanoparticle uptake kinetics and dynamics 

helps to predict in vitro behavior of a new engineered material. It enables 

experiment design and optimization without numerous trials. Thus it is easier to 

find the effective concentration of nanoparticles for various tasks (live cells 

targeting and tracking, anti-cancer therapy). 

5. Found trends in cellular responses to modified metal surface: 3D vs. 2D, and 

bare vs. laser ripples texture. The relevance of this work is that it deals with real 

medical devices. Were used stainless steel and platinum-chromium alloys. 

RAW264.7 monocytes showed high affinity to smooth metal surfaces, whereas 

MS-5 fibroblasts were better adhered to ripples. Both tested cell types have 

showed excellent viability on flat metal coupon regardless surface texture. In 

case of 3D stents, made of the same alloys and possess same surface topography, 

clearly distinct cell behavior is observed. This shows the influence of the 

available growth area and stent curvature on cell adherence preference.  

6. The aqueous sonosynthesis of SbSI was modified for production of sub-micro 

sized particles with 100-200 nm thickness. The crystal growth control is 

improved by use of anionic surfactants. Initially this synthetic route was 
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developed for bulk production of large bundles of SbSI needles. Our 

improvements help to expand material use to nanophotonics applications.  

7. For the first time has been tested toxicological effect of SbSI on RAW264.7 

murine monocytes. Were tested 0.1 – 5 ug/ml range of concentrations; the 

reduction in cell number and morphological changes were observed in the cells 

exposed to 1 and 5 ug/ml of SbSI, lower concentrations 0.1 and 0.5 ug/ml have 

cause mild reduction in viability. 

 
 

Directions for future work 

 

Flow cytometry is a perfect tool to describe cell population behaviour basing on signal 

harvested from individual cells. In a combination with mass spectroscopy it gives a 

unique opportunity to perform unbiased quantitative assay and evaluate exact number of 

QDs inside the cells in population of interest. As next logical step, we suggest to 

evaluate intracellular content of QDs by mass cytometry. Mass cytometry method will 

allow validating the accuracy of detection of fluorescence produced by QDs in flow 

cytometry analysis. At the same time it will help to reveal the influence of nanoparticles 

aggregation on signal intensity. Thus it makes possible to build up the correlation 

between flow cytometry and mass spectroscopy results and expand our knowledge on 

QDs optical, structural and chemical alterations after ingestion by the cells. Taken 

together, it will create an effective platform for further implementation of nanoparticles 

in pharmaceutical and clinical imaging.  

Mass cytometry experiments will be also beneficial for further development of 

mathematical model of QD cytotoxicity. Knowledge of precise intracellular QD content 

will help to make the model more detailed and informative. In turn, it will enable 

prediction of toxicity of other engineered materials by expanding existing model to 

other cell and nanoparticles types.   

Apart from classical mathematical approach, quantum chemistry modeling will reveal 

some nature of forces lying in foundation of observed phenomena. The simulations of 

QD aggregation effect on fluorescence signal will enlighten what we really see in flow 

cytometry inside the cells. Apparently, the photoluminescence we measure in colloid 

QD solution is not the same after interaction with cells in physiological media 
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conditions. These calculations will add ultimate accuracy to mathematical model and 

understanding of nanoparticles toxicity and quantification principles. 

Unless flow cytometry has proved its efficiency for QD quantification, there’re many 

aspects remaining unresolved. For instance, the accuracy of suggested subset selection 

scheme still requires further validation. On that purpose, cell sorting technique should 

be included in experimental setup. After the samples been treated with QDs, harvested 

and stained for flow cytometry, only highly fluorescent cells should be selected and 

processed for the next step. By comparing cell sorting results to previously done routine 

cytometry, the efficiency of QD quantification method can be evaluated and improved. 

Also cell sorting will fulfill the missing details in cell fate after exposure to QDs. 

As many researches showed, cell lines respond in different way rather than primary 

cells. To cover this gap and get one step closer to clinical application, same 

experiments, as described in current work, should be performed on animal and human 

PBMCs. It will be a good link between in vitro and in vivo experiments, as well as 

expand our knowledge on animal model applicability limit.  

For better outstanding the effect of nanoparticles on immune system, we would suggest 

following in vivo study. Mice may or may not be sensitize with ovalbumin, followed by 

inflammatory response acquisition. After that, the animals will be injected with QDs. 

The resulted immune responses will be measured in organs and blood. Perhaps, the true 

effect of QDs lies outside our vision. 

Alternatively, ability of QDs to influence and exacerbate inflammatory process can be 

studied in ex vivo cultures implied in vivo. Briefly, PBMCs can be extracted and 

cultured in presence of QDs or without them. Then, exposed and naïve cells can be 

injected back to donor and immune reaction acquired. 

In summary, future research in QDs should be more focused on analyzing of gained to-

date experimental information and development of mathematical and quantum 

chemistry models. The understanding of fundamental mechanisms driving QD optical 

and structure alterations will push further the frontiers in biomedical tools design. 

 


