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Abstract

Nanodiamond particles (NDPs) are quickly emerging nanomaterials that have
unique physicochemical properties to be used as a sensing tool for diagnostics
and real time monitoring of cellular processes due to their bright, stable and
unbleachable internal fluorescence. They can be used also as a delivery vehicle
for anticancer drugs and gene therapy. Furthermore, a growing body of evid-
ence emerging from multiple studies reveals their superior biocompatibility
when compared to other members of nanocarbon family. Majority of these
assays were performed on cell lines of different origin (hepatic, endothelial,
epithelial or blood-derived leukemic). There are only a few published studies
describing the effect of NDPs on immune cells. The aim of our study was the
more complex analysis NDPs on both lymphocytes (T, B, NK) and monocytes
(macrophages, antigen-presenting cells, APCs, dendritic cells, DCs) from peri-
pheral blood (PBMC) of healthy donors. We tested cell viability, relative dis-
tribution and phenotype of the above-mentioned subpopulations of PBMC in-
cubated in the presence of NDPs of different size (8-150 nm) and surface chem-
istry (intermediates during the synthesis of targeted NDPs). Above that, we
examined the NDPs interaction with cells using confocal and electron micro-
scopy. The presented results demonstrated that the NDPs are internalized by
monocytes/macrophages, but not by lymphoid cells. They are immunocom-
patibile, with the exception of positively charged NH2-terminated NDPs. The
peptides targeting NDPs to HER2/neu molecule or bombesine do not influ-
ence the viability of any tested population of PBMC. The Mannose-terminated
NDPs significantly increased the apoptosis of CD14+ monocytes, but not the
CD14- APCs or DCs. Further we determined an adjuvant effect of NDPs
resulting in activation and maturation of APC and DCs (increased number
of CD86+CD83+) together with the increased relative distribution of CD69
expressing B and NK cells. We can conclude that plain NDPs can serve as
an efficient immunocompatible delivery vehicle for targeting of therapeutic
molecules with adjuvant property preferentially on APCs and DCs. Their
apoptosis-inducing nature can occur only under specific chemical modifica-
tions, which have to be analyzed further.

Keywords Nanodiamond particles, biomedicine, immunocompatibility, ac-
tivation, adjuvant effect.
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Abstrakt

Nanodiamantové částice (NDP) patř́ı mezi rychle se rozv́ıjej́ıćı nanomateriály,
které maj́ı jedinečné fyzikálně-chemické vlastnosti jako detekčńı nástroj pro
diagnostiku a monitorováńı buněčných proces̊u v reálném čase vzhledem k
jejich stabilńı a nezhášej́ıćı vnitřńı fluorescenci. Mohou být použity pro bio-
medićınské aplikace jako nosičové systémy protinádorových léčiv nebo v genové
terapii. Mnoho studíı prokazuje jejich vynikaj́ıćı biokompatibilitu ve srovnáńı
s ostatńımi nanomateriály na bázi uhĺıku. Většina z těchto výzkumů byla
prováděna na buněčných liníıch r̊uzného p̊uvodu (jaterńıch, endoteliálńıch,
epiteliálńıch nebo leukemických). Zat́ım je pouze několik publikovaných praćı,
které popisuj́ı účinky NDP na buňky imunitńıho systému. Ćılem naš́ı studie
je komplexněǰśı analýza vlivu NDP na lymfocyty (T, B, NK) a monocyty
(makrofágy, antigen prezentuj́ıćı buňky, APC, dendritické buňky, DC) izo-
lované z periferńı krve zdravých dárc̊u (PBMC). Testovali jsme životnost, re-
lativńı zastoupeńı a fenotyp výše uvedených subpopulaćı PBMC v př́ıtomnosti
NDP r̊uzných velikost́ı (8-150 nm) a povrchové chemické modifikace (mezi-
produkty při syntéze ćılených NDP). Rovněž jsme sledovali interakci NDP
s buňkami, jejich vazbu a internalizaci pomoćı konfokálńı a elektronové mik-
roskopie. Źıskané výsledky prokázaly internalizaci NDP monocyty/makrofágy,
ale ne lymfoidńımi buňkami. NDP jsou imunokompatibilńı, s výjimkou kladně
nabitých NH2-terminovaných. Ćılené NDP s vázanými peptidy proti HER2/neu
molekule nebo bombesinu nemaj́ı vliv na životnost žádné z testovaných popu-
laćı PBMC. Inkubace PBMC v př́ıtomnosti NDP s terminálńı manosou výrazně
zvýšila apoptózu CD14+ monocyt̊u, ale ne CD14- APC nebo DC. Nav́ıc jsme
popsali adjuvantńı účinek NDP spouštěj́ıćı aktivaci a zráńı APC a DC (zvýšeńı
počtu CD86+ CD83+ monocyt̊u) a vyšš́ı relativńı zastoupeńı CD69+ B a NK
buněk. Můžeme tedy konstatovat, že výchoźı NDP mohou být využity jako im-
munokompatibilńı nosiče pro ćıĺıćı nebo terapeutické molekuly s adjuvantńım
charakterem ovlivňuj́ıćım zejména APC a DC. Jejich apoptotické vlastnosti
se projevuj́ı pouze po určitých chemických modifikaćıch, které je nutné dále
analyzovat.

Kĺıčová slova Nanodiamantové částice, biomedićına, imunokompatibilita,
aktivace, adjuvantńı efekt.
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Introduction

Nanodiamond particles (NDPs) are quickly emerging nanomaterials that have
unique properties suitable for biomedical applications. In this view, it is im-
portant to understand the extent and different aspects of NDPs biocompatib-
ility or possible cytotoxic effects before they are generally accepted as a safe
nanomaterial. Cytotoxicity or immunogenicity might spur their applicability
for clinical purposes. The immune response to the administration of NDPs
must be consider when engineering their design. NDPs attracted a great
deal of attention in nanoscience when multiple studies reveal their superior
biocompatibility compared to other members of nanocarbon family (Carbon
nanotubes, multiwalled nanotubes, carbon black, etc). However, it is of note
that these studies were mostly conducted on model cell lines. When intro-
duced into living systems (either in vitro or in vivo), NDPs represent foreign
particles, which alert and trigger mechanisms of host defense. Such properties
may influence the development of NDPs carriers towards diagnostic probes
and delivery vehicles.

In this respect we decided to explore the interactions of NDPs with the cells
of immune system in vitro on human peripheral blood monocytes (PBMCs)
of healthy donors. The main goal of the presented work is to study how dif-
ferent NDPs according to their preparation (detonation or high-pressure high
temperature processes), size, and surface modifications interact or modulate
the cells of immune system. The main attention was paid to the reactivity of
phagocytic cells (monocytes/macrophages, antigen-presenting cells, dendritic
cells) representing the first line of defense against foreign particles entering
the organism.

Characteristic and most valuable properties of NDPs involved in our study
is their intrinsic, stable and unbleachable fluorescence (nitrogen vacancy cent-
res) developed for diagnostic purposes, real-time monitoring of intracellular
processes, and as an anticancer drug or gene delivery vehicles.

We focused our examinations to the mechanisms of NDPs interaction with
the cells of the immune system employing confocal and transmission electron
microscopy and flow cytometry. The immunocompatibility and immunogeni-
city studies were performed with NDPs in various steps of their preparation
and chemical surface modification up to grafting of NDPs with targeting mo-
lecules.
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CHAPTER 1
State of the Art

1.1 Immune reaction to foreign particles

The front line of host defense against foreign particles is represented by in-
nate immunity. Innate immunity components, preexistent to the exposure,
react to the potential threat rapidly and in a non-clonal, unspecific and non-
instructive manner. Cell-associated effector mechanisms of innate immunity
are performed by phagocytes (most effectively by macrophages and neutro-
phils, but also by monocytes), dendritic cells (DCs) and epithelial cells. These
cells, present at the epithelial barriers interacting with outer environments,
have developed functions specialized in endocytosis – the process of engulfing
foreign particles.

1.1.1 Endocytosis of foreign particles

Several coexisting endocytic pathways have been identified in mammalian cells
(Figure 1.1). These pathways can be classified into two basic categories ac-
cording to the size of engulfed particles. The uptake of large particles (larger
than 0,75 µm in diameter) is called phagocytosis and the uptake of fluids
and solutes is known as pinocytosis. While the process of pinocytosis occurs
in all cell types and therefore is present in multiple forms depending on the
cell function or origin, the process of phagocytosis is characteristic only for
specialized cells [Doherty and McMahon, 2009].

Within the host defense, immune cells employ three basic pathways of
pathogen or antigen uptake: phagocytosis, receptor-mediated endocytsis and
macropinocytosis. Phagocytic pathway is used by macrophages and mono-
cytes. In addition to phagocytosis, phagocytes engage their cell-surface re-
ceptors to contact foreign particles and thus carry out receptor-mediated en-
docytosis. Phagocytes can also take up soluble substances into pinocytic va-

3



1. State of the Art

cuoles by the means of macropinocytosis. However, macropinocytosis seems
to be a unique property of dendritic cells [Storni et al., 2005].

Figure 1.1: Different endocytic pathways: There are multiple pathways
for cellular entry of particles and solutes into mammalian cells. This fig-
ure is a simplified representation of complex endocytic mechanisms and their
cross-talks. Abbreviations are: CCV, clathrin coated vesicles, CLIC, clathrin-
independent carriers; GEEC, GPI-anchored protein-enriched early endosomal
compartment; GPI, glycophosphatidylinositol, MVB, multivesicular body.
Adapted from Sahay et al., 2010.

1.1.1.1 Phagocytosis

Phagocytosis is a specialized way of endocytosis, which primarily occurs in
professional phagocytes, such as macrophages, neutrophils, monocytes and
dendritic cells. In their study of drug nanocarrier entry into cells, Hillair-
eau et al. suggested that other types of cells, referred to as nonprofessional
phagocytes, such as fibroblasts, epithelial and endothelial cells, may also dis-
play some phagocytic activity, but to a much lower extent than observed in
professional phagocytes [Hillaireau and Couvreur, 2009]. The process of pha-
gocytosis is carried out in three basic steps such as recognition of the particles

4



1.1. Immune reaction to foreign particles

by opsonization followed by adhesion of the opsonized particles onto the pha-
gocyte membrane and finally, the ingestion of the particle by phagocytic cells.

Particle opsonization occurs through adsorption of proteins, such as im-
munoglubulins (IgG and IgM), complement components (C3, C4, C5), blood
serum proteins (laminin, fibronectin, etc.) and others. The opsonized particle
then attaches to specific receptors present on the macrophage surface. Fc re-
ceptor (FcR) or complement receptors (CR) can bind respectively to the con-
stant fragment of immunoglobulins or complement molecules adsorbed at the
particle. Other receptors possibly involved in in phagocytosis of nanoparticles
include mannose receptor and scavenger receptors [Aderem and Underhill, 1999,
Rabinovitch, 1995]. Scavenger receptors are specialized to recognize anionic
polymers [Acton et al., 1993].

The receptor-ligand interactions trigger signal cascades leading to actin
rearrangement and formation of a phagosome. The phagocytosed particle is
internalized into actin-lined membranes, therefore actin polymerization is es-
sential for phagocytosis to occur. The formation of membrane invaginations
engulfing the cargo might or might not involve the growth of enveloping mem-
brane extensions. In addition to changes in the cytoskeletal organization, the
formation of local adhesive structures is necessary for a successful internaliz-
ation too. Markers of cell-matrix adhesion sites, such vinculin and paxillin
involved in linkage of integrin adhesion molecules to the actin cytoskeleton
in focal adhesion plaques, are present at the regions where the particle is in
contact with plasma membrane [Doherty and McMahon, 2009].

Phagosome and its particulate contents undergo maturation through a
series of fusion and fission events. This eventually leads to the transfer of the
cargo to the late endosomes and subsequently to lysosomes, in order to form
a phagolysosome. [Sahay et al., 2010a].

1.1.1.2 Pinocytosis

Various approaches are applied to classify different categories of pinocyt-
osis. Sahay et al. advise the application of classification scheme based on
the proteins involved in different endocytic pathways [Sahay et al., 2010a].
This classification scheme recognizes the class of clathrin-dependent endo-
cytosis, also known as clathrin-mediated endocytosis (CME) and the class
of clathrin-independent endocytosis [Conner and Schmid, 2003]. The latter,
clathrin-independent pathways, are further classified as caveolae-mediated en-
docytosis, clathrin- and caveolae-independent endocytosis and macropinocyt-
osis [Mayor and Pagano, 2007]. According to Sahay et al., this classification
is more precise than the classification based on the interaction (receptor-
mediated, adsorptive, fluid phase) of the particulate antigens with cell mem-
brane.

5



1. State of the Art

1.2 Involvment of innate immunity in the
recognition of foreign particles

The activity of innate immune cells eliminating the potential threats by various
endocytic pathways is followed by antigen presentation to generate adaptive
immunity response. Even though the innate and adaptive branch of the im-
mune system work on different levels, they orchestrate their functions in order
to mount effective immune response. [Udono et al., 2001].

In spite of evolving opinions on what the key feature recognized by the cells
and soluble components of innate immunity is [Medzhitov and Janeway, 1998,
Matzinger, 2002, Kono and Rock, 2008], it is generally accepted that they re-
cognize molecular structures known as pathogen-associated molecular pat-
terns (PAMPs) characteristic for microbial pathogens (exoantigens such as
bacteria, viruses, multicellular parasites, etc.) but not for mammalian cells.
The examples include viral or bacterial nucleic acids, pilin and flagellin as
bacterial proteins, LPS and lipoteichoic acid representing cell wall lipids of
Gram-negative and Gram-positive bacteria, respectively, or mannan carbo-
hydrate of fungi and bacteria. The innate immune system is also alerted by
endogenous molecules originating from damaged or dying host cells known as
damage-associated molecular patterns (DAMPs). Expression of DAMPs may
also be triggered by chemical toxins, burns, ischemia or other trauma. PAMPs
and DAMPs are recognized by various types of germline-encoded cellular pat-
tern recognition receptors (PRRs). Different PRRs are present in different
cellular locations. In addition to PRRs, several types of soluble molecules
function in the blood and mucosal secretions (pentraxins, collections, ficolins,
complement molecules, etc.) [Akira et al., 2006, Bianchi, 2007].

PRRs can be grouped into diverse functional subsets, each having a slightly
different role in the immune system network. Secreted PRRs such as mannose-
binding lectin (MBL), are involved in opsonization and complement activa-
tion. Scavenger receptors and mannose-binding receptors, present on pha-
gocytic macrophages and dendritic cells, induce phagocytosis by facilitating
antigen uptake into the phagosome and its processing into antigenic peptides
for T cell stimulation. Based on their cellular localization, they are further
divided into PRRs that monitor the extracellular environments (Toll-like re-
ceptors and C-type lectins) and PRRs that monitor intracellular compart-
ments (RIG-I-like receptors, NOD-like receptors and DNA sensors). Stim-
ulation of TLRs activates the transcription factors NFnB and MAP kinase.
This activation upregulates costimulatory molecules i.e. B7.1 (CD80) and
B7.2 (CD86), expressed on the surface of antigen-presenting cells (APCs)
and triggers the production of antimicrobial peptides, chemokines, proin-
flammatory cytokines and other cytokine mediators (IL-6, IL-12, IL-18, and
IFN-α and IFN- γ) of the cross-talk between innate and adaptive immunity
[Schenten and Medzhitov, 2011, Storni et al., 2005].
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1.2. Involvment of innate immunity in the recognition of foreign particles

The presence of a foreign particle in the organism can trigger reactions
from a whole range of innate immune cell types. Langerhans cells can cross-
present antigens to CD8+ T cells and thus function in developing responses of
cytotoxic T lymphocytes (Tc). They are also engaged in the interaction with
CD4+ T cells and steer their development towards T helper 2 (Th2) cells.
CD1a+ DCs are also able to activate CD8+ T cells but in a lesser extent than
LCs. Interaction of CD14+ DCs with näıve B cells induces isotype switching
to IgG and IgA expression [Klechevsky et al., 2008]. Specific nuances in the
characteristics of DCs and T cells interaction direct the subsequent immune
response towards a T helper 1 (Th1), Th2, Th17 or T regulatory (Treg) profile
[de Jong et al., 2005, Stockinger et al., 2007]. NK cells, NKT cells, basophils,
mast cells, myeloid suppressor cells, T regulatory cells, epithelial and stromal
cells are also alerted [Pulendran et al., 2010]. However, the crucial role in the
network of immune reactions is played by APCs.

Figure 1.2: Cross-talk between innate and adaptive immunity:
Antigen-presenting cells (such as dendritic cells) play a crucial role in or-
chestrating the network of innate and adaptive immunity. This figure shows
how DCs sensing microbial stimuli through various innate immune receptors
polarize responses of helper T lymphocytes responses which stimulate distinct
signaling pathways that mediate the production of different cytokines and
factors that control the polarization. Abbreviations are: IFN, interferon, IL,
interleukin,TLR, toll-like receptor. Adapted from [Pulendran et al., 2010].
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1.3 Antigen presenting cells

By convention, APC is a term used to refer to specialized cells that display
antigens to CD4+ T lymphocytes. This antigen capture and presentation to
specific T lymphocytes by APCs serve to initiate and promote the development
of adaptive immune responses and provide for a crucial event in initiating
cell-mediated immune responses. Different cell types act as APCs at different
stages of corresponding cell-mediated and humoral immune responses with
various degrees of efficiency. Distinct cell types function as APCs to activate
naive and previously differentiated effector T cells. The most specialized APCs
are dendritic cells. Other immune cells adapted for antigen presentation are
macrophages and B lymphocytes. These three cell types have been referred
to as professional APCs [Abbas et al., 2011]. Dendritic cells are discussed
separately in Section 1.4.

Monocytes and macrophages originate form hematopoetic bone marrow
stem cells. After series of proliferation and monocyte differentiation steps,
monocytes leave the bone marrow and enter blood stream. The overall role
of monocyte population is the maintenance of tissue homeostasis and integ-
rity by means of pathogen elimination and immune modulation via secreted
cytokines. Peripheral blood monocytes serve as progenitors for tissue mac-
rophages and dendritic cells and are usually defined by the expression of
CD14 molecule on their surface [Gordon and Taylor, 2005]. However, addi-
tional markers, such as CD16 and CD64 are also applied and help to dis-
tinguish 3 subsets of blood monocytes (classical CD14+CD16-CD64+, in-
termediate CD14+CD16+CD64+ and non-classical CD14lowCD16+CD64-)
[Grage-Griebenow et al., 2001]. Monocytes circulate in the blood stream for
24 – 72 h and under certain stimuli (e.g. inflammation) they enter the tissue
to become resident macrophages. Generaly, macrophages have better phago-
cytic activity than blood monocytes. Resident macrophages also show a large
degree of heterogeneity, both functional and phenotypic. Tissue macrophages
retain close connection to the surrounding tissue. Different tissues provide
various differentiation stimuli and several subsets of macrophages can be dis-
tinguished in different locations. Intestinal macrophages with exceptionally
large extensions are found in the gastrointestinal tract, alveolar macrophages
are present in lungs, Kuppfer cells in liver, microglia in the nervous system
and Langerhans cells in the skin [Gordon and Taylor, 2005].

B lymphocytes can also function as professional APCs after the activation
by antigen and when they receive stimuli from helper T lymphocytes. B
lymphocytes internalize antigens specifically by BCR-mediated endocytosis
[Rodŕıguez-Pinto, 2005].
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1.4 Dendritic cells

Dendritic cells (DCs) are professional APCs that form the critical link between
innate and adaptive immunity. The crucial connection of these two lines of
host defense is represented by the process of dendritic cell maturation. Mature
and immunologically competent antigen-presenting DCs, which develop from
immature antigen-capturing cells, are the most efficient APCs. DCs are able
to present antigens loaded on both major histocompatibility complex (MHC)
molecules classes I and II to T cells. They are effective in presentation of
glycolipids and glycopeptides to T cells and NKT cells as well as polypeptides
to B cells [Blanco et al., 2008]. Dendritic cells are the only APCs capable of
initiating primary T cell responses because they are operative in priming naive
T lymphocytes, whereas macrophages and B lymphocytes mostly function as
APCs for previously activated CD4+ helper T lymphocytes [Steinman, 2012].

1.4.1 Subsets of DCs and their functions

The subsets of dendritic cells are defined by their origin, anatomical distribu-
tion, expression of cell surface markers and functions (for a schematic view of
the different human DC subsets and their functions in immunity see Figure
1.3). In humans, there are two main lineages of DCs according to the origin,
myeloid (also called conventional or classical) DCs and plasmacytoid DCs.
While myeloid dendritic cells (MDCs) originate from a myeloid progenitor in
the bone marrow, plasmacytoid (PDCs) possibly originate from a lymphoid
progenitor in lymphoid organs [Liu, 2001]. In general, all subsets of DCs ex-
press high levels of MHC class II molecules (HLA-DR+), however, they lack
lineage specific markers (Lin-). Therefore, DCs are generally being defined as
Lin-HLA-DR+ cells [MacDonald et al., 2002].

Additionally, in both humans and mice, the expression of the CD11c
integrin, together with the expression of CD80, CD83, CD86 or CD40 co-
stimulatory molecules, is also used to define DCs. The expression of CD1c
antigen and Blood Dendritic Cell Antigens (BDCA) is used as a distinct sub-
set marker in humans only [Teunissen et al., 2012].
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Figure 1.3: Different subsets of human DCs and their functions: Ab-
breviations are: DCs, Dendritic cells, BDCA, Blood Dendritic Cell Antigens,
CD, Cluster of differentiation, MDCs, Myeloid dendritic cells, PDCs, Plas-
macytoid dendritic cells. Adapted from Salvador et al., 2012.

Myeloid dendritic cells

Myeloid dendritic cells, related to the lineage of mononuclear phagocytes,
represent the major group of DCs, they are also the most numerous cells in
lymphoid organs and give rise to resident tissue DCs. Based on their anatom-
ical localization, resident tissue DC subpopulation can be further classified
into the Langerhans cell type and the interstitial/dermal cell type subsets.
Langerhans cells, prototypical epithelial DCs, occupy the epithelia and skin-
draining lymph nodes. Interstitial/dermal cells are found in most other tissues
[Abbas et al., 2011].

The expression of CD11c and CD1c (BDCA1) defines classical blood myel-
oid DCs. CD1c+ (BDCA-1) MDCs prime CD4+ T cell, release pro-inflammato-
ry cytokines, induce chemotaxis [Ueno et al., 2011] and to certain extent, they
are also endowed with the ability of cross-presenting antigens. Cross-presen-
tation is the process of capturing endogenous antigens and presenting them
on MHC class I molecules. However, human DCs, which are the most special-
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ized in the process of cross-presentation are to be found within the DC subset
expressing CD141 (BDCA-3) [Jongbloed et al., 2010]. The subset of DC-like
blood cells that express CD16 has also been classified [MacDonald et al., 2002,
Schäkel et al., 2006, Ziegler-Heitbrock et al., 2010]. On one hand, this subset
shows a strong pro-inflammatory function but on the other hand, it has a
lower antigen presentation ability [Mittag et al., 2011].

There are at least three resident DC subsets found in the skin. Two of them
(CD1a+ or CD14+) had been found within the dermis, and CD1a+ Langer-
hans cells (LCs) have been found in the epidermis [Ziegler-Heitbrock et al., 2010].
The subsets of skin DCs differ in the expression of TLRs. CD1a+ Langerhans
cells express TLR1, 3, 6 and 10 and CD14+ DCs express TLR2, 4, 5, 6, 8, and
10 [Klechevsky et al., 2009, van der Aar et al., 2007, Flacher et al., 2006].

Plasmacytoid dendritic cells

PDCs are present in the blood and lymph nodes. Upon migration to the
site of foreign antigen exposure or inflammation, PDCs secrete large quant-
ities of IFN-α [Siegal et al., 1999], Tumor Necrosis Factor (TNF) and IL-6
[Palucka et al., 2005]. Therefore their primary role is believed to be found
within antiviral defense but they also function in antigen presentation and
T cell activation [Mellman and Steinman, 2001]. Human PDCs are able to
present peptides onto both MHC class I and II molecules [Lui et al., 2009].

PDCs are characterized by the expression of CD303 (BDCA-2), CD123
(IL-3Rα) and CD304 (BDCA-4) [Mittag et al., 2011]. In 2009 Matsui et al.
showed that two subsets of PDC can be distinguished based on their surface
expression of CD2 molecule. CD2high PDCs highly express lysozyme, larger
levels of CD80 and secrete higher amounts of IL12p40 than CD2low PDCs.
They are mostly present in tonsils and tumor environments. CD2highPDCs
trigger the proliferation of näıve T cells more efficiently than CD2low PDCs
[Matsui et al., 2009].

The precursors of PDCs were researched mainly by the team of Yong-Jun
Liu et al. and are now known as type 1 interferon–producing cells (IPCs).
IPCs show plasma cell morphology characteristics and selectively express Toll-
like receptor (TLR)-7 and TLR9 which recognize single-stranded RNA and
unmethylated CpG DNA, respectively. IPCs can promote the function of
natural killer cells, B cells, T cells, and myeloid DCs [Liu, 2005].

11



1. State of the Art

1.4.2 DC migration and the process of maturation

Maturation of DCs represents an important link between innate and adaptive
immune responses. Mature DCs are the the most efficient APCs. They develop
from immature, antigen-capturing cells to mature, antigen-presenting, T cell-
priming DCs in a process of a series of changes.

Immature blood and tissue myeloid DCs bind foreign antigens by C-type
lectin receptors (CLRs) expressed on their surface. Upon antigen exposure or
under the influence of pro-inflammatory cytokines, DCs mature and migrate
to the draining lymph nodes to present MHC class II–bound antigens to, and
activate, T cells [Harman et al., 2013].

The maturation changes during the migration are regulated by the in-
teractions of chemokines and their receptors. Mature DCs lose responsive-
ness to chemokines MIP-3 alpha/CCL20, RANTES/CCL5 and MIP-1 al-
pha/CCL3 [Dieu et al., 1998, Sato et al., 2001]. Upon maturation, they also
lose cell surface expression of CCR1, CCR5 and CCR6, down-regulate CXCR1
and up-regulate expression of CXCR4 and CCR7 [Sallusto et al., 1998]. The
upregulation of CCR7 promotes responsiveness to MIP-3 beta/CCL19 and
6Ckine/CCL21 [Caux et al., 2000, Dieu-Nosjean et al., 1999]. It is import-
ant that 6Ckine/CCL21 is a potent chemokine for both mature DCs and
näıve T cells. This is a crucial feature that allows for colocalization of these
two cell types within secondary lymphoid organs leading to T cell activation
[Chan et al., 1999]. For the antigen-presenting function DCs, it is of major im-
portance that mature DCs produce chemokines (MDC/CCL22, TARC/CCL17)
that attract CCR4-expressing T cells [Sallusto et al., 1999, Vulcano et al., 2001].
The interaction between DCs and cytotoxic T cells is supposedly promoted
by DC production of the chemokine CXCL16 [Matloubian et al., 2000].

As accepted by most researchers, mature dendritic cells are defined not
only by the shift of their main function (functional maturation from antigen-
capturing to antigen presenting) but also by their phenotypic maturation.
This is usually understood as the increased expression of CD40, CD80 and
CD86 costimulatory molecules important for the function of DCs as profes-
sional antigen presenting cells [Steinman, 2012]. As one of the best mark-
ers for mature DCs, the CD83 molecule is usually accepted. This molecule
supposedly plays regulatory functions in the network of immune responses
[Fujimoto and Tedder, 2006].
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1.5 Nanocarbon family of particles

At the nanoscale, carbon can adopt various forms. Their classification com-
bines the type of carbon bonds’ hybridization within the structure with their
size. Accordingly, nanoscale carbon-based materials can be arranged into four
major groups (i.e. carbyne-, diamond-, fullerene- and graphite-like) which are
summarized in Figure 1.4. Understanding of their properties can open new
possibilities towards new applications [Shenderova and Gruen, 2006].

Figure 1.4: Nanocarbon classification scheme: Nanodiamond particles
(NDPs) belong to the family of carbon-based nanoscale structures. Abbrevi-
ations are: MWNTs, multi-walled nanotubes, NT, nanotubes, spn, interme-
diate carbon forms with a non-integer degree of carbon bonds’ hybridization
within their structures, SWNT, single-wall nanotubes. Adapted from Shen-
derova and Gruen, 2006.
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The nanocrystaline diamond particles can either achieve a monocrystaline
or polycrystaline form. For the purpose of this study, we further refer solely to
the monocrystaline form. Particles of a monocrystaline form arise naturally or
they can be produced synthetically by high-energy ball milling of high-pressure
high-temperature (HPHT) and by the method of microwave plasma torch op-
erating at near atmospheric pressure [Ting et al., 2007]. The HPHT route of
synthetic NDP formation is of a particular interest, because it produces NDPs
containing specific nitrogen impurity defects (up to 100 to 300 ppm of nitro-
gen) in the diamond crystal lattice that allow for photoluminiscent particles
with intrinsic fluorescence, which when combined with the inherent features
of NDPs, open a new field of their potential use [Kaur and Badea, 2013,
Shenderova and Gruen, 2006].

The ultracrystaline, or in other words single-digit, diamond particles are
produced chiefly by detonation synthesis using explosives. Other feasible ways
of ultracrystaline NDP formation include chemical vapor deposition, chlorin-
ation of carbide, ion irradiaton of graphite or laser irradiation of carbon, and
grinding of HPHT NDPs [Shenderova and Gruen, 2006].

Three predominant methods of commercial synthesis of NDPs in relation to
the corresponding potential applications of given NDP types are summarized
in Figure 1.5.

Figure 1.5: Synthesis and applications of NDPs: adapted from Kaur and
Badea, 2013.
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1.5.1 Nanodiamond particles

Nanodiamond particles (NDPs) are nanoscale carbon particles with the par-
ticular structure of a diamond crystal lattice. Elemental carbon, the basic
component of a nanodiamond particle, has two core electrons and four valence
electrons. In the bulk structure of a diamond, carbon atoms attain sp3 hy-
bridization, which results in a formation of rigid diamond structure, where
all the four valence electrons are engaged in a σ bond with the neighboring
carbon atoms. As a consequence of this general lack of free electrons, the core
structure of a NDP appears to be chemically inert. The surface structure,
however, allows relaxation and exposes terminating univalent moieties such
as hydrogen, hydroxyl or others, opening the possibility of further chemical
modifications by various functional groups readily known to organic chemistry
and biomolecules [Kaur and Badea, 2013]. The term nanoparticle is applied
to define a particle whose diameter ranges from 1 to 100 nm, and is used
in accordance with ISO/TS 27687: 2008, Nanotechnology and definitions for
nano-objects-nanoparticle, nanofiber, and nanoplate.

1.5.2 Characteristics of nanodiamond particles

Size specifications

Classification scheme based upon primary particle sizes recognizes nanocrys-
talline diamond particles (1–100 nm), ultrananocrystalline particles (2–10 nm),
and diamondoids (1–2 nm) [Shenderova and Gruen, 2006].

Fluorescence

Unique photoluminiscent properties of NDPs may be revolutionizing. As
already stated, NDPs synthesized by HPHT method contain impurity de-
fects which may be turned into nitrogen-vacancy (NV) centers. To achieve
this, high-energy irradiation by electron or proton beams with the energy in
magnitude of MeV, or more feasible method of irradiation by beams of helium
ions (40 keV), are used. This practice causes damage by forcing a carbon atom
out of the diamond lattice. When thermal annealing (600–800◦ C) in vacuum
is applied, these vacancies move closer to the centers of nitrogen impurities to
form NV color defect centers exhibiting specific luminiscence which is stable
even at room temperature. There are two types of NV centers with differ-
ent emission spectra — neutral NV0 centre with a weaker emission peak at
575 nm and negatively charged NV− with a stronger emission peak at 636 nm.
These NDPs capable of bright red fluorescence, when excited by green yellow
light (∼560 nm) are called fluorescence nanodiamonds (FNDs). Compared to
organic fluorophores, time-lapse imaging using NDPs is not limited by pho-
tobleaching or photoblinking, which is of major importance. When using
FNDs, there is no need for secondary staining and the signal yields less back-
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ground noise [Boudou et al., 2009, Chang et al., 2008, Kaur and Badea, 2013,
Petráková et al., 2012].

Surface modifications

In practice, production of ultracrystaline NDPs, mainly by the detonation
procedure, is advantageous not only for their ensuing minute dimensions but
also for the resulting high surface-to-volume ratio, which provides large area
available for chemical modifications, even for coupling with biomolecules and
drugs. For example, the specific surface area of a NDP with a 4 nm diameter
compared to a bulkier NDP with a 30 nm diameter would reveal 7× difference
in the adsorption and load capacity. That is 428 m2/g and 57 m2/g for 4 nm
and 30 nm, respectively [Shenderova and Gruen, 2006].

Functional groups introduced onto the surface of NDPs serve to model
chemical properties and characteristic functional features, and therefore con-
tribute to the predetermination of NDPs’ applications. Based on the charac-
ter and purpose of moieties present, NDPs may be classified as functionalized
(bearing functional groups, such as carboxyl, amino, hydroxyl, alkyl, aromatic,
halogen groups, etc.), targeted (specific peptides, e.g. peptides complement-
ary to certain cellular receptors) or therapeutic NDPs (carriers for drugs, e.g.
cytostatics or nucleic acids). An additional set of plain NDPs with a neutral
surface lacking a major predominant functional group may be defined as well.

This work concentrates on naturally raised NDPs further prepared by
HPHT or detonation process with a potential use in biomedicine. The reason
for our focus is the extraordinary scalability of their properties and production
processes.
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1.5.3 Biomedical applications of nanodiamond particles

Fluorescent NDPs may find their use in basic research imaging. Moreover,
there are studies combining NDPs’ internal fluorescence and surface scalability
to the benefit of their development as diagnostic tools for clinical applica-
tions. Once again, rich surface chemistry in nanoscale predetermines the use of
nanodiamond carries as delivery vehicles with a wide range of employment,
not to forget their unique optical and magnetic features.

Figure 1.6: Applications of NDPs: adapted from Kaur and Badea, 2013.

Bioimaging and diagnostic tools

FNDs can be visualized upon emission of fluorescent signals detectable by
fluorescence or confocal microscopy, and by Raman spectroscopy upon emis-
sion of Raman signal (reveals vibrational, rotational, and low-frequency states
of the particle). NDPs can also be detected by backscattered light imaging.
Thanks to multiple ways of visualization, scalable surfaces and sizes, NDPs of-
fer advantages yet not demonstrated in other probes. Studies exploring novel
imaging applications go usually hand in hand with examining biocompatibility
and possible cytotoxic effects of FNDs.

In addition to detection by fluorescence microscopy, FNDs can also be
visualized by single spin magnetic resonance imaging (MRI) devices thanks
to their unique electron and nuclear spin properties. The single spin MRI
uses the dependence of intrinsic color center fluorescense on the presence and
characteristics of magnetic field. Briefly, when a known magnetic field gradient
is applied, the position of a NDP as a MRI marker can be reconstructed
[Moore et al., 2012].
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Photostabile FNDs can also useful for long-term tracking inside cells altered
by oncogenic processes, e.g. for studying molecular motors or for the observa-
tion and tracing of molecular events and cellular processes at the nanometer
scale and in real time [Baker, 2010].

Delivery vehicles

NDPs located free in the cytosol are promising candidates for transferring di-
verse biomolecules with therapeutical potential [Chithrani et al., 2006], which
might serve in targeted tumor therapy (immunotherapy, gene therapy). Their
high loading capacity allows covalent or electrostatic coupling with chemo-
therapeutics, hormones (e.g. insulin), proteins or vitamins, which retain or
even improve their therapeutic effects. Possible role of NDPs as gene or protein
delivery vectors is also being explored. However, when compared to carbon
nanotubes, the surface of detonation NDPs available for simultaneous modific-
ation with both targeting and therapeutic groups is limited and appears to be
hindering engineering of NDP-multifunctional drugs. Nevertheless, thanks to
the high surface free energy of single NDPs they often form clusters enabling
drug encapsulation [Li et al., 2010].

Currently, two forms of NDPs are being explored as possible platforms for
drug delivery. One form is represented by a thin film of NDPs assembled on
a chemical substrate. Multiple biological molecules or other chemical groups
can then adhere to the film. Alternatively, NDPs create spontaneous clusters
known as hydrogels [Zhu et al., 2012].

The biomedical use of hydrogels was reported in 2007, when Huang et al.
presented a study showing therapeutical potential of 2–8 nm NDPs functional-
ized with doxorubicin hydrochloride (DOX), a widely used apoptosis-inducing
chemotherapeutic drug. They observed lower cytotoxicity of the NDP-DOX
composite in mouse macrophages and human colorectal cancer cells (HT-29)
compared with bare DOX in a 48-hour period. Their explanation proposed
that NDP-DOX complexes assemble in a form of clusters sequestering a pro-
portion of coupled DOX inside the cavity. This feature could be useful for
sustained and tunable drug release as it could prevent premature drug efflux.
It could also help avoid the use of high concentrations of the drug and therefore
minimize the adverse systemic effects of naked DOX [Huang et al., 2007].

Similar results were reported in 2010 when Li et al. investigated phar-
macodynamics of 10-hydroxycamptothecin (HCPT), another drug used in
chemotherapy and obtained results supporting previous observations. These
researchers HCPT molecules onto the surface of 2–10 nm detonation NDPs
and concluded that the efficacy of the NDP-HCPT complexes was superior to
uncoupled HCPT [Li et al., 2010].

Chow et al., 2011, conducted the first in vivo pharmacodynamics and
biocompatibility study of NDPs as drug delivery agents. They further explored
the potential of NDP-DOX complexes to combat drug resistance in cancer
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caused by drug efflux from the tumor cells. In summary, by employing a
mouse model of mammary and liver cancer, they observed, that NDP-DOX
composites were less toxic to these model organism than DOX alone. The same
dose of DOX proved lethal to the animals, but when coupled with NDPs,
the experimental organisms survived, moreover, their tumor size decreased.
Improved retention by tumor cells was evident and a significant size-reducing
effect to the tumors was manifested while the size of NDP-DOX complexes
probably enabled clearance before the adverse toxic effects might develop in
slower-dividing healthy tissues [Chow et al., 2011].

Gene therapy

When coated with polyethyleneimine (PEI), a polycationic polymer, NDPs
are capable of efficiently introducing DNA into cells and might therefore serve
as an alternative to using viral vectors in gene therapy. This has already been
used to enhance transfectability by plasmid DNA (pDNA) [Zhang et al., 2009b]
and to construct enhanced siRNA delivery system [Chen et al., 2010]. Coup-
ling with NDPs promises to overcome the major obstacle to the use of naked
nucleic acids as therapeutics, which is their inefficient cellular delivery, caused
by high negative surface charge and large molecular weight of DNA. Generally,
DNA is too large for cellular uptake, and siRNA, with an average molecular
weight of less than 50 kDa, is prone to excretion through glomerular filtration
[Takahashi et al., 2009].
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1.6 Comparison of NDPs biocompatibility to
other nanocarbons

NDPs attracted a great deal of attention when several studies revealed their
improved biocompatibility and limited cytotoxicity when compared to the
other members of nanocarbon family.

Schrand et al., 2007, questioned the differential biocompatibility of NDPs
(cubic nanodiamonds ranging from 2 to 10 nm in size were subjected to the
tests), single- and multi-walled carbon nanotubes (SWNTs, MWNTs), and
carbon black (CB). All nanocarbons were administered to the cultures of
neuronal (neuroblastoma) and lung (alveolar macrophages) cell lines. The
researchers followed their effects on the morphological and subcellular char-
acteristics such as mitochondrial membrane permeability and reactive oxygen
species (ROS) generation. In their findings the authors concluded, that NDPs
were more biocompatible than the other nanocarbon structures. The biocom-
patibility followed the trend: NDPs > CB > MWNT > SWNT in both cell
types. However, it is of note that macrophages were more sensitive. NDPs
did not disrupt the mitochondrial membrane and did not induce significant
ROS production, while carbon nanotubes did. From the morphological point
of view, macrophages increased in size due to nanomaterial accumulation,
but remained round. Neuroblastoma cells shed their neurite extensions after
incubation with carbon nanomaterials at high concentrations of 100µg/ml.
Cell-specific differences in the susceptibility towards the cytotoxic effects of
nanocarbons might be explained by differing uptake mechanisms employed by
the cells (phagocytosis vs. endocytosis) and by the inherent ability of im-
mune cells to initiate an inflammatory response or programmed cell death
[Schrand et al., 2007a].
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1.7 Interactions of nanoparticles with immune
system

Examples of nanomaterials with biomedical relevance include nanocarbons,
polymeric micelles, quantum dots, liposomes, polymer-drug conjugates, dendri-
mers, biodegradable nanoparticles, silica nanoparticles, etc.. Before the nano-
medicines reach the bedside, not only their biocompatibility but also the char-
acteristics of their interactions with the immune system are to be carefully
investigated [Sahay et al., 2010a].

The size is not the only decisive factor in the case of the nanoparticle
uptake. Surface characteristics of nanoparticles influence their uptake by im-
mune cells as well. Studies show that the uptake rate is faster for negat-
ively charged nanoparticles, than for positively charged or uncharged particles
[Hsu and Juliano, 1982, Raz et al., 1981]. Saccharide-coated nanoparticles were
shown to be phagocytosed by macrophages and other phagocytic leukocytes.
Coating the nanoparticle with dextran enhances its phagocytic uptake by mac-
rophages, because this carbohydrate resembles bacterial lipopolysaccharides
[Tassa et al., 2011]. The presence of transferrin protein or ligands for glyc-
osylated receptors on the surface of nanoparticles favors clathrin-dependent
endocytosis [Bareford and Swaan, 2007]. Nanoparticles conjugated with folic
acid, cholesterol or albumin are ingested by caveolin-independent endocytic
pathway bypassing the lytic compartment [Bareford and Swaan, 2007].

Other examples point to different effects of nanoparticle surface proper-
ties on cytokine production and complement activation. Studies reported
cytokine up regulation induced upon the administration of positively charged
nanoparticles [Polach et al., 2012, Kedmi et al., 2010]. Liposomes with pos-
itive surface charge trigger the classical complement pathway, while lipo-
somes with negative surface charge activate the alternative lectin pathway
[Chonn et al., 1991].

Current in vivo studies suggest that together with the properties of nan-
oparticles, the route of their administration has an effect on the interac-
tions of nanoparticles with the host immune system. When administered
intravenously, dextran-coated iron-oxide nanoparticles but also nanoparticles
with conjugated peptides and antibodies (e.g. IgG) showed increased accu-
mulation in lymph nodes [Tassa et al., 2011, Finkelstein et al., 1981]. When
gold nanoparticles were administered intravenously and intraperitonealy, they
were sequestered by Kupffer cells before they could reach the liver hepato-
cytes [Sadauskas et al., 2007]. Sadauskas et al. therefore suggest, that Kupfer
cells play an important role in the removal of nanoparticles from the organ-
ism. Positively charged nanoparticles tend to accumulate in the organ of
administration, because they couple with erythrocytes and serum proteins,
thus forming larger complexes unable to exit the organ [Sakurai et al., 2001,
Senior et al., 1991].

21





CHAPTER 2
Aim

The aim of this work is to assess the immunocompatibility and possible im-
munogenicity of NDPs, characterized by bright stable intrinsic fluorescence
and high versatility in surface chemistry, and designed for real time monit-
oring of intracellular processes or future theranostic application for cancer.
NDPs will be evaluated according to their size (8–150 nm), functionalization
by chemical groups, and targeting peptides or saccharides.

We plan to analyze:

• The interaction of NDPs with the cells of the immune system by confocal
and transmission electron microscopy

• The viability of lymphocyte and monocyte subpopulations measuring
apoptosis

• The immunoadjuvant effect determined by the expression of activation
markers
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CHAPTER 3
Materials

3.1 Equipment

• Automatic micropipettes 2–5000 µl (Labnet International, USA)

• Centrifuge HARRIER 15/80 (MSE, Great Britain)

• CO2 and 37◦ C HeraCell 150 incubator (Jouan, France)

• Confocal laser scanning biological microscope IX-81 (Olympus,
Japan)

• Electronic pipettes (PIPETMAN Concept, USA)

• Flow cytometer BD LSR II (Becton-Dickinson, USA)

• Glass-bottom dishes for confocal microscopy (Bioport, CZ)

• Laminar flow safety cabinet (Jouan, France)

• Optical microscope (Opton Inc., Germany)

• Transmission electron microscope JEM-1011 with CCD Veleta
camera (JEOL, Japan)

• Ultramicrotome Reichert-Jung Ultracut E (Leica, Germany)

• Universal cooling centrifuge (Labnet International, USA)

• Vortex mixer (Labnet International, USA)

• Water bath sonicator (Bandelin, Germany)

• 96-well round and flat bottom microtiter plates, 6-, 12- and
24-well cell culture plates (NUNC, Denmark)
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3.2 Blood samples

Peripheral blood monocytes (PBMCs) used directly in the experiments and as
a source of precursors for cytokine-mediated generation of monocyte-derived
DCs were isolated from human peripheral venous blood collections (15 males,
median age 42,7 ± 7,6 years and 6 females, median age 34,5 ± 9,5 years)
or from leukocyte rich Buffy coat, respectively. Blood samples from healthy
donors were obtained through the cooperation of the Department of transfu-
sion, Thomayer hospital, Prague, Czech Republic. Peripheral venous blood
was drawn into citrate, when used as a leukocyte rich Buffy coat, or into
EDTA, or Sodium Heparin VACUETTE R© collection tubes (both types Greiner
Bio-One, Austria).

3.3 IC-21 cell line

Adherent IC-21 murine peritoneal macrophage cell line (SV40 transformed)
was obtained from American Type Culture Collection, USA. The cell line was
maintained in 20% CRPMI (Complete RPMI) medium (composition specified
in Section 3.4) under a humidified atmosphere of 5% CO2 at 37◦ C. The cells
were passaged every 48 to 72 h by EDTA (IMG, CZ).
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3.4. Buffers and Media

3.4 Buffers and Media

• Phosphate buffered saline (PBS) used in FACS analysis
PBS used in FACS analysis was obtained from the Service Laboratory of
IMG ASCR, CZ (0,2 g KCl, 8 g NaCl, 0,24 g KH2PO4 a 1,44 g Na2HPO4,
water for cell culture added up to the volume of 1l, pH adjusted to 7,2).

• 5% CRPMI medium for short-term cultivation of PBMC
RPMI 1640, 5× concentrated stock (IMG ASCR, CZ) 200 ml/1l
Glutamine, 3% (IMG ASCR, CZ) 10 ml/1l
Gentamycin, 50 mg/l (Sigma, USA) 2 ml/1l
HEPES, 238 mg/l (Sigma, USA) 5 ml/1l
FBS, fetal bovine serum (Biochrom, UK) 50 ml/1l
Deionized water for tissue culture up to the volume of 1l
Adjusted to pH 7,0 by adding 7,5 % NaHCO3 (Lachema, CZ) 2–5 ml/1l

• Medium for long-term cultivation of PBMC (10%,20% CRPMI)
RPMI 1640, 5× concentrated stock 200 ml/1l
Glutamine, 3% 10 ml/1l
Na-pyruvate, 1,1% (IMG ASCR, CZ) 10 ml/1l
2-ME (Sigma, USA) 1 ml/1l
Gentamycin, 50 mg/l 2 ml/1l
Tiamulin (Biochrom, UK) 1 ml/1l
Fungison (Sigma, USA) 1 ml/1l
HEPES, 238 mg/l 5 ml/1l
FBS 100 or 200 ml/1l
Water for cell culture up to the volume of 1l
Adjusted to pH 7,0 by adding 7,5 % NaHCO3 2–5 ml/1l
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3.5 Nanodiamond particles

Stable water suspensions of NDPs were obtained from several sources as sum-
marized in Table 3.1. Concentration of the colloidal suspensions was adjusted
as required for individual experiments. If necessary, the NDPs suspensions
were supplemented with RPMI 1640 to prevent osmotic stress caused by ex-
cessive water volumes added to cells when dosing with NDPs. In order to
assure for treatment with evenly dispersed NDPs, the colloids were sonicated
for 30 min, 0◦ C using a water bath sonicator. Mean particle diameter was
used as a parameter defining the size of NDPs (Figure 3.1).

Figure 3.1: Characterization of NDPs by mean particle diameter:
Mean particle diameter of the basic HPHT type of NDPs (50 nm) used in
the experiments was determined by Zetasizer measurements. Abbreviation:
HPHT, high pressure high temperature, Courtesy of the Institute of Organic
chemistry and biochemistry, AS CR, Prague.
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3.5. Nanodiamond particles

Table 3.1: List of NDPs used in the experiments: All HPHT NDPs
are fluorescent particles. The batch of ML871 served as NDPs of origin
for DTM-01, ND-Bomb, ND-Her2. Abbreviations are: Bomb, Bombesin;
dNDs, detonation nanodiamonds; Her2, peptide complementary to Human
Epidermal Growth Factor Receptor 2; HPHT, high pressure high temperature;
IOCB ASCR; Institute of Organic Chemistry and Biochemistry AS CR v.v.i.,
Prague, Czech republic; IOP ASCR, Institute of Physics, ASCR v.v.i.,Prague,
Czech republic; NU, USA Northwestern University, USA, UWURZ, Bayerische
Julius-Maximilians-Universität Würzburg, Germany.

NDP label Origin Mean particle diameter (nm) Source

NDS1 HPHT 10–20 IOP ASCR

NDS2 HPHT 20–50 IOP ASCR

NDL3 HPHT 80–120 IOP ASCR

NDL4 HPHT 120–150 IOP ASCR

ML871 HPHT 50 IOCB ASCR

DTM-01 HPHT 50 IOCB ASCR

ND-Bomb HPHT 50 IOCB ASCR

ND-Her2 HPHT 50 IOCB ASCR

dND-COOH dND 8 NU, USA

dND-NH2 dND 8 NU, USA

dND-1-Man dND 50 UWURZ, Germany

dND-3-Man dND 35 UWURZ, Germany
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3. Materials

(a)

(b)

(c)

(d) (e)

(f) (g)

Figure 3.2: Schematic structures of NDPs used in the experiments:
(a) DTM-01(b) ND-Bomb (c) ND-Her2 (d) dND-COOH (e) dND-NH2 (f)
ND-1-Man (g) ND-3-Man
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3.6 Software

• Biolise (Labtech International, UK): Spectrophotometry data acquis-
ition

• FACSDiva (BD, USA): Flow cytometry data acquisition

• FlowJo version 9.4.1 for MAC (TreeStar, USA): Flow cytometry
data analysis

• FV1000 (Olympus, Japan): Confocal microscopy image acquisition

• FV10-ASW 2.0 Viewer (Olympus, Japan): Confocal microscopy im-
age viewer

• Microsoft Excel 2007 (Microsoft, USA)

• Olympus Soft Imaging Solution GmbH (Olympus, Japan): TEM
image acquisition
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CHAPTER 4
Methods

4.1 Isolation of peripheral blood mononuclear cells

The volume of peripheral venous blood was transferred into a sterile 50 ml
tube and mixed with H-MEMd medium (IMG AS CR, CZ) supplemented
with 5 IU/ml Heparin (Zentiva, CZ). Alternatively, the volume of Buffy coat
was transferred into a sterile 250 ml laboratory glassware and mixed with
H-MEMd medium supplemented with 1% Heparin in 1:4 ratio. Carefully, 10
ml of diluted blood solution was laid over 3 ml of density gradient separation
medium in a 15 ml plastic tube and spun at 600×g (1800 rpm) for 45 minutes,
brake 4, as not to disturb the discontinuous gradient after centrifugation.
Pancoll Human (Pan-Biotech, Germany), with the density of 1,077 ± 0,001
g/ml, was used for separation of PBMCs. The PBMC layer was aspirated,
transferred to a new 15 ml tube and spun at 200×g (1000 rpm) for 10 minutes,
brake 9. Next, the supernatant was discarded, the pellet was resuspended, 5
ml H-MEMd medium was added to wash the PBMC pellet and the volume
of the tube was spun at 200×g (1000 rpm) for 10 minutes, brake 9. The
washing of the pellet was repeated twice, to increase PBMC purity. PBMC
were counted when 50µl of the cell suspension was suspended in 0,95 ml of
Türk solution (Sigma, USA), (stock solution mixed with distilled H2O in 1:3
ratio) mixed well and loaded onto a Bürker chamber (Meopta, CZ). Türk
solution was used to determined the cell viability (live cells do not stain, as
the actively pump the solution out). The rest of cell suspension was spun
at 200×g (1000 rpm) for 10 minutes, brake 9. The pellet was resuspended
in a medium chosen according to the further experimental purpose, the final
volume set to obtain the cell concentration needed.
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4.2 Generation of monocyte-derived DCs

PBMCs were prepared from a Buffy coat following density gradient separa-
tion protocol described above in Section 4.1. The concentration of PBMCs
was adjusted to 5×106cells/ ml and allowed to adhere in 5% CRPMI and the
non-adherent lymphocytes were gently washed away. The DCs were prepared
by culturing the resulting monocytes in 2 ml of 10% CRPMI supplemented
with 100 ng/ml rhGM-CSF (eBioscience, USA) and 20 ng/ml rhIL-4 (Prospec,
Israel). Cultures were maintained for 5 days under a humidified atmosphere
of 5% CO2 at 37◦ C. The DCs culture was monitored using light microscopy
throughout the duration of incubation. The DCs were then harvested us-
ing EDTA (0,02%), cell concentration determined and DCs used for further
experiments.

4.3 Confocal microscopy

For confocal microscopy, 2×104 cells/ml in corresponding medium were seeded
onto confocal dishes with coverglass bottom. Alternatively, a drop of 2×104

cells/ml cell suspension was transferred onto a microscope slide. Hoechst
33342 (Invitrogen, USA) administered in 1 mg/ml concentration 5 min prior
to the confocal microscopy observation was used to stain nuclei for morpho-
logical differentiation in the cell specimens. Samples were examined and pho-
tographed using Olympus Confocal laser scanning biological microscope IX-
81/Olympus FV-1000 confocal microscope and analysed using Olympus FV-
1000 acquisition software and Olympus FV10-ASW 2.0 Viewer. Excitation
channels for NDPs visualization were 561 nm (green laser) and the emis-
sion detection window was 630–730 nm (red channel) to detect NDPs’ NV−

peak. All the emission signals (NDPs and nuclear stains/Hoechst 33342) were
scanned separately to prevent signal overspills. The samples were dosed with
25µg/ml for 24h.
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4.4. Transmission electron microscopy

Figure 4.1: Fluorescent characteristics of NDPs as detected by con-
focal microscopy: Measured on Olympus FV-1000 confocal microscope. Op-
timal excitation - 561 nm (green laser), NV0 (weaker) and NV− (stronger)
emission peaks, 630–730 nm NV− detection window (red channel).

4.4 Transmission electron microscopy

The transmission electron microscopy (TEM) and sample preparation for
TEM were conducted under the kind cooperation of Laboratory of electron
microscopy at Faculty of Science, Charles University in Prague, Prague, Czech
republic. All the chemicals used in this method were prepared therein, if not
stated otherwise.

IC-21 cells were used as a model cell line to study endocytosis. IC-21 cells
were maintained in a long-term culture under the conditions formerly men-
tioned (Section 3.3). On the day of NDPs administration, adherent monolayer
of the IC-21 cell culture were removed into the form of single-cell suspension
by EDTA treatment and resuspension in medium (see Section 3.3) to ensure
a high-rate of NDPs cellular uptake. IC-21 were seeded onto a 6-well plate
at seeding density of 2 × 106cells/ ml in a final volume of 2 ml of CRPMI
per well. The cells were allowed to adhere for 2 hours at 37◦ C, 5% CO2,
then NDPs were added in a final concentration of 25µg/ml. The cells in the
presence of NDPs were then incubated for further 24 hours at 37◦ C, 5% CO2.
As a control measure, IC-21 of the same seeding density were incubated in the
absence of NDPs as untreated control.

All the specimens were fixed for 24 hours in 2.5 % glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.2) and postfixed in 2% OsO4 in the same buffer (3–
4 h). Fixed samples were dehydrated through an ascending ethanol and acet-
one series and embedded in Araldite-Poly/Bed R© 812 resin mixture. Capsules
were formed and allowed to polymerize in thermostat. Ultrathin sections
were cut on Reichert-Jung Ultracut E ultramicrotome and stained using ur-
anyl acetate (in the dark, 20 min–1 h, ethanol atmosphere) and lead citrate
(Reynolds’ stain, 1963, 20 min, CO2-free atmosphere) to achieve higher con-
trast imaging. Sections were examined and photographed using JEOL JEM-
1011 electron microscope with CCD Veleta camera and Olympus Soft Imaging
Solution GmbH acquisition software.
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4.5 Flow cytometry analysis

Flow cytometry analysis was conducted to follow the changes in surface marker
expression, relative distribution of cell subpopulations and cell viability in-
duced upon the influence of NDPs.

4.5.1 Preparation of samples for flow cytometry analysis

The general procedure for all the experiments conducted with the use of FACS
analysis started by seeding 5×105PBMC/ well or approximately 3×105DCs/
well per well resuspended in 10% CRPMI medium in both cases onto a 96-well
round bottom plate in the final volume of 250µl, where they were subjected
to staining for flow cytometry analysis. PBMC were seeded directly in the
corresponding seeding density onto the 96-well round bottom plate, where
NDPs were administered immediately after the PBMC isolation from human
blood samples and the PBMC were stained on the same plate at the end of
the incubation period. The incubation time with NDPs for PBMC was 18
hours (to detect the peak of CD69 early activation antigen expression) and
48 hours. DCs cultivated from adherent cells of PBMC were incubated with
NDPs on the original DC cultivation 6-well plate mentioned above in Section
4.2 and only at the end of incubation time with NDPs, the adherent DCs were
removed from this plate using EDTA, their seeding density was adjusted and
they were transferred onto a 96-well plate, where they were stained following
the protocol described further in the text.

4.5.1.1 Surface markers staining protocol

First, all the samples were centrifugated at 260×g (1700 rpm), 4◦ C for 2
minutes to get rid of the incubation medium. Supernatant was discarded,
cell pellets resuspended in 200µl of PBS and then centrifuged at 260×g (1700
rpm), 4◦ C for 2 minutes. This PBS washing step was repeated twice. Af-
terwards, the rinsed and cell pellets were incubated with 10µl of antibody
dilution mixture for 30 minutes at 4◦ C in the dark. Next, the stained cells
were rinsed twice by 200µl of PBS following the same procedure as men-
tioned above. Finally, stained and washed cells were resuspended in 100µl of
PBS and they were ready for the flow cytometry analysis of surface markers
expression.

Note that in the case of PBMC staining for extracellular markers two dis-
tinct antibody dilution mixtures indicated Mix 1, for staining the lymphocytes,
and Mix 2, for staining the monocyte gate have been designed distinguish dif-
ferent surface markers being stained by identical fluorochromes. The Table 4.1
summarizes detection antibodies used for the FACS analysis of PBMC surface
markers and the Table 4.2 summarizes detection antibodies used for the FACS
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4.5. Flow cytometry analysis

analysis of DCs surface markers. All the monoclonal antibodies were titrated
before their use in the experiments to determine their dilution factor.

Table 4.1: List of detection monoclonal antibodies used for PBMC analysis

Surface marker Fluorochrome Clone Dilution Producer

CD3 eF450 OKT3 1:20 eBioscience

CD56 APC MEM188 1:10 EXBIO

CD4 APC-Alexa 750 S3.5 1:150 Caltag

CD8 eF650NC RPA-T8 15-20 eBioscience

CD20 PE-Cy7 2H7 1:20 eBioscience

CD69 PE FN50 1:20 eBioscience

CD14 PB TiiK4 1:100 CaltagLab

CD86 PE 112.2 50 eBioscience

CD11c PE-Cy7 3.9 1:100 eBioscience

CD83 APC HB1Se 10 Biolegend

CD11b Alexa 700 ICRF44 1:50 BD Pharmingen

CD161 Alexa 700 112.2 50 eBioscience

Annexin-V-FITC 1:100 Invitrogen

PI 10 Sigma

Hoechst 33258 XY 1µg/ml Molecularprobs

37



4. Methods

Figure 4.2: Gating of PBMC subpopulations: (a)Singlets (b) Lympho-
cytes and Monocytes (c) Live PI- Lymphocytes (d) Live PI- Monocytes (e)
B lymphocytes CD 20+ (f) CD 3−56low NK cells and CD 3+ T lymphocytes
(g) Cytotoxic CD 3+4−8+ and helper CD 3+4+8− T lymphocytes.
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Table 4.2: List of detection monoclonal antibodies used for DCs ana-
lysis:

Surface marker Fluorochrome Clone Dilution Producer

CD14 PB TiiK4 1:100 CaltagLab

CD86 PE 112.2 1:40 eBioscience

CD11c PE-Cy7 3.9 80-100 eBioscience

CD83 APC HB1Se 5-10 Biolegend

CD11b Alexa 700 ICRF44 1:50 BD Pharmingen

CD40 FITC LOB7/6 1:5 DakoCytomation

Annexin-V-FITC 1:100 Invitrogen

PI 10 Sigma

Hoechst 33258 1µg/ml Molecularprobs
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Figure 4.3: Gating of DC population: (a) Singlets (b) Monoculture of
dendritic cells (c) Live PI- dendritic cells (d) and (e) Characterization of dend-
ritic cell monoculture by CD 11c CD 14 and CD 86 CD 83 markers.
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4.5.1.2 Staining protocol for cell viability assessment

For a precise cell viability assesment, i.e. to differentiate the stages of early,
late, very late apoptosis and necrosis, following steps were added to the surface
markers staining protocol:

• rinse twice with 10× diluted HEPES

• spin (260×g (1700 rpm), 4◦ C for 2 minutes)

• stain the cell pellet by adding 10µl of Annexin-V:HEPES dilution (1:100,
15 min, room temperature, in the dark)

• do not wash, add 100µ of 10× diluted HEPES

• prior to the flow cytometry analysis, add 10µl of PI (10µ/ml?)

Alternatively, to simply distinguish between live and dead cells, 10µl of PI
(10µ/ml?) was added following the last step of surface markers staining pro-
tocol (pellet resuspension in 100µl of PBS) prior to flow cytometry analysis.
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Figure 4.4: Viability gating applied in FACS analysis of PBMCs:
(a) singlets (b) All lymocytes and Monocytes (c) Viability of Lymphocytes
(d) Viability of Monocytes. Annexin-V−/PI−, Live cells; Annexin-V+/PI−

Early apoptosis; Annexin-V+/PI+, Late apoptosis; Annexin-V−/PI+ Very
late apoptosis/necrosis.

4.6 Statistical analysis

All the data collected were analysed using Microsoft Excel software. Data
were expressed as Average, ± Standard Deviation. To evaluate the statistical
significance, paired 1-tailed Student’s t-test was performed, compared to non-
treated control sample. Additionally, some data were expressed as percentage
of non-treated control samles. Test statistics produced by Student’s t-test
were interpreted using p-values, p ≤ 0,05 (*), p ≤ 0,01 (**) and p ≤ 0,001
(***) were considered significant.
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CHAPTER 5
Results

5.1 Interaction of immune cells with NDPs

Based on the assumption that NDPs represent foreign particles to be recog-
nized by immune system components, the first experiments of the presented
work were undertaken to determine which immune cell types interact with
NDPs. To examine the ability of various immune cell types within the chosen
in vitro model of human PBMCs to ingest NDPs, we used HPHT fluorescent
NDPs (further referred to as FNDs). The intrinsic fluorescent characteristics
of FNDs allowed for intracellular imaging of the particles by confocal micro-
scopy even when engulfed within the cell. Optimal excitation allowing for
their detection is in the range of a green laser (561 nm) and their detection
window lies within 630 - 730 nm, corresponding to the NDPs NV- center emis-
sion peak, giving a strong signal in the red light channel. Our observations
showed that after 24 hours of incubation, FNDs had been ingested by rest-
ing monocytes but not by lymphoid cells. The cell types were distinguished
according to their typical morphological characteristics. The confocal images
demonstrated that 50 nm HPHT FNDs do not enter the nucleus of monocytic
cells and are located in the cytoplasm or in vesicles (Figure 5.1).
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Figure 5.1: Confocal microscopy imaging of FNDs in various immune
cells: After the 24h treatment of human PBMCs with 50 nm HPHT FNDs at
the concentration of 25µg/ml (B) FNDs were ingested by the population of
resting monocytes but not by the lymphoid cells. (A) detailed view of FNDs
ingested by resting monocytes. Signal from the blue channel shows nuclei
stained by Hoechst 34580 and the red channel visualizes FNDs ingested by
immune cells and reveals the perinuclear localization of FNDs. No FNDs seem
to enter the nucleus of monocytic cells. Abbreviations are: DIC, differential
interference contrast.

The signal intensity of FNDs with the mean particle diameter of 50 nm is
optimal for the detection by confocal microscopy; however, we wanted to check
for possible differences in the incorporation of FNDs into PBMCs according
to their size (mean particle diameter). Therefore we dosed the immune cells
with 25µg/ml (incubation time 24h) of HPHT FNDs coming in four differ-
ent mean particle diameters: 10–20 nm for FNDs, 20–50 nm, 50–120 nm and
120–150 nm. FNDs (signal from red channel) in all four sizes of FNDs were
readily ingested by monocytes and were detected within the cells. However,
the quality of emitted signal gradually improved with the increasing diameter
of the particles (Figure 5.2). Once we observed that the interactions of plain
FNDs resulted in the particle ingestion by freshly isolated human monocytes,
we decided to investigate their interactions with more specialized antigen-
presenting cells. For this purpose, we chose the cultures of monocyte-derived
dendritic cells (DCs) prepared by the method of cytokine-induced cultivation
from PBMC of healthy donors (Figure 5.3) and the culture of IC-21murine

44
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(a) (b)

(c) (d)

Figure 5.2: Confocal microscopy imaging of FNDs incorporation into
PBMCs according to their size: Human PBMCs from blood samples of
healthy donors were isolated over discontinuous centrifugation gradient and
then treated for 24h with the dose of 25µg/ml of HPHT FNDs available in four
different mean particle diameters. The mean particle diameter was determined
to be a) 10–20 nm b) 20–50 nm c) 50–120 nm d) 120–150 nm. Scale: 10 µm

macrophage cell line (Figure 5.4). Both human DCs and murine macrophages
were ingesting 50 nm FNDs after 24h of incubation. Interestingly, we ob-
served signs of ongoing maturation in DCs (rounding of cells and retraction
of dendrites; Figure 5.3 G, H, I), which we decided to follow further. Mur-
ine macrophages were chosen as a model cell line of professional phagocytes
suitable for further studies of the internalization and intracellular localization.
Before we proceeded to these studies, we proved the ability of IC-21 to en-
gulf NDPs by the means of confocal microscopy. The images in Figure 5.4
show the IC-21 cells, which were massively incorporating the FNDs. All of
the FNDs were accumulated in the cytoplasm, none in the nucleus, which was
proved also by 3D scannig. The biggest advantage of FNDs is their stable, un-
bleachable fluorescence especially important during analysis of granular cells
(monocytes, macrophages, APCs, DCs), because we can easily subtract the
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background fluorescence of granules by bleaching the slides by 405 nm laser
beam.

Figure 5.3: Confocal microscopy imaging of FNDs incorporation by
monocyte-derived dendritic cells: On the 5th day of IL-4 and GM-CSF
induced generation of monocyte-derived DCs (DCs cultured from adherent
PBMCs in 10% RPMI medium supplemented with 100 ng/ml GM-CSF and
20 ng/ml IL-4) the culture was placed onto glass-bottom dishes for confocal
microscopy in 5% RPMI medium, allowed to adhere and then dosed with
25µg/ml of plain FNDs. The control sample (no NDPs) was stained with
5-times diluted CD86 detection monoclonal antibody conjugated with phy-
coerytherin (PE, signal from green channel) to verify the antigen-presenting
potential of cultured DCs. (A), (B) and (C) cultured DCs showed character-
istic morphology represented by dendrite outgrowths. (D), (E) and (F) after
24h of the incubation with FNDs, fluorescent NDPs (red channel signal) were
ingested by the majority of DCs. (G), (H) and (I) some DCs with ingested
FNDs showed morphological changes of the outgrowths, which we supposed
to be a sign of ongoing maturation induced by the ingested FNDs cargo. This
hypothesis needed to be tested further. Abbreviations are: DIC, differential
interference contrast.
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Figure 5.4: Confocal microscopy imaging of FNDs incorporation by
IC-21: The culture of IC-21 cells was transferred onto glass-bottom confocal
microscopy dishes, allowed to adhere and dosed with with 25µg/ml plain
FNDs (50 nm), incubation time (24 h). The (residual) red channel signal de-
tected in the control sample (NTC) was proved (by bleaching with 405 nm laser
to subtract autofluorescence characteristic for macrophage granules). Red sig-
nal in IC-21 dosed with FNDs did not bleach (bottom image). Abbreviations
are: DIC, differential interference contrast.
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5.2 Internalization and intracellular localization

The experiments performed by confocal microscopy demonstrated the presence
of FNDs in monocytes, thus we were interested in the way of the FNDs entry
into the cell (endocytosis, phagocytosis). For this purpose we employed the
transmission electron microscopy (TEM) giving more detailed characteristics
of FNDs processing in higher resolution. On the chosen model of murine IC-21
cell line, we compared the internalization of two types of NDPs. The NDPs
differed in size (8 nm compared to 50 nm), in the route of synthesis; 8 nm NDPs
(dNDs) were obtained through detonation synthesis and 50 nm NDPs were
prepared by HPHT method. While the 8 nm-dNDs had prevailing carboxyl
groups (-COOH), the surface of 50 nm HPHT-NDPs was neutral. First we
optimized the detection of NDPs in TEM, which can be visualized due to
their high electron density (Figure 5.5A, Figure 5.6A). We found that both 8
nm dNDs and 50 nm NDPs were internalized in the endocytic vesicles after
invagination by membrane pseudopodia. No NDPs in nucleus or free NDPs
in cytoplasm have been detected may be due to the short time of incubation
and processing of NDPs in cells. However it is hard to say in the case of 8
nm-dNDs, which are indistinguishable from cytoplasmic proteins (Figure. 5.5
C–F, Figure. 5.6 C–F).
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Figure 5.5: Intracellular localization of 8 nm NDPs in IC-21 cells:
Internalization and intracellular localization of 8 nm NDPs was assessed after
24 h at 25µg/ml by transmission electron microscopy. (A) Control 8 nm
dND-COOH at 1 mg/ml aqueous solution. (B) Control IC-21 cell showing
selected intracellular organelles labeled. (C) IC-21 cell incubated with 8 nm
dND-COOH suggestive of NDPs endocytic uptake, vesicles filled with engulfed
NDPs. (D) and (E) Higher magnification image of 8 nm dND-COOH inside
the vesicle. (g) Higher magnification image of the formation of pseudopodia
in the process of 8 nm dND-COOH endocytic uptake. Abbreviations are: C,
cytoplasm, M, mitochondria, N, nucleus, P, pseudopodia, V, vesicle.
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Figure 5.6: Intracellular localization of 50 nm HPHT-NDPs in IC-
21 cells: Internalization and intracellular localization of 50 nm NDPs was
assessed after 24 h at 25µg/ml by transmission electron microscopy. (A)
Control 50 nm NDPs at 0.5 mg/ml aqueous solution. (B) IC-21 cell incub-
ated with 50 nm NDPs showing selected intracellular features. (C), (D) and
(E) Higher magnification images of the supposed processes of 50 nm NDPs
engulfment by IC-21 cell. (F) Higher magnification image of 50 nm NDPs
inside the forming vesicle. Abbreviations are: N, nucleus, P, pseudopodia, V,
vesicle.
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5.3 Viability assessment by flow cytometry

For basic analysis of possible immunotoxicity of NDPs, we tested by means
of flow cytometry (Annexin V/PI labeling) first the viability of different sub-
populations of lymphoid cells (B, NK, Tc, Th) and monocytes/macrophages
as a whole and the CD14+ and CD14- subpopulations.

5.3.1 Effect of NDPs size

We did not observe any significant decrease in cell viability in any lymph-
oid cell type after the treatment with 25µg/ml of NDPs in any of the mean
particle diameters (Table 5.1). On the contrary, we observed significantly im-
proved B lymphocyte viability when compared to non-treated control after
the treatment with 10-20 nm, 20-50 nm and 80-120 nm NDPs for 18 h. This
observation corresponded with our finding, that these NDPs significantly in-
hibited the induction of both early and late apoptosis in B lymphocytes after
18h (Figure 5.7). The same trend of increased cell viability and decreased
rate of early apoptosis was observed in cytotoxic T lymphocytes after 48h.
The viability of cytotoxic T lymphocytes treated with 20-50 nm, 80-120 nm
and 120-150 nm NDPs after 48 h of incubation with NDPs was better than
the viability of nontreated control sample (Figure 5.8).The viability, early and
late apoptotic rate of other lymphoid cell types did not change significantly
over the time after the treatment with 25µg/ml of NDPs of NDPs in any of
the mean particle diameters when compared to non-treated control.

We analyzed the viability of monocytes/macrophages as a whole, defined
as Monogate (Figure 4.2b) and for the determination of their parts which
are influenced by NDPs, we examined the CD14+ (macrophages) and CD14-
(more mature APCs and DCs) subpopulations. NDPs with the mean particle
diameter of 20-50 nm did not have a significant impact on the viability, early or
late apoptosis in any of the 3 defined sets (CD14+, CD14-, and entire Monog-
ate). However, the NDPs with mean particle diameter of 10–20 nm and 80–120
nm caused significant decrease in the proportion of viable cells and increase
of both early and late apoptosis after 18 h treatment with NDPs. On the
other hand, the biggest NDPs diameter (120-150 nm) improved the viability
and inhibited early and late apoptosis of CD14-, Monocyte and macrophages,
but not of CD14+ (Table 5.2, Figure 5.9). After 48h, the viability of CD14-
and total monocytes was improved in the presence of NDPs in both time in-
tervals. The decreased viability of CD14+ monocytes in 18hours, which was
not visible after 48 hours of cultivation has to be further evaluated on larger
cohort of healthy donors.
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5. Results

Table 5.1: Proportion of live lymphoid cells after the treatment with
NDPs of different sizes: After 18 h and 48 h of incubation with NDPs at
the concentration of 25µg/ml, cells with lymphocyte morphology were gated
on the basis of Forward and Side Scatter, analyzed for the expression of surface
markers defining cell subpopulations of B lymphocytes (CD 20+), cytotoxic T
lymphocytes (CD3+4-8+), helper T lymphocytes (CD3+4+8-) and NK cells
(CD3-56low) and then the proportion of live (Annexin-V-/PI-) cells in each
subpopulation was determined. Data represent average values ± StDev of
PBMC samples (n=5) obtained from healthy donors. Significant changes rel-
ative to non-treated control (NTC) determined by paired one-tailed Student’s
t-test are marked by asterisk (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).

18h 48h

B lymphocytes % StDev Signif. % StDev Signif.

NTC 84.02 3.79 – 62.58 10.60 –
10–20 nm 87.06 3.22 ** 69.78 7.76 *
20–50 nm 88.66 2.87 ** 65.04 7.65
80–120 nm 87.26 3.86 * 65.04 7.91
120–150 nm 84.78 4.12 64.18 5.72

Tc lymphocytes

NTC 94.76 4.17 – 88.88 7.51 –
10–20 nm 95.70 3.16 89.72 7.75
20–50 nm 95.88 2.96 91.24 6.04 *
80–120 nm 95.18 3.77 89.68 7.56 *
120–150 nm 96.00 2.86 91.4 5.51 *

Th lymphocytes

NTC 96.16 1.63 – 92.46 2.29 –
10–20 nm 96.78 1.24 * 93.74 2.25
20–50 nm 96.68 1.50 ** 93.56 1.89 *
80–120 nm 96.44 1.82 92.86 1.97
120–150 nm 96.52 1.56 * 93.16 1.92

NK cells

NTC 94.62 2.32 – 92.16 1.75 –
10–20 nm 95.62 2.08 * 90.46 3.62
20–50 nm 95.9 1.75 * 91.08 2.75
80–120 nm 95.1 2.29 92 2.35
120–150 nm 95.02 2.12 91.16 2.70
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5.3. Viability assessment by flow cytometry

Figure 5.7: Effect of NDPs size on the induction of early and late
apoptosis in B lymphocytes and NK cells: After 18 h and 48 h of in-
cubation with NDPs at the concentration of 25µg/ml, cells with lymphocyte
morphology were gated on the basis of Forward and Side Scatter, analyzed
for the expression of surface markers defining cell subpopulations of B lymph-
ocytes (CD 20+), cytotoxic T lymphocytes (CD3+4-8+), helper T lympho-
cytes (CD3+4+8-) and NK cells (CD3-56low) and then the proportion of early
(Annexin-V+/PI-) and late (Annexin-V+/PI+) apoptotic cells in each sub-
population was determined. Data represent average values ± StDev of PBMC
samples (n=5) obtained from healthy donors. Significant changes relative to
non-treated control (NTC) determined by paired one-tailed Student’s t-test
are marked by asterisk (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).
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5. Results

Figure 5.8: Effect of NDPs size on the induction of early and late
apoptosis in cytotoxic and helper T lymphocytes: After 18 h and
48 h of incubation with NDPs at the concentration of 25µg/ml, cells with
lymphocyte morphology were gated on the basis of Forward and Side Scatter,
analyzed for the expression of surface markers defining cell subpopulations
of B lymphocytes (CD 20+), cytotoxic T lymphocytes (CD3+4-8+), helper
T lymphocytes (CD3+4+8-) and NK cells (CD3-56low) and then the propor-
tion of early (Annexin-V+/PI-) and late (Annexin-V+/PI+) apoptotic cells in
each subpopulation was determined. Data represent average values ± StDev
of PBMC samples (n=5) obtained from healthy donors. Significant changes
relative to non-treated control (NTC) determined by paired one-tailed Stu-
dent’s t-test are marked by asterisk (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).
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5.3. Viability assessment by flow cytometry

Table 5.2: Proportion of live monocytes and macrophages after the
treatment with NDPs of different sizes: After 18 h and 48 h of in-
cubation with NDPs at the concentration of 25µg/ml, cells with monocyte
morphology were gated on the basis of Forward and Side Scatter, analyzed for
the expression of surface markers defining cell subpopulations of CD14+ and
CD14- cells and then the proportion of live (Annexin-V-/PI-) cells in each
subpopulation was determined. Data represent average values ± StDev of
PBMC samples (n=5) obtained from healthy donors. Significant changes rel-
ative to non-treated control (NTC) determined by paired one-tailed Student’s
t-test are marked by asterisk (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).

18h 48h

Monoctes/Macrophages

NTC 79.28 5.29 – 62.46 7.16 –
10–20 nm 76.48 7.66 * 63.94 5.96
20–50 nm 78.56 8.78 65.30 5.65 *
80–120 nm 73.48 6.36 * 63.84 6.53 *
120–150 nm 84.04 5.50 77.02 5.25 **

CD14+ cells % StDev Signif. % StDev Signif.

NTC 85.56 5.22 – 67.92 2.91 –
10–20 nm 82.34 4.15 69.48 4.02 *
20–50 nm 77.70 13.06 69.92 5.06
80–120 nm 74.84 4.52 * 66.68 1.62
120–150 nm 82.58 5.05 69.46 4.03

CD14- cells

NTC 77.12 6.60 – 60.32 10.01 –
10–20 nm 74.5 9.56 62.52 7.87
20–50 nm 77.02 12.12 63.98 7.51 *
80–120 nm 73.2 7.51 ** 62.76 8.41 *
120–150 nm 84.24 5.50 77.86 5.28 **
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5. Results

Figure 5.9: Effect of NDPs size on the induction of early and late
apoptosis in monocytes and macrophages: After 18 h and 48 h of in-
cubation with NDPs at the concentration of 25µg/ml, cells with monocyte
morphology were gated on the basis of Forward and Side Scatter, further
analyzed for the expression of surface markers defining cell subpopulations
of CD14+ and 14- and then the proportion of early (Annexin-V+/PI-) and
late (Annexin-V+/PI+) apoptotic cells in each subpopulation was determ-
ined. Data represent average values ± StDev of PBMC samples (n=5) ob-
tained from healthy donors. Significant changes relative to non-treated control
(NTC) determined by paired one-tailed Student’s t-test are marked by asterisk
(*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).56



5.3. Viability assessment by flow cytometry

5.3.2 Effect of functionalized NDPs

To follow the changes induced by NDPs, we used the NDPs supplied as inter-
mediates in the development of targeted NDPs. It is of note, that the NDPs
described in this section can be classified into two distinct groups based on the
route of preparation, functionalization and mean particle diameter. ML871
oxidized NDPs and DTM-01 NDPs bearing an aromatic functional group and a
triple bond are 50 nm HPHT NDPs and dND-COOH together with dND-NH2

are 8 nm detonation NDPs.
After the 18h-treatment with tested NDPs, cell viability of all followed

lymphoid cell subpopulations (B, Tc, Th, NK) improved significantly inde-
pendently of their surface modifications. These data correlate with the inhib-
ition of early apoptosis. The only significant decrease in cells viability was
found, particularly in B and Tc lymphocytes after 48 h cultivation in the
presence of dND-NH2, which might be due to the positive charge of NDP or
chemical decay/changes of NH2 group (Table 5.3, Figure 5.10, Figure 5.11).

Chemical modification of NDPs with –COOH, –azide (DTM-01) or -NH2

functional groups increased the apoptosis of total monocytes as a result of both
CD14+ and CD14- subsets after 18 as well as 48 hours of NDPs presence in
the culture (Table 5.4, Figure 5.12).
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5. Results

Table 5.3: Proportion of live lymphoid cells after the treatment with
functionalized NDPs: After 18 h and 48 h of incubation with NDPs at
the concentration of 25µg/ml, cells with lymphocyte morphology were gated
on the basis of Forward and Side Scatter. These cells were analyzed for
the expression of surface markers defining cell subpopulations of B lymph-
ocytes (CD 20+), cytotoxic T lymphocytes (CD3+4-8+), helper T lympho-
cytes (CD3+4+8-) and NK cells (CD3-56low) and then the proportion of live
(Annexin-V-/PI-) cells in each subpopulation was determined. Data repres-
ent average values ± StDev of PBMC samples (n=10) obtained from healthy
donors. Significant changes relative to non-treated control (NTC) determined
by paired one-tailed Student’s t-test are marked by asterisk (*p≤ 0.05, **p≤
0.01, ***p≤ 0.001).

18h 48h

B lymphocytes % StDev Signif. % StDev Signif.

NTC 81.58 4.48 – 65.71 6.31 –
ML871 83.25 4.81 ** 67.87 8.45
DTM-01 83.45 4.67 *** 66.69 8.85
dND-COOH 84.36 4.67 *** 64.2 7.44
dND-NH2 82.66 6.32 55.81 10.90 **

Tc lymphocytes

NTC 91.28 16.52 – 83.67 10.23 –
ML871 92.85 15.05 *** 87.77 6.55 *
DTM-01 93.10 14.78 ** 87.68 6.41 *
dND-COOH 92.78 16.02 ** 86.03 9.47 *
dND-NH2 91.86 15.49 78.43 9.62 *

Th lymphocytes

NTC 96.67 1.08 – 92.32 6.41 –
ML871 97.13 0.89 ** 92.79 5.54
DTM-01 97.23 0.80 ** 92.58 5.35
dND-COOH 97.23 0.85 *** 92.35 4.46
dND-NH2 97.78 0.87 ** 91.78 3.50

NK cells

NTC 95.74 2.73 – 90.67 3.91 –
ML871 96.51 2.44 ** 91.93 3.32 *
DTM-01 96.51 2.00 * 91.00 4.99
dND-COOH 96.51 2.05 ** 90.85 3.85
dND-NH2 96.89 1.61 * 87.88 6.81
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5.3. Viability assessment by flow cytometry

Figure 5.10: Effect of functionalized NDPs on the induction of early
and late apoptosis in B lymphocytes and NK cells: After 18 h and
48 h of incubation with NDPs at the concentration of 25µg/ml, cells with
lymphocyte morphology were gated on the basis of Forward and Side Scatter,
then analyzed for the expression of surface markers defining cell subpopu-
lations of B lymphocytes (CD 20+), cytotoxic T lymphocytes (CD3+4-8+),
helper T lymphocytes (CD3+4+8-) and NK cells (CD3-56low) and finally, the
proportion of early (Annexin-V+/PI-) and late (Annexin-V+/PI+) apoptotic
cells in each subpopulation was determined. Data represent average values ±
StDev of PBMC samples (n=10) obtained from healthy donors. Significant
changes relative to non-treated control (NTC) determined by paired one-tailed
Student’s t-test are marked by asterisk (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).
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5. Results

Figure 5.11: Effect of functionalized NDPs on the induction of early
and late apoptosis in cytotoxic and helper T lymphocytes: After 18 h
and 48 h of incubation with NDPs at the concentration of 25µg/ml, cells with
lymphocyte morphology were gated on the basis of Forward and Side Scatter
to be analyzed for the expression of surface markers defining cell subpopu-
lations of B lymphocytes (CD 20+), cytotoxic T lymphocytes (CD3+4-8+),
helper T lymphocytes (CD3+4+8-) and NK cells (CD3-56low) and then the
proportion of early (Annexin-V+/PI-) and late (Annexin-V+/PI+) apoptotic
cells in each subpopulation was determined. Data represent average values ±
StDev of PBMC samples (n=10) obtained from healthy donors. Significant
changes relative to non-treated control (NTC) determined by paired one-tailed
Student’s t-test are marked by asterisk (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).

60



5.3. Viability assessment by flow cytometry

Table 5.4: Proportion of live monocytes and macrophages after the
treatment with functionalized NDPs: After 18 h and 48 h of incubation
with NDPs at the concentration of 25µg/ml, cells with monocyte morphology
were gated on the basis of Forward and Side Scatter to be analyzed for the
expression of surface markers defining cell subpopulations CD14+ and CD14-
cells and then the proportion of live (Annexin-V-/PI-) cells in each subpop-
ulation was determined. Data represent average values ± StDev of PBMC
samples (n=10) obtained from healthy donors. Significant changes relative to
non-treated control (NTC) determined by paired one-tailed Student’s t-test
are marked by asterisk (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).

18h 48h

Monocytes/Macrophages

NTC 86.16 6.23 – 80.57 11.72 –
ML871 84.40 6.60 *** 77.87 14.92 *
DTM-01 84.71 8.75 75.72 15.24 **
dND-COOH 79.90 8.10 *** 74.81 15.17 ***
dND-NH2 81.22 8.06 ** 76.22 12.02 **

CD14+ cells % StDev Signif. % StDev Signif.

NTC 87.67 6.31 – 82.68 11.12 –
ML871 85.76 6.28 ** 79.51 15.77
DTM-01 80.75 13.33 77.07 15.88 ***
dND-COOH 78.19 8.89 *** 74.01 16.88 ***
dND-NH2 83.26 7.48 ** 78.06 11.87 ***

CD14- cells

NTC 84.74 5.50 – 69.38 13.39 –
ML871 78.78 7.67 ** 66.99 14.36 **
DTM-01 78.84 10.73 * 67.03 14.53 **
dND-COOH 75.82 9.36 *** 68.74 13.15
dND-NH2 74.53 9.12 *** 70.13 12.28
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5. Results

Figure 5.12: Effect of functionalized NDPs on the induction of early
and late apoptosis in monocytes and macrophages: After 18 h and
48 h of incubation with NDPs at the concentration of 25µg/ml, cells with
monocyte morphology gated on the basis of Forward and Side Scatter were
analyzed for the expression of surface markers defining cell subpopulations
of CD14+ and 14- and then the proportion of early (Annexin-V+/PI-) and
late (Annexin-V+/PI+) apoptotic cells in each subpopulation was determ-
ined. Data represent average values ± StDev of PBMC samples (n=10) ob-
tained from healthy donors. Significant changes relative to non-treated control
(NTC) determined by paired one-tailed Student’s t-test are marked by asterisk
(*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).62



5.3. Viability assessment by flow cytometry

5.3.3 Immunocompatibility of targeted NDPs

The final step in chemical modifications of NDPs was the capture of targeting
molecules to functional groups of NDPs. NDPs were targeted by peptides
designed to be used for detection of cancer cells as a diagnostic tool. We
have chosen peptide sequence of bombesine (ND-BOMB), which is the lig-
and of gastrin-related peptide receptor (GRPR) over-expressed on colorectal
cancer cells and HER2/neu (ND-HER2) complementary peptide sequence to
HER2/neu molecule expressed on breast cancer cells. The mannose termin-
ated NDPs, dND-1-Man and dND-3-Man, were designed to target monocytes/
macrophages bearing Mannose receptor. In this experimental panel the plain
NDPs (ML871) and D-Mannose and untreated controls (NTC) were included.

Our results demonstrated an increased viability of all tested subpopula-
tions of lymphocytes (B, NK, Tc, Th), only with the exception of the treat-
ment with dND-3-Man, which significantly affected the B lymphocytes (Table
5.5, Figure 5.13, Figure 5.14).

NDPs targeting by Mannose (both dND-1-Man and dND-3-Man) induced
significant increase of late apoptotic rate in CD14+ cells in both 18 and 48 h
intervals on the expense of the inhibition of early apoptosis (Table 5.6, Figure
5.15).

However, mannose receptor targeting molecules inhibited both early and
late apoptosis in CD14- cells and early apoptosis in total monocyte population.
Their effect on the rate of late apoptosis in total monocyte population was not
significant. After 48 h of cultivation in the presence of dND-3Man the number
of viable CD14+ cells (resting macrophages) decreased from 88,2 ± 1,27 %
to 56,6 ± %. Concurrently, the proportion of live CD14- cells (APC, DC)
increased from 71,4 ± 5,8 to 93,1 ± 1,7%. The final number of live monocytes
was not influenced (Table 5.6).
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5. Results

Table 5.5: Proportion of live lymphoid cells after the treatment with
targeted NDPs: After 18 h and 48 h of incubation with NDPs at the con-
centration of 25µg/ml, cells with lymphocyte morphology were gated on the
basis of Forward and Side Scatter to be further analyzed for the expression
of surface markers defining cell subpopulations of B lymphocytes (CD 20+),
cytotoxic T lymphocytes (CD3+4-8+), helper T lymphocytes (CD3+4+8-)
and NK cells (CD3-56low) and then the proportion of live (Annexin-V-/PI-)
cells in each subpopulation was determined. Data represent average values
± StDev of PBMC samples (n=5) obtained from healthy donors. Significant
changes relative to non-treated control (NTC) determined by paired one-tailed
Student’s t-test are marked by asterisk (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).

18h 48h

B lymphocytes % StDev Signif. % StDev Signif.

NTC 75.54 4.06 – 59.56 8.36 –
ML871 82.55 3.27 * 63.22 9.28 *
ND-Bomb 81.22 2.85 * 62.06 8.42
ND-Her2 81.78 2.99 ** 62.70 9.29
D-Man 81.68 2.73 * 61.54 9.69
dND-1-Man 84.8 2.85 ** 58.52 6.84
dND-3-Man 78.54 4.06 48.04 5.42 **

NK cells

NTC 82.92 9.37 – 84.72 3.86 –
ML871 93.35 3.37 * 92.72 1.81 **
ND-Bomb 92.70 2.88 * 92.04 2.21 **
ND-Her2 92.98 3.49 * 92.74 1.81 **
D-Man 92.50 2.74 * 91.82 2.68 *
dND-1-Man 92.98 3.01 * 91.30 2.36 *
dND-3-Man 91.28 3.38 * 90.82 2.36 *

Tc lymphocytes

NTC 80.60 8.17 – 66 15.48 –
ML871 90.18 2.52 ** 75.20 16.12 **
ND-Bomb 88.44 1.81 * 77.48 11.35 **
ND-Her2 88.62 2.17 * 78.34 11.11 **
D-Man 88.94 2.50 * 76.98 11.64 **
dND-1-Man 91.32 2.51 ** 80.24 9.59 **
dND-3-Man 88.4 2.63 * 79.32 7.70 *

Th lymphocytes

NTC 88.38 4.53 – 90.12 2.77 –
ML871 94.88 1.07 ** 92.50 3.34 **
ND-Bomb 94.44 0.90 * 92.52 2.97 **
ND-Her2 95.16 1.00 ** 93.36 3.01 ***
D-Man 93.98 0.82 * 91.62 3.00 ***
dND-1-Man 94.92 0.74 * 94.10 1.70 ***
dND-3-Man 93.94 0.94 * 92.06 2.15
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5.3. Viability assessment by flow cytometry

Figure 5.13: Effect of targeted NDPs on the induction of early and
late apoptosis in B lymphocytes and NK cells: After 18 h and 48 h of
incubation with NDPs at the concentration of 25µg/ml, cells with lympho-
cyte morphology were gated on the basis of Forward and Side Scatter in order
to analyze the expression of surface markers defining cell subpopulations of
B lymphocytes (CD 20+), cytotoxic T lymphocytes (CD3+4-8+), helper T
lymphocytes (CD3+4+8-) and NK cells (CD3-56low) and then the propor-
tion of early (Annexin-V+/PI-) and late (Annexin-V+/PI+) apoptotic cells
in each subpopulation was determined. Data represent average values ± StDev
of PBMC samples (n=5) obtained from healthy donors. Significant changes
relative to non-treated control (NTC) determined by paired one-tailed Stu-
dent’s t-test are marked by asterisk (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).
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5. Results

Figure 5.14: Effect of targeted NDPs on the induction of early and
late apoptosis in cytotoxic and helper T lymphocytes: After 18 h and
48 h of incubation with NDPs at the concentration of 25µg/ml, cells with
lymphocyte morphology were gated on the basis of Forward and Side Scatter
in order to analyze the expression of surface markers defining cell subpopu-
lations of B lymphocytes (CD 20+), cytotoxic T lymphocytes (CD3+4-8+),
helper T lymphocytes (CD3+4+8-) and NK cells (CD3-56low) and then the
proportion of early (Annexin-V+/PI-) and late (Annexin-V+/PI+) apoptotic
cells in each subpopulation was determined. Data represent average values
± StDev of PBMC samples (n=5) obtained from healthy donors. Significant
changes relative to non-treated control (NTC) determined by paired one-tailed
Student’s t-test are marked by asterisk (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).
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5.3. Viability assessment by flow cytometry

Table 5.6: Proportion of live monocytes and macrophages after the
treatment with targeted NDPs: After 18 h and 48 h of incubation with
NDPs at the concentration of 25µg/ml, cells with monocyte morphology were
gated on the basis of Forward and Side Scatter in order to analyze the ex-
pression of surface markers defining cell subpopulations CD14+ and CD14-
cells and then the proportion of live (Annexin-V-/PI-) cells in each subpop-
ulation was determined. Data represent average values ± StDev of PBMC
samples (n=5) obtained from healthy donors. Significant changes relative to
non-treated control (NTC) determined by paired one-tailed Student’s t-test
are marked by asterisk (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).

18h 48h

Monocytes/Macrophages

NTC 84.5 3.83 – 83.02 0.99 –
ML871 85.6 2.60 80.72 3.98
ND-Bomb 82.42 3.46 82.42 2.49
ND-Her2 81.46 1.87 81.46 2.02
D-Man 81.8 3.37 81.8 1.94
dND-1-Man 89 1.49 89 1.20 **
dND-3-Man 83.54 1.48 83.54 2.13

CD14+ cells % StDev Signif. % StDev Signif.

NTC 87.4 3.49 – 88.2 1.27 –
ML871 90.1 1.93 87.4 2.64
ND-Bomb 90.0 2.14 88.72 1.57
ND-Her2 87.6 2.22 87.56 1.81
D-Man 89.6 2.00 87.4 1.71
dND-1-Man 82.0 1.52 ** 65.08 4.92 **
dND-3-Man 62.2 9.79 ** 56.66 4.84 **

CD14- cells

NTC 80.1 5.94 – 71.16 5.85 –
ML871 77.6 6.33 * 62.66 12.87
ND-Bomb 78.5 6.99 65.14 10.95
ND-Her2 78.4 5.64 * 65.48 10.72
D-Man 78.3 6.87 65.86 12.46
dND-1-Man 89.2 2.07 * 93.42 1.16 **
dND-3-Man 90.8 2.48 ** 93.04 1.71 **
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5. Results

Figure 5.15: Effect of targeted NDPs on the induction of early and
late apoptosis in monocytes and macrophages: After 18 h and 48 h of
incubation with NDPs at the concentration of 25µg/ml, cells with mono-
cyte morphology were gated on the basis of Forward and Side Scatter in
order to analyze the expression of surface markers defining cell subpopula-
tions of CD14+ and 14- and then the proportion of early (Annexin-V+/PI-)
and late (Annexin-V+/PI+) apoptotic cells in each subpopulation was de-
termined. Data represent average values ± StDev of PBMC samples (n=5)
obtained from healthy donors. Significant changes relative to non-treated
control (NTC) determined by paired one-tailed Student’s t-test are marked
by asterisk (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).
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5.4. Phenotype of immune cells analyzed by flow cytometry

5.4 Phenotype of immune cells analyzed by flow
cytometry

Our following experiments were focused on the possible immunogenicity or
adjuvant effect of NDPs. Similarly, as in the viability assays, we evaluated
the effect of NDPs size, production technique and surface chemistry. We ana-
lyzed the relative distribution of both lymphoid and monocyte/macrophage
subpopulations and phenotype changes after in vitro addition of 25µg/ml of
tested NDPs, specifically, the expression of activation antigens. For lymphoid
cells (B, NK, Tc and Th) the CD69 Very Early Activation Antigen (VEAA)
was chosen and measured after 18 h incubation, where its expression peaks.
On monocytes/macrophages the expression of CD86 (activation) and CD83
(maturation) markers were measured.

5.4.1 Effect of NDPs size

The relative distribution of B and NK cells was significantly decreased when
120–150 nm sized NDPs were added for 18h. The 48 h incubation reduced
only the B lymphocyte proportion. NDPs in whole range of sizes 10-150
nm potentiated the activation of B lymphocytes. Both type of T cells were
activated by NDPs 10–120 nm, while NK cells only by smaller NDPs 10 – 50
nm. Comparison of all lymphoid cell subpopulations showed that the most
potentiating diameter of NDPs is the 20 – 50 nm. The large NDPs 120 –
150 nm were, except for the slight activation of B lymphocytes, ineffective
(Figure 5.17). The finding that NDPs in whole range of sizes (10-150 nm)
potentiate the activation of B lymphocytes was supported by our observation
that the expression of CD69, on CD20+ cells increased after 18 h of the
treatment with NDPs (Figure 5.18).

The immunostimulatory effect of 10 – 50 nm NDPs was determined in
monocytes as well. The monocytes activated (CD86+) and maturated to
antigen presentation (CD83+) reached the level of positive control, the LPS
stimulated PBMC.

On one hand, NDPs in the size range from 10 to 120 nm activated live
cells of monocyte morphology as assessed by the increased percentual repres-
entation of live CD86+83+ monocytes in the total monocyte population after
18 h of incubation with 25µg/ml of NDPs (Figure 5.19). On the other hand,
NDPs with the largest mean particle diameter (120 – 150 nm) inhibited the
activation of live monocytes.
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5. Results

Figure 5.16: Relative distribution of lymphoid subpopulations after
the treatment with NDPs of different sizes: Live (Annexin-V-/PI-
) cells with lymphocyte morphology gated on the basis of Forward and
Side Scatter were analyzed for the expression of surface markers defining
cell subpopulations (B, NK, Tc, Th). The analysis was performed after
both 18 and 48 h of the incubation of PBMC with the dose of 25µg/ml
of NDPs. Data represent average values ± StDev of PBMC samples (n=5)
obtained from healthy donors. Significant changes relative to non-treated
control (NTC) determined by paired one-tailed Student’s t-test are marked
by asterisk (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).70



5.4. Phenotype of immune cells analyzed by flow cytometry

Figure 5.17: Activation of lymphoid subpopulations after the treat-
ment with NDPs of different sizes: Live (Annexin-V-/PI-) cells with
lymphocyte morphology gated on the basis of Forward and Side Scatter
were analyzed for the expression of surface markers defining cell subpop-
ulations of B lymphocytes (CD 20+), cytotoxic T lymphocytes (CD3+4-
8+), helper T lymphocytes (CD3+4+8-) and NK cells (CD3-56low) and then
further analyzed for the expression of CD69. The analysis was performed
after only 18 h of the incubation of PBMC with the dose of 25µg/ml of
NDPs. Data represent average values ± StDev of PBMC samples (n=5) ob-
tained from healthy donors. Significant changes relative to non-treated control
(NTC) determined by paired one-tailed Student’s t-test are marked by asterisk
(*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).
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5. Results

Figure 5.18: Expression of CD69 by B lymphocytes treated with
NDPs of different sizes: The expression of CD69 on B lymphocytes is
expressed as histogram. Non-treated control (NTC) is indicated in red color,
whereas histograms of lipopolisaccharide (LPS) treated positive control and
those of NDPs of different sizes are indicated in blue color. Figure shows an
illustrative example of 5 PMBC samples with similar results. The analysis was
performed after 18 h of the incubation of PBMC with the dose of 25µg/ml of
NDPs.
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5.4. Phenotype of immune cells analyzed by flow cytometry

Figure 5.19: Activation of monocytes and macrophages after the
treatment with NDPs of different sizes: The percentage of CD86+83+
cells out of live (Annexin-V-/PI-) cells with monocyte morphology gated on
the basis of Forward and Side Scatter was determined. The analysis was per-
formed after 18 h of the incubation of PBMC with the dose of 25µg/ml of
NDPs. Data represent average values ± StDev of PBMC samples (n=5) ob-
tained from healthy donors. Significant changes relative to non-treated control
(NTC) determined by paired one-tailed Student’s t-test are marked by asterisk
(*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).

5.4.2 Effect of functionalized NDPs

The surface functionalization of NDPs did not influence the relative distribu-
tion of T and NK cells. Significant increase was found only in B cell proportion
after 48 hours of incubation. The NH2-teminated NDPs decreased the B cell
number in both 18 and 48 h intervals. The Tc cells were upregulated on the
expense of Th lymphocytes (Figure 5.20). We determined highly significant
increase of CD69+ cells in B lymphocytes after 18 h cultivation of PBMC in
the presence of COOH and NH2 terminated detonation NDPs (Figure 5.21).
All types of functionalized NDPs used in this study cause increased expression
of CD69 on CD20+ B lymphocytes, however the effect of dND-COOH and
dND-NH2 was the most prominent (Figure 5.18).

Chemical modification by -COOH, -triple bond, and -NH2 groups increased
the activation and maturation state of monocytes 2-3-times, to the same level
as by standard mitogen activation by LPS in comparison to untreated (NTC)
or plain NDPs (ML871) treated samples (Figure 5.23).

The percentual representation of CD11c+86+83+ cells out of DC mono-
culture was significantly elevated (to a level comparable with the incubation
with positive control represented by lipopolysaccharide) only by the incuba-
tion with dND-NH2 (Figure 5.24).
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5. Results

Figure 5.20: Relative distribution of lymphoid subpopulations after
the treatment with functionalized NDPs: Live (Annexin-V-/PI-) cells
with lymphocyte morphology gated on the basis of Forward and Side Scatter
were analyzed after both 18 and 48 h of the incubation of PBMC with the
dose of 25µg/ml of NDPs for the expression of surface markers defining cell
subpopulations (B, NK, Tc, Th). Data represent average values ± StDev of
PBMC samples (n=10) obtained from healthy donors. Significant changes rel-
ative to non-treated control (NTC) determined by paired one-tailed Student’s
t-test are marked by asterisk (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).74



5.4. Phenotype of immune cells analyzed by flow cytometry

Figure 5.21: Activation of lymphoid subpopulations after the treat-
ment with functionalized NDPs: Live (Annexin-V-/PI-) cells with lymph-
ocyte morphology gated on the basis of Forward and Side Scatter were ana-
lyzed after 18 h of the incubation with the dose of 25µg/ml of NDPs for
the expression of surface markers defining cell subpopulations of B lymph-
ocytes (CD 20+), cytotoxic T lymphocytes (CD3+4-8+), helper T lympho-
cytes (CD3+4+8-) and NK cells (CD3-56low) and then further analyzed for
the expression of CD69. Data represent average values ± StDev of PBMC
samples (n=5) obtained from healthy donors. Significant changes relative to
non-treated control (NTC) determined by paired one-tailed Student’s t-test
are marked by asterisk (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).
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5. Results

Figure 5.22: Expression of CD69 by B lymphocytes treated with func-
tionalized NDPs: The expression of CD69 on B lymphocytes is expressed
as histogram. Non-treated control (NTC) is indicated in red color, whereas
histograms of lipopolisaccharide (LPS) treated positive control and samples
treated with NDPs of different functionalizations are indicated in blue color.
Figure shows an illustrative example of 5 PMBC samples with similar results.
The analysis was performed after 18 h of the incubation of PBMC with the
dose of 25µg/ml of NDPs.
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5.4. Phenotype of immune cells analyzed by flow cytometry

Figure 5.23: Activation of monocytes and macrophages after the
treatment with functionalized NDPs: The percentage of CD86+83+
cells out of live (Annexin-V-/propidium iodide-) cells with monocyte mor-
phology gated on the basis of Forward and Side Scatter was determined
after 18 h of the incubation of PBMC with the dose of 25µg/ml of NDPs.
Data represent average values ± StDev of PBMC samples (n=10) ob-
tained from healthy donors. Significant changes relative to non-treated con-
trol (NTC) determined by paired one-tailed Student’s t-test are marked
by asterisk (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).
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5. Results

Dendritic cells

Figure 5.24: Activation of DCs after the treatment with function-
alized NDPs: The expression of CD86 and CD83 molecules on live (PI-)
CD11c+ cells from the monoculture of dendritic cells was assessed by flow
cytometry analysis after 24 h of the incubation with the dose of 25µg/ml of
NDPs. Representative dot plots show an illustrative example of three exper-
iments with similar results. Abbreviations are: NTC, non-treated control,
LPS, lipopolysaccharide.
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5.4. Phenotype of immune cells analyzed by flow cytometry

5.4.3 Effect of targeted NDPs

The peptide targeted NDPs (ND-Bomb, ND-Her2) exhibited only slight down-
modulation of Tc proportion after 18 hours and Th cells after 48 hours of
cultivation. The relative distribution of B and NK cells was not influenced
by NDPs with captured peptides. On the other hand, the Mannose decor-
ated NDPs strongly decreased the relative number of B and NK cells that
was more significant in dND-3-Man. No changes were detected in the con-
trol, D-Mannose (D-Man) treated cells (Figure 5.25). The CD69+ expressing
Th and especially NK cells were downmodulated by peptide targeted NDPs
(Figure 5.26). The mannose bearing-NDPs, as well as the control D-Man de-
creased the proportion of CD69 expressing NK, Tc and Th cells by the same
intensity, thus we can deduce that this effect could be caused rather by man-
nose, then NDPs. The histogram of CD69 expression on B lymphocytes is not
shown, as we did not find any significant changes evoked by NDPs.

In contrast, the monocyte/macrophage population was significantly activ-
ated by ND-Man exceeding the levels of LPS stimulated cells (Figure 5.27).

The most prominent stimulatory effect of mannose-targeted NDPs was
manifested on the monoculture of DCs increasing percentage of CD11c+86+83+
after the treatment with dND-1-Man. Oxidized ML871 NDPs and the NDPs
derived from this basic type of NDPs (i.e. ND-Her2, ND-Bomb) or the control
D-Mannose and the particles of dND-3-Man had no significant effect on the
proportion of CD11c+86+83+ DCs (Figure 5.28).
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5. Results

Figure 5.25: Relative distribution of lymphoid subpopulations after
the treatment with targeted NDPs: After 18 and 48 h of the incubation
of PBMC with 25µg/ml of NDPs, live (Annexin-V-/PI-) cells with lympho-
cyte morphology gated on the basis of Forward and Side Scatter were analyzed
for the expression of surface markers defining cell subpopulations of B lymph-
ocytes (CD 20+), cytotoxic T lymphocytes (CD3+4-8+), helper T lympho-
cytes (CD3+4+8-) and NK cells (CD3-56low). Data represent average values
± StDev of PBMC samples (n=10) obtained from healthy donors. Significant
changes relative to non-treated control (NTC) determined by paired one-tailed
Student’s t-test are marked by asterisk (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).
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5.4. Phenotype of immune cells analyzed by flow cytometry

Figure 5.26: Activation of lymphoid subpopulations after the treat-
ment with targeted NDPs: After 18 h of the incubation of PBMC with
25µg/ml of NDPs live (Annexin-V-/PI-) cells with lymphocyte morphology
were gated on the basis of Forward and Side Scatter were analyzed for the
expression of surface markers defining cell subpopulations of B lymphocytes
(CD 20+), cytotoxic T lymphocytes (CD3+4-8+), helper T lymphocytes
(CD3+4+8-) and NK cells (CD3-56low) and then further analyzed for the ex-
pression of CD69. Data represent average values ± StDev of PBMC samples
(n=5) obtained from healthy donors. Significant changes relative to non-
treated control (NTC) determined by paired one-tailed Student’s t-test are
marked by asterisk (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).
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5. Results

Figure 5.27: Activation of monocytes and macrophages after the
treatment with targeted NDPs: After 18 h of the incubation of PBMC
with 25µg/ml of NDPs the percentage of CD86+83+ cells out of live
(Annexin-V-/PI-) cells with monocyte morphology gated on the basis of For-
ward and Side Scatter was determined. Data represent average values ± StDev
of PBMC samples (n=5) obtained from healthy donors. Significant changes
relative to non-treated control (NTC) determined by paired one-tailed Stu-
dent’s t-test are marked by asterisk (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001).
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5.4. Phenotype of immune cells analyzed by flow cytometry

Dendritic cells

Figure 5.28: Activation of DCs after the treatment with targeted
NDPs: The expression of CD86 and CD83 molecules on live (PI-) CD11c+
cells from the monoculture of dendritic cells was assessed by flow cytometry
analysis after 24 h of the incubation with the dose of 25µg/ml of NDPs.
Representative dot plots show an illustrative example of three experiments
with similar results. NTC, non-treated control, LPS, lipopolysaccharide.

83





CHAPTER 6
Discussion

The groundbreaking work on NDPs interaction with mammalian cells was
presented by Schrand et al. in 2007. These authors tested the cytotoxicity of
the detonation NDPs in aqueous media dispersion. The particles were ranging
in size from 2 to 10 nm. The study was of major importance, because pre-
vious works concentrated on the risk assessment for polycrystalline chemical
vapor deposited (CVD) diamond films and not on the nanodiamond mono-
crystaline form (particulate NDs), which was mentioned for the first time in
this study. Even though the study was performed on neuroblastoma, mac-
rophages, keratinocytes and PC-12 cells. The authors investigated possible
effects of the surface chemistry represented by the presence of acidic or basic
moieties (-COOH, -COONa, -SO3Na) compared to raw NDPs and non-treated
controls [Schrand et al., 2007b].

In this study, we wanted to know, how the NDPs prepared by HPHT
or detonation technologies interact with the cells of the immune system.
For this purpose we decided to use microscopical techniques, as NDPs used
in our study are endowed with excellent intrinsic fluorescence (NV centers)
without the need of further labeling. The interaction with the cells was
analyzed using confocal microscopy that allows the live cell imaging with
less artifacts [Sahay et al., 2010a], and the transmission electron microscopy
(TEM) that visualizes NDPs through their electron dense structure in vesi-
cular structures or intracellular compartments under very high resolution
[Schrand et al., 2010].

As endocytosis is the major internalization mechanism of extracellular ma-
terials up to 150 nm, we verified this type of interaction employing TEM. The
obtained results demonstrated that both 8 nm and 50 nm of NDPs were in-
ternalized in IC-21 macrophage cell line and were engulfed by endocytosis into
vesicles after 24 h of incubation. Similar experiments performed by Faklaris et
al. investigating FNDs (< 50 nm) uptake by HeLa cells after selective block-
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6. Discussion

ing of different uptake processes came to the conclusion that NDPs enter cells
primarily by a clathrin-mediated endocytosis [Faklaris et al., 2009]. We did
not see free NDPs in the nucleus, which was in agreement with the results of
Falklaris et al. who found most of the nanodiamonds in intracellular endocytic
vesicles in the perinuclear region, except for a small portion, in particular the
smallest particles that appear to be free in the cytoplasm. However, we were
unable to confirm the free cytoplasmic localization of 8 nm-dNDs because we
could not distinguish them from cytoplasmic proteins. However, the cyto-
plasmic localization of free NDPs may be of interest for biomolecule delivery
applications, owing to its high diffusion coefficient in the cytosol. NDPs did
not induce mitochondrial damage as demonstrated in our observations, as well
as by Schrand et al. who proved it under the same experimental conditions
(25µg/ml for 24 h) by TEM [Schrand et al., 2007b].

Thanks to the properties associated with their size, such as high uptake ef-
ficiency, strong photoluminescence or backscattering light signal, larger FNDs
might serve for labeling entire cells [Chithrani et al., 2006]. An example of the
use of large FNDs with a biomedical relevance is the study following the loca-
tion and distribution of 100 nm carboxylated FND particles during cell division
and differentiation. ND particles were taken up into cells by macropinocyt-
osis and clathrin-mediated endocytosis pathways, and were equally distributed
into two daughter cells upon cell division. Clusters of FND particles were car-
ried inside a cell without inducing damage even after long-term cultivation.
These FNDs did not interfere with the gene/protein expressions or with the
regulation of cell cycle progression and differentiation [Liu et al., 2009].

Our observations with various sizes of FNDs exhibited significant reduction
of lymphoid cells apoptosis by 20–50 nm size NDPs in all tested subpopula-
tions of immune cells (B, T, NK). Similarly, the viability of monocytes was
not influenced by 20–50nm NDPs in both CD14+ and CD14- subpopulations.
However, the FNDs of 80–120 nm significantly reduced the monocytes viab-
ility by increasing apoptosis after 48 h incubation. In comparison with the
work of Vinoy Thomas, 2012 with fluorescently labeled NDPs, the prolifera-
tion and viability (late apoptosis) of macrophages decreased with nanoparticle
sizes of 60–100 nm at concentration of 50µg/ml. They assume the negative
effect of cells that have ingested NDPs on the viability of surrounding cells
[Thomas et al., 2012].

In 2010, Mohan et al. conducted an in vivo study to explore the interac-
tions between FNDs (120 nm) and Caenorhabditis elegans in order to assess
their use for long-term imaging in living systems. FNDs accumulated in in-
testinal lumen and in the gonads (and passed to embryos). Nevertheless, no
adverse effects or stress response were determined. The authors conclude that
FNDs served as successful and non-toxic means of imaging the whole digestive
system and tracking of the cellular and developmental processes in the living
organism for several days [Mohan et al., 2010]. We have done some prelim-
inary in vivo experiments with FNDs of 50–100 nm applied intraperitonealy
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into mice. FNDs were ingested by peritoneal macrophages, but they do not
show any toxic side effects. These results are not shown due to low number
of animals tested (3–5 mice/group).

However, the NDPs size play an important role, as discussed above in some
cases, the chemical composition of the nanomaterial can influence the pathway
of endocytosis. The nanomaterial charge can influence not only the cellular
entry, but also the intracellular processing and resulting function of cells. Ma-
jority of reports suggest that positively charged nanomaterials predominantly
internalize through clathrin-mediated endocytosis with some fraction utiliz-
ing macropinocytosis. On the other hand, negatively charged nanoparticles,
such as DOXIL, micelles, and quantum dosts (QDs), are more likely to utilize
caveolae-mediated endocytosis.

A step forward testing the biocompatibility of functionalized or targeted
NDPs was made in 2007, when Liu and co-workers compared the biocom-
patibility and imaging properties of carboxylated NDPs (5 and 100 nm) and
carbon nanotubes for their further application as a delivery vehicle for DNA
and protein conjugation. Incubation with carboxylated NDPs did not reduce
the cell viability but carbon nanotubes were cytotoxic [Liu et al., 2007]. Com-
parison of raw NDs and functionalized with NH2 and COOH groups showed
an increased toxicity predominantly of amine-terminated NDs in the in vivo
studies on embryos of a Xenopus laevis, in vitro on HEK293 embryonic kid-
ney cells [Marcon et al., 2010], as well as in our evaluation employing human
PBMC subpopulations.

Our results demonstrated that –COOH (negatively charged) and –NH2

terminated (positively charged) NDPs decreased the viability of B, NK and T
lymphocytes after 48 h incubation via late apoptosis, while monocytes viab-
ility was decreased preferentially in 18 h. The most sensitive subpopulation
to the action of NDPs were the CD14+ monocytes, in which the apoptotic
mechanisms follow also in 48 h interval. We can hypothesize that the early
induction of apoptosis of monocytes could be mediated by internalization of
NDPs and subsequent intracellular processing, more pronounced in CD14+
cells. The delayed apoptosis (48 h) of lymphoid cells may be induced as a
subsequent action of damaged or otherwise influenced monocytes.

Another factor, probably facilitating a receptor-mediated endocytosis ob-
served by Faklaris et al. who described that serum proteins are absorbed onto
the NDP surface, which considerably improves the stability of the nanodia-
mond suspension in the culture medium and that is dependent on the surface
modifications impacting its electric charge [Faklaris et al., 2009].

The most challenging, and poorly explored, area is the relationship between
the nanomaterial cellular trafficking and cell type may be critical in defining
the nanoparticle entry and final target structures in the cells. The different
endocytic pathway in normal and tumor cells may be a gateway for select-
ive targeting of nanomaterials into tumors [Sahay et al., 2010b]. Most studies
of the nanomaterial trafficking performed so far did not emphasize the link
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6. Discussion

between cell origin and availability of various endocytic pathways present in
these cells. The group of Zhang et al. demonstrated that FNDs with attached
targeting molecule (vitamin folate) were taken up by cancer cells through
receptor-mediated endocytosis, a process specific to a ligand-receptor pair.
Thus, we can choose what population of cells takes up the NDs based on the
presence of a cell-surface receptor through coupling of the cognate ligand to
NDs [Zhang et al., 2009a]. One of the relevant features for effective targeting
is the immunocompatibility and no reactivity of the targeting molecule with
other cell types.

In our experimental schedule, the HER2/neu complementary peptide or
bombesine decorated targeted NDPs and significantly increased the viability of
all tested lymphoid cells in both 18 and 48 h intervals. Diverse effect was found
when Mannose-terminated NDPs were applied. The viability of B lympho-
cytes was decreased after 48 h and the CD14+ monocytes/macrophages in
both 18 and 48 h. Both cell types express Mannose receptor 1 (CD206) which
can specifically bind the mannose-terminated NDPs. The apoptotic process
was induced only as combined effect of NDs with targeting structure as none
of the substances alone can harm the cells. No influence or rather protective
effect of all targeted NDPs on the viability of CD14- monocytes including
APC and DC populations was determined.

One of the advantageous properties of NDPs is their adjuvant effect on ac-
tivation and maturation of monocytes, APCs, DCs, which could be preferably
applied for promoting of cell-base, particularly DC-based cancer therapy. The
possible immunomodulating function of NDPs according to their size, surface
chemistry or targeting molecules we analyzed in lymphoid cells (B, T, NK) by
the expression of VEAA - CD69 and in monocytes, APCs, DCs by the expres-
sion of activation and maturation markers CD86 and CD83. The presented
results demonstrated the optimal size for activation of B lymphocytes, mono-
cytes and DCs the smallest, 10–20 nm NDPs; however T and NK cells prefer
20-50 nm sized NDPs. The functionalization by –COOH and –NH2 groups
increased the expression of CD69 on B lymphocytes, and the expression of
CD86+CD83+ on monocytes and DCs to the level positive control, the LPS
activated PBMCs. The NDP-peptide complexes targeted to cancer specific
molecules did not influence the activation potential of lymphoid cells (B, T,
and NK), monocytes or DCs compared to the plain NDPs. On the other
hand mannose decorated NDPs significantly inhibit the expression of CD69
on NK and Th cells and promote the number of CD86+CD83+ expressing
monocytes.

Similar adjuvant effect of NDPs (50 µg/ml) on human monocyte-derived
DCs was described by M. Ghoneum which resulted in increased expression
of CD86 and CD83 in CD14-CD11c+HLA-DR+ DCs comparable to the up-
regulation by LPS after 24 h [Ghoneum et al., 2010]. Moses O.Oyewumi ana-
lyzed the size dependent adjuvant effect. High importance of adjuvant activity
of the NDPs lies in their presumed employment in cancer therapy/immuno-
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therapy as targeted delivery agent [Oyewumi et al., 2010].
Thus, we can conclude that charge, material composition, and surface

chemistry are critical physicochemical parameters that determine the cellular
entry and resulting NDPs effects on cell viability and adjuvant activity. The
literature data, as well as our findings suggest that nanoparticles decorated
with biospecific ligands can target them towards a select route and may have
different tracking, than the ligand alone. Cell-specific differences in the sus-
ceptibility towards the cytotoxic effects of nanocarbons might be explained by
different cellular uptake mechanisms (phagocytosis versus endocytosis) and by
the inherent ability of immune cells to initiate an inflammatory response or
programmed cell death [Schrand et al., 2007a]. Even if some adverse actions
of negatively (-COOH) and positively (-NH2) charged NDPs were identified,
they cannot overcome the positive results (immunocompatibility, protection
of cell viability or adjuvant effect). Moreover, these NDPs are serving only
as intermediates for further chemical modifications for the synthesis of final
cancer targeting, drug or gene delivery vehicles.

It has been long believed that the size of nanomaterials may play a para-
mount role in their inclusion within different endocytic vesicles. The need to
keep particle between 10 to 100 nm, to enter the endocytic vesicles was postu-
lated by many and became a foundation for current definition of nanomedicine
by various agencies worldwide. However, while the small size may beneficial for
a rapid entry into cells, the large particles, more likely enter the cells through
macropinocytosis as was suggested for microparticles [Gratton et al., 2008].
The presented immunocompatibility results confirm the validity of this re-
quiremnets, as the most beneficial effects regarding cell viability and adjuvant
properties were identified, when 20–50 nm sized NDPs were employed.
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Conclusion

Understanding the cellular entry of nanoparticles has become central to the
field of their use as drug or gene delivery vehicles in cancer therapy. Based
on reported results we can conclude that charge, shape, material composition,
and surface chemistry are critical physicochemical parameters that determine
cellular entry, bio- and immunocompatibility of diamond nanoparticles.

• FNDs can serve as excellent non-toxic bioimaging agent for confocal
microscopy due to their bright, nonquenching, unbleachable fluorescence

• NDPs in the size range 8–150 nm do not enter the lymphoid cells pass-
ively

• NDPs are internalized by phagocytic cells through endocytosis into ves-
icles and do not enter the nucleus within 48 hours

• NDPs are immunocompatible in size range 8–120 nm. Larger NDs
(120–150 nm) increase the apoptosis of lymphoid cells

• NDPs of 20–100 nm size have an adjuvant effect on APCs, DCs (CD86
and CD83 expression) and promote the expression of CD69 on NK and
B cells

• Surface functionalization (-COOH,-NH2) changing the charge of NDPs
or chemical modification by targeting peptides or saccharides influence
their immunocompatibility
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rier, C., Sisirak, V., Berthier-Vergnes, O., de Saint-Vis, B., Caux, C.,
Dezutter-Dambuyant, C., Lebecque, S., and Valladeau, J. (2006). Human
langerhans cells express a specific TLR profile and differentially respond
to viruses and gram-positive bacteria. Journal of immunology (Baltimore,
Md.: 1950), 177(11):7959–7967. PMID: 17114468.

[Fujimoto and Tedder, 2006] Fujimoto, Y. and Tedder, T. F. (2006). CD83:
a regulatory molecule of the immune system with great potential for thera-
peutic application. Journal of medical and dental sciences, 53(2):85–91.
PMID: 16913569.

[Ghoneum et al., 2010] Ghoneum, M., Ghoneum, A., and Gimzewski, J.
(2010). Nanodiamond and nanoplatinum liquid, DPV576, activates human
monocyte-derived dendritic cells in vitro. Anticancer research, 30(10):4075–
4079. PMID: 21036722.

[Gordon and Taylor, 2005] Gordon, S. and Taylor, P. R. (2005). Monocyte
and macrophage heterogeneity. Nature reviews. Immunology, 5(12):953–
964. PMID: 16322748.

95



Bibliography

[Grage-Griebenow et al., 2001] Grage-Griebenow, E., Flad, H. D., and Ernst,
M. (2001). Heterogeneity of human peripheral blood monocyte subsets.
Journal of leukocyte biology, 69(1):11–20. PMID: 11200054.

[Gratton et al., 2008] Gratton, S. E. A., Ropp, P. A., Pohlhaus, P. D., Luft,
J. C., Madden, V. J., Napier, M. E., and DeSimone, J. M. (2008). The
effect of particle design on cellular internalization pathways. Proceedings of
the National Academy of Sciences, 105(33):11613–11618. PMID: 18697944.

[Harman et al., 2013] Harman, A. N., Bye, C. R., Nasr, N., Sandgren, K. J.,
Kim, M., Mercier, S. K., Botting, R. A., Lewin, S. R., Cunningham, A. L.,
and Cameron, P. U. (2013). Identification of lineage relationships and novel
markers of blood and skin human dendritic cells. Journal of immunology
(Baltimore, Md.: 1950), 190(1):66–79. PMID: 23183897.

[Hillaireau and Couvreur, 2009] Hillaireau, H. and Couvreur, P. (2009).
Nanocarriers’ entry into the cell: relevance to drug delivery. Cellular and
Molecular Life Sciences, 66(17):2873–2896.

[Hsu and Juliano, 1982] Hsu, M. and Juliano, R. (1982). Interactions of lipo-
somes with the reticuloendothelial system: II. nonspecific and receptor-
mediated uptake of liposomes by mouse peritoneal macrophages. Biochim-
ica et Biophysica Acta (BBA) - Molecular Cell Research, 720(4):411–419.

[Huang et al., 2007] Huang, H., Pierstorff, E., Osawa, E., and Ho, D. (2007).
Active nanodiamond hydrogels for chemotherapeutic delivery. Nano letters,
7(11):3305–3314. PMID: 17918903.

[Jongbloed et al., 2010] Jongbloed, S. L., Kassianos, A. J., McDonald, K. J.,
Clark, G. J., Ju, X., Angel, C. E., Chen, C.-J. J., Dunbar, P. R., Wadley,
R. B., Jeet, V., Vulink, A. J. E., Hart, D. N. J., and Radford, K. J. (2010).
Human CD141+ (BDCA-3)+ dendritic cells (DCs) represent a unique my-
eloid DC subset that cross-presents necrotic cell antigens. The Journal of
experimental medicine, 207(6):1247–1260. PMID: 20479116.

[Kaur and Badea, 2013] Kaur, R. and Badea, I. (2013). Nanodiamonds as
novel nanomaterials for biomedical applications: drug delivery and ima-
ging systems. International Journal of Nanomedicine, 8:203–220. PMID:
23326195 PMCID: PMC3544342.

[Kedmi et al., 2010] Kedmi, R., Ben-Arie, N., and Peer, D. (2010). The
systemic toxicity of positively charged lipid nanoparticles and the role of
toll-like receptor 4 in immune activation. Biomaterials, 31(26):6867–6875.
PMID: 20541799.

[Klechevsky et al., 2009] Klechevsky, E., Liu, M., Morita, R., Banchereau, R.,
Thompson-Snipes, L., Palucka, A. K., Ueno, H., and Banchereau, J. (2009).

96



Bibliography

Understanding human myeloid dendritic cell subsets for the rational design
of novel vaccines. Human immunology, 70(5):281–288. PMID: 19236899.

[Klechevsky et al., 2008] Klechevsky, E., Morita, R., Liu, M., Cao, Y.,
Coquery, S., Thompson-Snipes, L., Briere, F., Chaussabel, D., Zurawski,
G., Palucka, A. K., Reiter, Y., Banchereau, J., and Ueno, H. (2008).
Functional specializations of human epidermal langerhans cells and CD14+
dermal dendritic cells. Immunity, 29(3):497–510. PMID: 18789730.

[Kono and Rock, 2008] Kono, H. and Rock, K. L. (2008). How dying cells
alert the immune system to danger. Nature reviews. Immunology, 8(4):279–
289. PMID: 18340345 PMCID: PMC2763408.

[Li et al., 2010] Li, J., Zhu, Y., Li, W., Zhang, X., Peng, Y., and Huang, Q.
(2010). Nanodiamonds as intracellular transporters of chemotherapeutic
drug. Biomaterials, 31(32):8410–8418.

[Liu et al., 2007] Liu, K.-K., Cheng, C.-L., Chang, C.-C., and Chao, J.-I.
(2007). Biocompatible and detectable carboxylated nanodiamond on hu-
man cell. Nanotechnology, 18(32):325102.

[Liu et al., 2009] Liu, K.-K., Wang, C.-C., Cheng, C.-L., and Chao, J.-I.
(2009). Endocytic carboxylated nanodiamond for the labeling and tracking
of cell division and differentiation in cancer and stem cells. Biomaterials,
30(26):4249–4259. PMID: 19500835.

[Liu, 2001] Liu, Y.-J. (2001). Dendritic cell subsets and lineages, and their
functions in innate and adaptive immunity. Cell, 106(3):259–262.

[Liu, 2005] Liu, Y.-J. (2005). IPC: professional type 1 interferon-producing
cells and plasmacytoid dendritic cell precursors. Annual review of immun-
ology, 23:275–306. PMID: 15771572.

[Lui et al., 2009] Lui, G., Manches, O., Angel, J., Molens, J.-P., Chaperot,
L., and Plumas, J. (2009). Plasmacytoid dendritic cells capture and cross-
present viral antigens from influenza-virus exposed cells. PLoS ONE,
4(9):e7111.

[MacDonald et al., 2002] MacDonald, K. P. A., Munster, D. J., Clark, G. J.,
Dzionek, A., Schmitz, J., and Hart, D. N. J. (2002). Characterization
of human blood dendritic cell subsets. Blood, 100(13):4512–4520. PMID:
12393628.

[Marcon et al., 2010] Marcon, L., Riquet, F., Vicogne, D., Szunerits, S.,
Bodart, J.-F., and Boukherroub, R. (2010). Cellular and in vivo toxicity
of functionalized nanodiamond in xenopus embryos. Journal of Materials
Chemistry, 20(37):8064–8069.

97



Bibliography

[Matloubian et al., 2000] Matloubian, M., David, A., Engel, S., Ryan, J. E.,
and Cyster, J. G. (2000). A transmembrane CXC chemokine is a ligand for
HIV-coreceptor bonzo. Nature immunology, 1(4):298–304. PMID: 11017100.

[Matsui et al., 2009] Matsui, T., Connolly, J. E., Michnevitz, M., Chaussabel,
D., Yu, C.-I., Glaser, C., Tindle, S., Pypaert, M., Freitas, H., Piqueras, B.,
Banchereau, J., and Palucka, A. K. (2009). CD2 distinguishes two subsets of
human plasmacytoid dendritic cells with distinct phenotype and functions.
Journal of immunology (Baltimore, Md.: 1950), 182(11):6815–6823. PMID:
19454677.

[Matzinger, 2002] Matzinger, P. (2002). The danger model: a renewed sense
of self. Science (New York, N.Y.), 296(5566):301–305. PMID: 11951032.

[Mayor and Pagano, 2007] Mayor, S. and Pagano, R. E. (2007). Pathways of
clathrin-independent endocytosis. Nature Reviews Molecular Cell Biology,
8(8):603–612.

[Medzhitov and Janeway, 1998] Medzhitov, R. and Janeway, C A, J. (1998).
Innate immune recognition and control of adaptive immune responses. Sem-
inars in immunology, 10(5):351–353. PMID: 9799709.

[Mellman and Steinman, 2001] Mellman, I. and Steinman, R. M. (2001).
Dendritic cells: specialized and regulated antigen processing machines. Cell,
106(3):255–258. PMID: 11509172.

[Mittag et al., 2011] Mittag, D., Proietto, A. I., Loudovaris, T., Mannering,
S. I., Vremec, D., Shortman, K., Wu, L., and Harrison, L. C. (2011). Hu-
man dendritic cell subsets from spleen and blood are similar in phenotype
and function but modified by donor health status. Journal of immunology
(Baltimore, Md.: 1950), 186(11):6207–6217. PMID: 21515786.

[Mohan et al., 2010] Mohan, N., Chen, C.-S., Hsieh, H.-H., Wu, Y.-C., and
Chang, H.-C. (2010). In vivo imaging and toxicity assessments of fluorescent
nanodiamonds in caenorhabditis elegans. Nano Letters, 10(9):3692–3699.

[Moore et al., 2012] Moore, L. K., Gatica, M., Chow, E. K., and Ho, D.
(2012). Diamond-based nanomedicine: Enhanced drug delivery and ima-
ging. Disruptive Science and Technology, 1(1):54–61.

[Oyewumi et al., 2010] Oyewumi, M. O., Kumar, A., and Cui, Z. (2010).
Nano-microparticles as immune adjuvants: correlating particle sizes and
the resultant immune responses. Expert review of vaccines, 9(9):1095–1107.
PMID: 20822351 PMCID: PMC2963573.

[Palucka et al., 2005] Palucka, A. K., Blanck, J.-P., Bennett, L., Pascual, V.,
and Banchereau, J. (2005). Cross-regulation of TNF and IFN-alpha in

98



Bibliography

autoimmune diseases. Proceedings of the National Academy of Sciences of
the United States of America, 102(9):3372–3377. PMID: 15728381.
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[Rodŕıguez-Pinto, 2005] Rodŕıguez-Pinto, D. (2005). B cells as antigen
presenting cells. Cellular Immunology, 238(2):67–75.

[Sadauskas et al., 2007] Sadauskas, E., Wallin, H., Stoltenberg, M., Vogel, U.,
Doering, P., Larsen, A., and Danscher, G. (2007). Kupffer cells are cent-
ral in the removal of nanoparticles from the organism. Particle and Fibre
Toxicology, 4:10. PMID: 17949501 PMCID: PMC2146996.

[Sahay et al., 2010a] Sahay, G., Alakhova, D. Y., and Kabanov, A. V. (2010a).
Endocytosis of nanomedicines. Journal of controlled release: official journal
of the Controlled Release Society, 145(3):182–195. PMID: 20226220.

[Sahay et al., 2010b] Sahay, G., Kim, J. O., Kabanov, A. V., and Bronich,
T. K. (2010b). The exploitation of differential endocytic pathways in nor-
mal and tumor cells in the selective targeting of nanoparticulate chemo-
therapeutic agents. Biomaterials, 31(5):923–933. PMID: 19853293.

99



Bibliography

[Sakurai et al., 2001] Sakurai, F., Nishioka, T., Yamashita, F., Takakura, Y.,
and Hashida, M. (2001). Effects of erythrocytes and serum proteins on
lung accumulation of lipoplexes containing cholesterol or DOPE as a helper
lipid in the single-pass rat lung perfusion system. European journal of phar-
maceutics and biopharmaceutics: official journal of Arbeitsgemeinschaft für
Pharmazeutische Verfahrenstechnik e.V, 52(2):165–172. PMID: 11522482.

[Sallusto et al., 1999] Sallusto, F., Palermo, B., Lenig, D., Miettinen, M.,
Matikainen, S., Julkunen, I., Forster, R., Burgstahler, R., Lipp, M., and
Lanzavecchia, A. (1999). Distinct patterns and kinetics of chemokine pro-
duction regulate dendritic cell function. European Journal of Immunology,
29(5):1617–1625.

[Sallusto et al., 1998] Sallusto, F., Schaerli, P., Loetscher, P., Schaniel, C.,
Lenig, D., Mackay, C. R., Qin, S., and Lanzavecchia, A. (1998). Rapid and
coordinated switch in chemokine receptor expression during dendritic cell
maturation. European Journal of Immunology, 28(9):2760–2769.

[Sato et al., 2001] Sato, K., Kawasaki, H., Nagayama, H., Enomoto, M., Mor-
imoto, C., Tadokoro, K., Juji, T., and Takahashi, T. A. (2001). Signaling
events following chemokine receptor ligation in human dendritic cells at
different developmental stages. International Immunology, 13(2):167–179.
PMID: 11157850.

[Schenten and Medzhitov, 2011] Schenten, D. and Medzhitov, R. (2011). The
control of adaptive immune responses by the innate immune system. Ad-
vances in immunology, 109:87–124. PMID: 21569913.

[Schrand et al., 2007a] Schrand, A. M., Dai, L., Schlager, J. J., Hussain,
S. M., and Osawa, E. (2007a). Differential biocompatibility of carbon nan-
otubes and nanodiamonds. Diamond and Related Materials, 16(12):2118–
2123.

[Schrand et al., 2007b] Schrand, A. M., Huang, H., Carlson, C., Schlager,
J. J., Osawa, E., Hussain, S. M., and Dai, L. (2007b). Are diamond nano-
particles cytotoxic? The Journal of Physical Chemistry B, 111(1):2–7.

[Schrand et al., 2010] Schrand, A. M., Schlager, J. J., Dai, L., and Hussain,
S. M. (2010). Preparation of cells for assessing ultrastructural localization
of nanoparticles with transmission electron microscopy. Nature Protocols,
5(4):744–757.
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