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ABSTRACT 

 

Nanoparticles (NPs) as drug delivery systems are engineered technologies for the 
delivery of therapeutic agents to their targets in a controlled manner and have shown 
significant potential to be employed in cancer treatment, with the aim to improve the 
biodistribution of cancer drugs. Magnetic nanoparticles (MNPs) are a class of 
nanoparticles, which can be manipulated using magnetic field gradients in order to 
reach the target site of interest and deliver the drug faster and more efficiently. Common 
MNPs consist of biocompatible iron oxide MNPs such as magnetite (Fe3O4) and its 
oxidized form maghemite (γ-Fe2O3) with proper surface architecture and conjugated 
targeting ligands/proteins.  

A first consideration in assessing MNP toxicity as well as efficiency of translocation in a 
cell is the interaction of the MNP with the cell membrane. In the present thesis, 
computational approaches were used for the construction of functionalized magnetite 
MNPs of different shape, size, and surface chemistry. Subsequently, Molecular 
Dynamics (MD) simulations were performed to investigate the MNP in contact with a 
model cell membrane in order to gain insights into the physicochemical properties that 
govern the interactions between different classes of MNPs and the membrane. 

Initially, a generic code that builds the model of the NP core of a given size and surface 
architecture was developed. The growing planes of the Fe3O4 crystal, which are 
analogous to the minimum surface energies, were used to extend the size and shape of 
the NP. This approach was generalized by developing an algorithm that constructs 
different crystal morphologies for a given crystal based on its preferred growing planes, 
the Miller indices and a user-defined size of the crystal. Subsequently, another 
algorithm was developed to attach polyvinyl alcohol (PVA) and polyarabic acid (ARA) 
ligands to the Fe3O4 MNP core. A dipalmitoylphosphatidylcholine (DPPC) lipid bilayer 
was then built as a model cell membrane. Finally, the two model MNPs were placed in 
the water phase of the lipid bilayer and atomistic MD simulations were performed in 
order to describe the nanoparticle-membrane interactions in atomic-level detail.  

The results from our simulations were further compared to available experimental data 
from our collaborators and conclusions were drawn for the distinct interactions between 
the different ligand coating of the NP and the model cell membrane. 

 

SUBJECT AREA: Computational Molecular Biophysics  

KEYWORDS: nanoparticles, drug delivery systems, magnetite, molecular dynamics, 
atomistic simulations 

  



 
 

ΠΕΡΙΛΗΨΗ 

 

Τα νανοσωματίδια (NPs) ως συστήματα μεταφοράς φαρμάκων αφορούν τεχνολογίες 
μηχανικής για τη στοχευμένη μεταφορά και την ελεγχόμενη απελευθέρωση 
θεραπευτικών παραγόντων και παρουσιάζουν σημαντική επιστημονική υπόσχεση στη 
θεραπεία του καρκίνου, όπου χρησιμοποιούνται στη βελτίωση της βιοκατανομής των 
αντικαρκινικών φαρμάκων. Τα μαγνητικά νανοσωματίδια (MNPs) αποτελούν μια 
κατηγορία νανοσωματιδίων, τα οποία μπορούν να χρησιμοποιηθούν κάτω από την 
επίδραση έντασης μαγνητικού πεδίου με σκοπό να φτάσουν στη στοχευμένη περιοχή 
και να απελευθερώσουν το φάρμακο πιο γρήγορα και πιο αποτελεσματικά. Τέτοια 
σωματίδια συνήθως αποτελούνται από βιοσυμβατά MNPs οξειδίου του σιδήρου όπως 
είναι ο μαγνητίτης (Fe3O4) και η οξειδωμένη μορφή του, ο μαγεμίτης (γ-Fe2O3), με 
κατάλληλη αρχιτεκτονική επιφάνειας και συζευγμένα μόρια/πρωτείνες.  

Η πρώτη εκτίμηση σχετικά με την τοξικότητα των MNPs καθώς και της αποτελεσματικής 
μεταφοράς τους στο κύτταρο, είναι η αλληλεπίδραση του MNP με την κυτταρική 
μεμβράνη. Στην παρούσα διπλωματική εργασία, χρησιμοποιήθηκαν υπολογιστικές 
προσεγγίσεις για την κατασκευή νανοσωματιδίων μαγνητίτη διαφορετικού σχήματος, 
μεγέθους και χημείας της επιφάνειάς τους. Ακολούθως, προσομοιώσεις μοριακής 
δυναμικής εφαρμόστηκαν για τη διερεύνηση της επαφής του MNP με την κυτταρική 
μεμβράνη, προκειμένου να αποκτηθεί γνώση των φυσικοχημικών ιδιοτήτων που 
διέπουν τις αλληλεπιδράσεις μεταξύ διαφορετικών κατηγοριών MNPs και της 
μεμβράνης. 

Αρχικά, ένας γενικός κώδικας αναπτύχθηκε για την κατασκευή του μοντέλου πυρήνα 
νανοσωματιδίων δεδομένου μεγέθους και αρχιτεκτονικής επιφάνειας. Tα επίπεδα 
ανάπτυξης του Fe3O4 κρυστάλλου, τα οποία σχετίζονται με την ελάχιστη ενέργεια 
επιφάνειας, χρησιμοποιήθηκαν για την επέκταση του μεγέθους και σχήματος του 
νανοσωματιδίου. Η προσέγγιση αυτή γενικεύτηκε με την ανάπτυξη ενός αλγορίθμου 
κατασκευής διαφορετικών μορφολογιών κρυστάλλου με βάση τα επίπεδα ανάπτυξης 
του κρυστάλλου, τους δείκτες Miller και του κρυσταλλικού μεγέθους καθορισμένο από 
τον χρήστη. Ακολούθως, η υλοποίηση ενός άλλου προγράμματος επιτρέπει την 
πρόσδεση των αλυσίδων πολυβινυλικής αλκοόλης (PVA) και πολυακριλικού οξέως 
(ARA) στον Fe3O4 MNP πυρήνα. Η λιπιδική διπλοστοιβάδα 
(dipalmitoylphosphatidylcholine - DPPC) κατασκευάστηκε στη συνέχεια ως μοντέλο της 
κυτταρικής μεμβράνης. Τέλος, τα δύο μοντέλα MNPs τοποθετήθηκαν στην υδάτινη 
περιοχή της λιπιδικής διπλοστοιβάδας και ατομικιστικές προσομοιώσεις μοριακής 
δυναμικής εφαρμόστηκαν με σκοπό την περιγραφή των αλληλεπιδράσεων 
νανοσωματιδίου-μεμβράνης σε ατομικό επίπεδο. 

Τα αποτελέσματα της προσομοίωσης συγκρίνονται περαιτέρω με τα διαθέσιμα 
πειραματικά δεδομένα από τους συνεργάτες μας και τα συμπεράσματα συντάσσονται 
ως πρός τις διαφορετικές αλληλεπιδράσεις μεταξύ διαφορετικών προσδετών του NP και 
του μοντέλου κυτταρικής μεμβράνης. 

 

ΘΕΜΑΤΙΚΗ ΠΕΡΙΟΧΗ: Υπολογιστική Μοριακή Βιοφυσική 

ΛΕΞΕΙΣ ΚΛΕΙΔΙΑ: νανοσωματίδια, συστήματα μεταφοράς φαρμάκων, μαγνητίτης, 
μοριακή δυναμική, ατομικιστικές προσομοιώσεις 
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 PROLOGUE 

The master thesis ‘Modeling and simulations of functionalized magnetic nanoparticles 
as drug delivery systems’, has been conducted at the Biomedical Research Foundation, 
Academy of Athens for completion of the Postgraduate Program "Information 
Technologies in Medicine and Biology" (I.T.M.B.), Department of Informatics and 
Telecommunications, National and Kapodistrian University of Athens, Greece. 

The First Chapter presents the motivation of the study, the application of nanoparticles 
(NPs) in Medicine as drug delivery systems and their advantages, the importance of 
Magnetic Nanoparticles (MNPs) as a class of NPs, and their biodistribution within an 
organism along with the toxicity studies required. Furthermore, the characteristics of the 
plasma membrane and the lipid bilayer are presented and the nanoparticle-membrane 
interactions are explained. The study objectives are then defined. 

The Second Chapter presents the theoretical foundations of the present work. First, an 
introduction to Molecular Dynamics (MD) simulations theory is presented and the 
potential energy function used (force field). The roots of MD lie in statistical mechanics, 
a branch of Physical Chemistry, which aims to construct macroscopic properties of a 
system from basic information about intermolecular interactions taken from the 
microscopic world. Next, an introduction of the principles of crystallographic techniques 
is presented, including crystal directions and planes. Finally, the information of the 
atomic structure of the magnetite is given, which is essential for the analysis of the 
computational approaches for the construction and modeling of functionalized magnetic 
nanoparticles (MNPs) used in this thesis. 

The computational framework of the present thesis is presented in Chapter Three. An 
analysis of the tools developed during this study for the construction and modeling of 
magnetite nanoparticles (spherical or truncated MNPs) is presented along with a 
general code implementation for the computing of the macroscopic morphology of any 
periodic crystal using its stable growing planes and the distance from a reference point. 
Additionally, information about the functionalization of the magnetite (two types of 
ligands attached to the magnetite core) is given as well as details about the construction 
of the lipid bilayer that is used to model the cell membrane. Next, the development of 
the topology and parameter files for the magnetite core and ligands is described. The 
chapter closes with a discussion on the simulation setup of the two model MNPs in the 
water phase of the lipid bilayer and our results describing the nanoparticle-membrane 
interactions in atomic-level detail. 

Finally, Chapter Four constitutes the epilogue of the thesis together with the conclusions 
and possible future extensions of our work. 
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1. INTRODUCTION 
 

Although modern medicine has achieved remarkable progress in the field of cancer 
treatment, some cancer types remain hard to treat or are even untreatable in some 
cases, making cancer the second biggest cause of mortality worldwide with 
approximately 13% of all deaths accounted to untreated cancer [1]. In the past seven 
decades, cancer deaths are continuingly increasing, as opposed to other fatal diseases 
such as heart diseases, cerebrovascular diseases, pneumonia, viral infections etc., 
which are showing significant reduction [1]. 

Accessing the tumor microenvironment with drugs poses significant challenges. P-
glycoproteins (P-gp) frequently become antagonists to conventional chemotherapy 
treatments by blocking the pharmaceutical substances from accessing the tumor mass 
[2] [6]. Furthermore, in vivo delivery of pharmacological agents faces a variety of 
physiological barriers as well. Such barriers include hepatic and renal clearance, 
enzymolysis and hydrolysis, endosomal/lysosomal degradation etc. [3] [4] [5] [6]. 
Additionally, the effectiveness of antitumor pharmaceutical substances is restricted by 
their substandard properties, such as reduced solubility, constricted therapeutic window, 
and increased cytotoxicity causing extensive damages to healthy tissues, which 
contribute to reduced cancer treatment success [7] [8]. 

Worldwide research is currently concentrating in the development and investigations of 
new therapeutic methods, which will prevail over the disadvantages observed by 
traditional drugs, but at the same time successfully annihilate tumors, with a major goal 
being the preservation of surrounding healthy tissue and minimization of relapse 
resistant.  

Drug delivery systems are engineered technologies for the delivery of therapeutic 
agents to their targets in a controlled manner. Nanoparticles (NPs) as drug delivery 
systems have shown significant promise in cancer treatment, where they are used to 
improve the biodistribution of cancer drugs. The design of nanoplatforms has so far 
included the use of a variety of nanoparticles including, -fibers, -gels, liposomes, 
dendrimers, or quantum dots [9] [10] [11]. These nanoparticles contain desirable 
qualities, such as biological stability and biocompatibility, making them much more 
flexible when route of administration is concerned since they can be delivered to the 
target mass through a variety of administration routes while integrating an extensive 
range of drug molecules. Additionally, these nanoparticles exhibit easiness of surface 
modification (like in the case of Tween 80, polyethylene glycol (PEG) or poloxamers and 
poloxamines) thus extending their circulation time [12] [13] [14]. Even more, these 
particles exhibit large versatility of functionalization which in turn improves their 
selectivity against tumor growths. Therefore these may demonstrate lower toxicity and 
therapeutic effect enhancement, a well-known obstacle in today’s chemotherapeutic 
methods. Thus, the use of nanoparticles has the potential to become a much safer 
means of cancer therapy and management, since the patient’s health and health related 
quality of life are compromised in a lower degree [15]. 

For designing an effective NP, the consideration of the size, shape, surface chemistry, 
patient-specific information, and other parameters is crucial. Optimizing all of these 
parameters through experiments is both time and resource-intensive. Therefore, 
computational modeling is used to reduce this possibility space. Simulations have been 
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used to model the continuum of the NP transport at the tumor site and investigate the 
physical interactions between NPs and the cell membrane. 

The aim of this thesis is to a) create a general methodology/algorithm for creating 
crystal NPs according to their preferred growing planes, b) create a general 
methodology/algorithm for functionalizing these NPs with ligands, and c) model the 
interaction of the NPs with the cell membrane using Molecular Dynamics simulations in 
order to understand their interaction with the lipid bilayer. Research of these 
nanocarriers is a dynamic field prompting more useful therapeutic efficacy through 
advances in material construction, auxiliary outline and cell targeting. The joining of 
forces of multiple scientific fields such as, material, engineering and information 
technology outlines a new era in medical science, one where medications will have 
generously expanded adequacy and administration convenience with high bioavailability 
and less adverse effects [16]. 

 

1.1 Nanoparticles (NPs) as Drug Delivery System 

 

Nanotechnology is defined as the formation and exploitation of materials, designs and 
frameworks through the control of substances on the nanometer-length scale, i.e., at the 
level of particles, atoms and supramolecular structures [17] [18]. The use of 
nanotechnology in different scientific fields and particularly in medicine, is slowly but 
steadily increasing and the road to replacing conventional medications has just started. 
Therefore, even though satisfactory drug delivery is the foremost challenge that 
biotechnological and pharmaceutical research has to overcome, it seems as though 
nanotechnology can advocate the innovation of drug development for commercial use in 
the near future [19]. Nanotechnology concentrates on manufacturing therapeutic 
substances in biocompatible nanocarriers, such as NPs, nanocapsules, micellar 
systems and dendrimers (Figure 1) [20] [21]. Moreover, one of the major advantages 
that nanotechnology offers is targeted drug delivery to the site of disease. 

 

 
Figure 1: Schematic representation of different nanotechnology-based drug-delivery systems. [21] 
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1.1.1 Nanoparticles in medicine 

 
Therapeutics 
 
A large reference database reveals the therapeutic use of NPs in vitro and in vivo 
applications. The therapeutic use of NPs is wide, showing a range from cancer therapy 
and management application to microbial therapeutic effects, vaccination efficacy, gene 
delivery and site-specific targeting, while subsiding the adverse effects observed by 
current therapeutics [22] [23]. According to numerous studies, NPs have successfully 
been used as carriers for a variety of chemotherapeutic drugs (e.g. etoposide, 
paclitaxel, carboplatin, doxorubicin etc.), creating nanoparticulate systems which are 
extremely effective against a wide diversity of cancer types (Figure 2) [24] [25] [26] [27] 
[28] [29]. 

 

 

Figure 2: Chemical structure of therapeutic drugs that can be encapsulated into NPs. [29] 

 

Multipurpose NPs that contain surface functionalized biomolecules are also developed 
in order to serve as perspective therapeutic agents, targeted gene silencing agents. 
Scientific and research society is intrigued by functionalized NPs due to their 
therapeutic exciting prospects as antimicrobial agents as well [29]] [30] [31]. Table 1 
highlights some of the NPs that can be effectively used for therapeutics.  



Modeling and simulations of functionalized magnetic nanoparticles as drug delivery systems 

K.Karathanou             22 

 

Table 1: NPs as therapeutic agents [29] 

Type of nanomaterial Encapsulant Indicator Therapeutic 
improvement 

Polyisohexylcyanoacryl
ate NPs 

DOX Hepato-
cellular 

Carcinoma 

Higher antitumor 
efficacy than native 

doxorubicin 
and can overcome 

multiple drug 
resistance phenotype 

PLGA NPs Paclitaxel Various 
cancers 

Effective in 
chemotherapeutic and 

photothermal 
destruction of cancer 

cells 

Gold NPs (AuNPs) - Various 
cancers 

Effective as radiation 
sensitizers for cancer 

therapy 

Chitosan NP (CNP) siRNA Ovarian 
cancer 

Increased selective 
intratumoral delivery 

and significant 
inhibition of tumor 

growth compared to 
controls 

Cetyl 
alcohol/polysorbate 

NPs 

Paclitaxel Brain tumor Higher brain and 
tumor cell uptake, 

thus leading to 
greater cytotoxicity; 

also effective towards 
p-glycoprotein 

expressing tumor 
cells. 

Lipid nanocapsules Etoposide Glioma Greater cytotoxicity. 
Can overcome p-

glycoprotein 
dependent multidrug 

resistance. 

P (4-vinylpyridine) 
particles 

- Antimicro-
bial agent 

These particles can 
be used to inhibit 
bacterial growth 

for various bacteria as 
biocolloids 

Chitosan-alginate NPs Carboplatin Retinobla-
stoma 

Enhanced 
antiproliferative 

activity and 
cytotoxicity of 

NPs in comparison 
with native carboplatin 

Poly (3- 
hydroxybutyrate-co-3- 

hydroxyoctanoate) NPs 

DOX Various 
cancers 

Effective in selective 
delivery of anticancer 

drug to the 
folate receptor-

overexpressed cancer 
cells 
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Diagnostics 

In order to sufficiently comprehend the biology and pathology of diseases, especially 
cancer at the molecular level, advanced analysis systems are required. The field of 
nanomaterials and nanotechnology combined with today’s instrumental technology is 
considered to be able to satisfy all needs that arise from this emerging challenge [32] 
[33] [109]. The solutions offered by the use of nanotechnology and nanomaterials in the 
area of multiplex diagnostics are numerous with the added benefit of creating a 
perceptive, prompt and cost-effective base for advanced laboratory and diagnostic 
clinical environment.  Utilization of NPs is constantly increasing in the discipline of 
molecular diagnostics and a large variety of tools are currently being developed. The 
most commonly used NPs so far are gold (Au) NPs and quantum dots (QDs) or similar 
to those types [29] [34] [35]. 

Semiconductor QDs are NPs with incomparable, stable fluorescence that can empower 
the recognition of more than several dozen tumor biomarkers in blood analysis or on 
malignancy tissue biopsies. They offer distinctive components that permit the 
identification of malignancy markers in natural examples at pg/mL focuses [35] [110]. 
Furthermore, molecular diagnostics has also managed to succeed major achievements 
ever since the advent of AuNPs, due to their high levels of sensitivity and specificity, 
multiplexing competence and short process cycle completion period required. AuNP-
based colorometric analysis and Aptamer-conjugated AuNPs, show immense ability in 
bedside testing needs, especially for oncology patients. Their popular use as labels in 
diagnostics and detection is attributed to their one of a kind chemical and physical 
properties amalgamation, which permits biological molecules to be identified at low 
intensity [36] [37] [38] [110]. 

Even more, according to the up-to–date worldwide research database, a broad range of 
other nanotechnological devices for manipulation at a nano-scale, as well as nano-
biosensors, are showing encouraging outcomes and are considered for the use of 
clinical applications [39] [40]. Specialists are facing the immense challenge to develop 
straightforward, quick, effective and easy to understand identification techniques for the 
recognition of disease cells in general, and cancer cell in particular. Cancer is an 
incapacitating disease and early and precise detection can make a vast difference not 
only in the patients’ chances of complete therapy but also in improving their quality of 
life as well. Therefore, a large number of NP types in order to meet and address the 
demands of effective diagnostics is currently being developed. Such examples are 
shown in Table 2 [41] [42] [43] [44]. 
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Table 2: NPs as diagnostic agents [29] 

Type of nanomaterial Diagnostic strategy Advantages 

AuNPs The selectivity and 
specific affinity of 

aptamers is 
combined with 
spectroscopic 

advantages of AuNPs 
to detect diseased 

cells 

For sensitive 
detection of cancer 

cells. Can 
easily differentiate 
between different 

types of 
target and control 
cells based on the 

aptamer 

Magnetofluorescent 
particle systems 

These bimodal 
contrast agents allows 

detection of 
cancer cells 

Noninvasive 
diagnosis of breast 

cancer 

AuNPs Identification is based 
on the reaction of cell 

surface 
proteins with specific 
antibodies conjugated 

with AuNPs 

Rapid identification 
and quantification 

of 
tumor cells 

Semiconductor 
fluorescent QDs 

These fluorescent 
biomarkers are 

analyzed by their 
resulting fluorescence 

and thus enables 
efficient 

cancer diagnostics 

Enables fast and 
precise cancer 

diagnostics 

Semiconductor QDs Intense stable 
fluorescence enables 

the detection of 
cancer biomarkers 

Useful for 
molecular 

diagnostics of 
cancer 

Aptamer conjugated 
NPs 

Aptamer-conjugated 
magnetic NPs can be 

used for 
selective targeting cell 

extraction and 
aptamerconjugated 
fluorescent NPs can 
be used for sensitive 

cancer detection 

Enables the 
collection and 
detection of 

multiple cancer 
cells 

Fluorescent 
europium(III)- 

chelate-doped NP 

Highly fluorescent 
europium(III) 

with high affinity 
monoclonal antibodies 

coated on label 
particles and 
microtitration 

wells provides a 
sensitive 

immunoassay 

Has potential in 
sensitive screening 

of 
viral analytes 
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Imaging 
 
The advancement of an efficient transporter framework does not just mean the 
execution of transportation, but the successful affirmation of the site-particular 
distribution of the medication. For that reason, the power to trace and project the 
pathway of any nanomedicine from the systemic to the subcellular level becomes a 
necessity [45]. NPs can be effectively exploited to enhance the efficacy of fluorescent 
markers for medicinal imaging and health related investigated purposes. Even though 
different fluorescent markers are broadly employed as a part of in vitro and in vivo 
diagnostic applications, existing methods display a variety of weaknesses, for example, 
the prerequisite of color coordinated lasers, fluorescence fading and absence of 
oppressive limit of numerous dyes, and so on. Fluorescent NPs can productively 
triumph over these tribulations and provide important advancement towards commercial 
clinical application in the imaging of tumors and disease in general [46]. 

A lately discovered type of engineered optical probes, called fluorescent silica NPs 
(FSNPs), which is silica NPs enriched with fluorescent dye, have also been proven 
immensely useful in cancer imaging [47] [48]. The utilization of water-solvent 
functionalized QDs, which are profoundly steady against oxidation for natural and 
biomedical applications, is at me moment one of the quickest developing fields of 
nanotechnology. QDs display secure fluorescent assets, and at the same time exhibit 
new possibilities for in vivo imaging and diagnostic techniques in live cells [49]. 
Magnetic iron oxide NPs, have also gathered scientific interest as innovative contrast 
agents for biomedical imaging due to their capacity of deep-tissue imaging while 
considered as noninvasiveness and low toxicity techniques [50] [51]. 

Another modern technology showing promising potential in the attempt of effective 
imaging and therapeutic invertions in cancer patients is the use of dynamic 
magnetomotion of magnetic NPs (MNPs) detected with magnetomotive optical 
coherence tomography (MM-OCT) [52] [53]. AuNPs are also widely in use for cellular 
imaging [54] [55]. In today’s bibliography and research database it is made fairly clear 
that a variety of nanoparticulate system types can be abundantly utilized as in vitro and 
in vivo imaging agents for proficient diagnostics and therapeutics [29] [56] [57] [58]. 

 
 

1.1.2 Advantages of NPs as drug delivery systems 

 

NPs are defined as microscopic, colloidal elements, with their size varying from 10 – 
1000 nm in diameter [59] [60]. Different kinds of NPs can be employed as medication 
conveyance frameworks and these can be devised from differing materials with 
distinctive designs, to function as a conceivable medication conveyance vehicle to treat 
a specific pathology. Pharmacological substances can be inserted into NPs by different 
techniques, for example, encapsulation, surface attachment or entrapment [61]. 

NPs, because of their small size, can productively enter crosswise over obstructions 
through small capilaries into singular cells, and therefore permitting effective medication 
amassing at the objective site. Hence, the undesirable symptoms and the poisonous 
qualities of the therapeutic agents is diminished and the restorative viability is enhanced 
[20] [62] [63]. Pharmaceutical biotechnology uses NPs to enhance the therapeutic ratio 
of medications and give answers for future delivery issues for modern and newly arrived 
categories of biotechnological products for example, recombinant proteins and 
oligonucleotides [64]. 
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In all reality, NPs pave the way for the development of new therapeutic technologies 
and medication that will be able to be used successfully in all care settings but without 
exhibiting any of the poor bioavailability and instability properties of today’s therapeutic 
agents. Table 3 summarizes some of the most obvious advantages of NPs. Since the 
diverse outcomes displayed by the use of NPs, the type of NPs used in the 
transportation of the active medicinal agents to the site of action can vary according to 
the cause or type of pathogenesis. Nevertheless, although NPs are widely used in drug 
delivery applications, their colloid constancy in such systems has almost gone 
unnoticed. To progress the stability of NPs, polymeric surfactants or other modifiers are 
frequently imbedded in particles, forming a layer that generates an effective repulsive 
force between NPs that prevents flocculation [65] [66]. 

 

Table 3: Advantages of nanoparticles [29] 

Advantages of nanoparticles 

Increase the aqueous solubility of the drug 

Protect the drug from degradation 

Produce a prolonged release of the drug 

Improve the bioavailability of the drug 

Provide a targeted delivery of the drug 

Decrease the toxic side effects of the drug 

Offer appropriate form for all routes of administration 

Allow rapid-formulation development 

 

 

1.2 Magnetic Nanoparticles (MNPs) 

 

Magnetic nanoparticles, may consist of iron, nickel and/or cobalt, which exhibit magnetic 
properties [67] [68]. Magnetic properties of a material emerge from magnetic moments 
of single electrons due to their orbital motion around the nucleus of an atom and 
intrinsic spinning around their axes. Because of the thermal instability of magnetic 
moments that cause changes in direction, a number of magnetic nanoparticles display 
superparamagnetic properties which are described as the nonappearance of magnetic 
behavior when the magnetic field is not present [69]. In the case of the iron oxide 
maghemite (γ-Fe2O3), superparamagnetic properties are detected at sizes smaller than 
15 nm [70]. 

Furthermore, magnetic nanoparticles of small sizes, containing iron oxides that 
demonstrate magnetic behavior only in the existence of a magnetic field are called 
superparamagnetic iron oxide nanoparticles (SPIONs). The use of SPIONs in 
biomedical applications is considered fundamental given that the everlasting magnetic 
behavior of magnetic particles within an organism would be unnecessary or even 
disparaging when the magnetic field is removed. For example, magnetically induced 
deformation of endosomes containing paramagnetic nanoparticles was shown by the 
transmission electron microscope (TEM) [71]. 

The most common magnetic nanoparticles used in targeted drug delivery methods are 
chemically iron oxides. Iron is an important metal for the majority of living organisms 
even humans (endogenic iron oxide nanoparticles have been traced in the human 
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hippocampus) [72] [73]. However, iron oxide due to the production of free oxygen and 
nitrogen based atoms (called reactive oxygen and nitrogen species or ROS and RNS 
respectively), can cause high levels of cellular cytotoxicity [74].Therefore, magnetic 
nanoparticles are primarily constructed by using core-shell methodology. According to 
Lodhia, Mandarano, Ferris, Eu & Cowell (2010) the magnetic foundation of iron oxide 
nanoparticles is compiled of magnetite (Fe3O4) and/or maghemite (γ-Fe2O3) while their 
exterior layer can be composed by organic compounds, including inorganic material 
(silica, oxides, metals carbon) as well as surfactants and synthetic or natural polymers 
[75]. There is a multipurpose significance of the type of the core – shell combination of 
magnetic NPs: 

(i) shielding the magnetic core from oxidation,  
(ii) defending the surface from damaged caused by chemical 

reactions,  
(iii) evading aggregate and agglomerates configuration due to Van der 

Waals forces, hydrophobic reactions  end products and magnetic 
attractions, 

(iv) competence of the various therapeutics connection and 
intensification of the cellular uptake rate [76] [77]. 
 

Biocompatibility of magnetic nanoparticles is based on the type of their exterior coating 
(biodegradable, i.e. contains certain polymers, or non-biodegradable, i.e. contains 
materials such as silica). The size of the magnetic NPs is also important factor of their 
biocompatibility. The size of the outside layer establishes the overall size of the 
magnetic NPs, for instance inorganic material types coating is smaller in size (below 
100 nm) while polymer types coating is almost always above average size wise (i.e. 
above 100 nm) [78] [79].  The type of the coating determines characteristics of the 
particle surface, such as hydrophilicity and surface charge [80]. 
 
The form of ferrofluids (magnetic liquids) are preferred for the use in biomedical 
applications for convenience reasons since their surface charge is interchangeable 
according to the surface groups’ ionization or by penetration of charged species of a 
surrounding liquid medium onto the particle surface thus forming an external layer 
surrounding the particle. The potential difference between the surrounding liquid 
medium and the layer around the particle is called the zeta potential, which in scales 
higher than 30 mV, regardless whether they are of positive or negative charge, will 
prevent each other, stay separated and therefore form a stable ferrofluid [80]. 
Magnetic NPs can contribute to the accomplishments of cancer therapy as drug or gene 
delivery systems in a variety of ways. Foremost is the exhibited magnetic behavior by 
magnetic NPs as opposed to the nonmagnetic NPs, permits observation and numerical 
quantifications of their biodistribution by MRI, which makes possible the determination 
of the optimal dosing in cancer therapy. Moreover, targeted drug delivery at the tumor 
site by magnetic NPs offers a more sufficient cancer therapy treatment technique since 
certain hindrances such as restricted bloodstream penetration shown by a variety of 
therapeutic substances are now subsided. Finally, site selectivity of tumor reduction and 
therapy medicines is enhanced and reduced adverse effects, none or less invasive as 
well as less cost-effective therapies are made possible with the use of magnetically-
guided nanoparticles [80]. 
The success of site targeting with the use of magnetic NPs in the oncology field is to 
augment antitumor efficacy and simultaneously diminish unwanted systemic damage of 
healthy tissues in the following manners [81]: 
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(i) passive targeting,  
(ii) active targeting 
(iii) targeting with an external magnetic field  

 
Passive and active targeting can be achieved regardless of nanoparticles magnetic 
behavior. Passive targeting is referred to the extravasation of nanoparticles from the 
blood-stream into the tumor due to disorganized and leaky tumor vasculature [82]. 
Active targeting is associated with suitable ligands, primarily monoclonal antibodies and 
their fragments, tyrosine kinase inhibitors and aptamers. All these molecules are 
actively able to connect to NPs and aim at tumor markers [83]. According to Babincova 
& Babinec (2009) [81], ligands can target extracellular matrix, surface receptors on 
endothelial cells of tumor vessels or pericytes and tumor cell surface receptors. In 
contrary external magnetic targeting can only be achieved by using magnetic NPs. Even 
more, according to Prijic & Sersa (2011) [80], combination of the two above mentioned 
systems can result to the provision of dual - targeting where the magnetic field 
represents an initial targeting vector that deliberates magnetic NPs in the cancerous site 
followed by second level active targeting by means of ligands, bound onto the surface of 
magnetic nanoparticles that are specific for tumor cells. 
 

 

Figure 3: Diagrammatic representation of A. Passive and B. Active targeting in oncology. [83] 

 

Magnetic nanoparticles are generally influenced by a magnetic field (Figure 4) which is 
created by high-field, high-gradient, rare earth magnets, such as neodymium iron boron 
(Nd-Fe-B) magnets. Nd-Fe-B magnets are the strongest type of permanent magnets 
which were commercially used during the late 1980s. The fundamental theory of 
magnetically-guided targeting is based on the placement of a magnet over a targeted 
site, i.e. a tumor, in order to in situ concentrate and/or retain magnetic nanoparticles 
[84]. 
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Figure 4: Schematic representation of a magnetic drug delivery system under the influence of 

external magnetic field. Fmag is the direction of the external magnetic field. [80] 

 

If targeting with an external magnetic field occurs with the combination of a bare 
magnetic NPs with no loaded therapeutics, the cancer therapeutic method depends on 
the deliberate blockage of tumor vessels. The first attempt of such a therapeutic method 
was during the 1970s where blockage of tumor vessels for cancer therapy was carried 
out with the aid of magnetically guided microparticles composed of carbonyl iron. 
However this method showed very low in vivo stability as well as below average 
capability to be guided by the magnetic field [85]. 

Approximately 20 years later, magnetic NPs were used on animal subjects In vitro via 
intravenous route preceding the application of the magnetic field of flux density of 200-
500 mT (application time =  20 min) above the subcutaneously transplanted colon 
carcinomas or hypernephromas, causing the overall and permanent tumor diminutions 
due to tumor blood vessels blockage [86]. Even more according to previously dated 
research, when active targeting is compared with antibody-bound magnetic NPs 
methods, results showed that targeting with bare magnetic NPs by suitably long 
exposure (application time = 6 h) to the magnetic field with a flux density of only 2.5 mT 
obtained significantly better results for in situ treatment especially in cardio and 
pneumonal types of cancer [65]. 

 

1.2.1 Biodistribution within an organism 

 

As mentioned by Prijic & Sersa (2011) [80] biodistribution of magnetic nanoparticles is 
based on physicochemical properties they demonstrate, such as size, hydrophilicity and 
surface charge. Regardless whether nanoparticles possess magnetic behavior or not, 
an increase in their surface charge and a decrease in their hydrophilicity, the 
competence of plasma protein absorption is amplified, leading the phagocysitc cells to 
recognize them faster [87]. However, phagocytic cells recognize NPs with greater ease 
when renal clearance is omitted, causing their buildup in the liver, spleen and lymph 
nodes [88]. Different in vivo studies in mice and rats showed that magnetic 
nanoparticles after intravenous administration predominantly accumulated in the liver 
and spleen: 55% of the injected iron composing 190 nm magnetic nanoparticles 
localized in the liver after 6 h, but was reduced to 20% after 24 h. The level of iron in the 
spleen after 3 weeks corresponded to 25% of the injected dose [80]. Considerably 
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amplified levels of iron, although lower than these in the liver and spleen, were also 
identified in the heart and brain [88]. 

Biodistribution of magnetic NPs distributed through intraperitoneal route in  mice yielded 
the same results obtained from the intravenous administration, with the largest 
concentrated amounts identified in the liver and the spleen [89]. When magnetic NPs 
are directed through a magnetic field, they are collected in the area of interest (Figure 
5). For instance, when 70 nm magnetic NPs are intravenously or intraperitoneally 
administered into a mice (most effective route through the tail vein) and directed to the 
heart and kidneys by means of magnetic field with flux density of only 2.5 mT for 6 h, 
they are traced in cardiovascular, renal and pneumonal tissues. Biodistribution of 
magnetic nanoparticles after different administration routes is schematically presented 
in Figure 5 [80]. 

 

 

Figure 5: Biodistribution of magnetic nanoparticles within the body after different administration 
routes. After intravenous administration (pink syringe) magnetic nanoparticles predominantly 

accumulate in the liver, spleen and lymph nodes (pink areas). However, the blood flow also takes 
them to other organs, e.g. lungs, brain (pink dots). After intra-tumoral administration and 

exposure to the magnet (green syringe), magnetic nanoparticles concentrate in the tumor (green 
area). However, a small quantity can be also found in the organs throughout the body, e.g. liver, 

lungs, lymph nodes, brain, spleen (green dots), which depends on leakage of the tumoral 
vasculature. [80] 
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1.2.2 Toxicity studies 

 

Toxicity of magnetic nanoparticles  

Scientific research on the toxicity of magnetic nanoparticles is fairly limited. The pioneer 
tolerance study with carbohydrate coated magnetic NPs as possible delivery systems 
was executed in nude mice and showed no median lethal dose (LD), no modification in 
the blood haematological and biochemical qualities profiles as well as no 
organomegalies were observed after injection of magnetic nanoparticles. However, 
according to Kumar, Jena, Behera, Lockey, Mohapatra & Mohapatra (2010) [86] when 
10-20% of the blood volume was permeated with the ferrofluid, brief periods of lassitude 
and resistance of food uptake were observed.  

In a recent study Próspero et al., (2017) [90] mention that when tartrate and citrate-
coated magnetic NPs were intraperitoneally administered in mice, an acute 
inflammation in the peritoneal cavity and around the spleen and kidney’s helium were 
observed. This inflammation indicates that carboxylic acids intake at neutral pH and 
isotonic conditions, tartrate and citrate-coated magnetic NPs are not indicated for use a 
biocompatible ferrofluid. Prijic & Sersa (2011) [80] referring to the NIEHS Report on 
Health Effects from Exposure to Power-Line Frequency Electric and Magnetic Fields 
state that an external layer of dextran on the outer shell of magnetic NPs apart from an 
approximately 6 month period retention in the liver and spleen of mice caused no other 
pathologies and damages in the histological samples of these organs were identified. 
Same research concludes that histological investigation of liver, spleen and kidney 
following and intravenous administration of oleic acid-coated magnetic NPs, reveal no 
damages on any of the internal organs. However, lipid peroxidation indicating oxidative 
stress was over the normal rates but was gradually decreased to normal values within 3 
weeks Prijic & Sersa (2011) [80]. 

 

Toxicity of an external magnetic field 

There are still a lot of answered questions regarding the possible adverse effects of the 
utilization of electromagnetic fields for medical purposes.  According to the research 
results of Wünsch-Filho et al., (2011) [91] there is a faint connection between magnetic 
field exposure (flux density as small as 0.0003 mT) and an amplified risk of childhood 
leukemia. Furthermore a large number of clinical and research trials using  MRI 
examinations reveal that a static magnetic field of flux densities from 0.5 to 2 T cannot 
be considered harmful as no side effects are reported, making it ideal for patient use 
with easy compliance on their part [92] [93] [94].  

Conversely, in equally numerous researches where ultra-high fields of flux densities of 4 
T and 7 T were used, an apathetic and averting behavior was observed [95] [96] [97]. 
There are some conflicting reports about cell toxicity or unwanted side effects caused 
by magnetic field exposure which may be because of the cell type’s subordinate 
mechanisms. It seems that cells deriving from mesenchymal descent are more 
vulnerable to the magnetic field exposure than other normal and malignant cells [80] 
[98] [99] [100] [101]. Obviously, so as to give confirmation that the magnetic field 
precisely does not cause any harmful symptoms there is an indispensable need to curry 
out extra in vitro and in vivo studies. 
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1.3 The plasma membrane and the lipid bilayer 

 

The biological membrane or cell membrane is found in both eukaryotic and prokaryotic 
cells and functions as a barrier between the internal and external cell environment. In 
animal cells, the plasma membrane is found in the external cell layer whereas in plant is 
just below the cell wall [102]. 

 

 
Figure 6: Structure of Plasma Membrane. [103] 

 

The plasma membrane provides the stability of the cell structure and at the same time is 
keeping cell substances and organelles from spilling out; it is responsible for molecule 
transportation (ions, nutrients etc.) in and out of the cell and preserves the cell potential. 
Besides, the cell membrane fills in as a defensive boundary, which averts transport of 
undesired particles and pathogens into the cell. Molecular recognition mechanisms at 
the cell layer surface, which enable the cell to recognize a pathogen, likewise it 
assumes a vital part in cell signaling, and different types of cell-cell connections [102]. 

The key constituents of the plasma membrane include: 

 Proteins like glycoprotein, responsible for cell recognition that also exhibit 
antigenic and receipting abilities.  

 Proteins like glycolipids which connect to the phospholipids along with the 
saccharose chains. 

 Lipids containing short carbohydrate chains connected on the extracellular layers 
of the membrane. 

 Phospholipid Bilayer - which is made from phosphates and lipids, that crate a 
semi – permeable membrane, functioning as a selective barrier allowing certain 
types of substances to diffuse the cell membrane.  

 Lipids such as cholesterol that provide the fluidity and flexibility of the cellular 
membrane. [102] 
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Figure 7: Components of Plasma Membrane. [103] 

 

The lipid bilayer is found in all types of cell membranes. It plays an important role in the 
detention of the cell organization as its structural components present the barrier that 
indicates the borders of a cell. It is characterized as a lipid bilayer as it is arranged in 
two layers of lipid molecules and its typical size is approximately 5 nm thick and it is 
found in all cells types providing the cell membrane structure [104]. 

Although the actual cell membrane composition is far more complex, for membrane and 
membrane-proteins studying purposes it is often simplified and a replica structure of a 
bilayer consisting of one specific lipid (usually DOPC and DPPC) is employed [104]. A 
similar approach will be adopted here. 

The structure of the lipid bilayer clarifies its function as a barrier. Lipids are fats (oil type 
molecules), that are impenetrable in water. There are two significant sections of a lipid 
that present the construction of the lipid bilayer. Each lipid molecule consists of a 
hydrophilic region, also called a polar head region, and a hydrophobic, or nonpolar tail 
region [104]. Figure 8 is a diagrammatic representation of a lipid. 
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Figure 8: Basic Lipid Structure. [105] 

 

The hydrophilic region (does not dissolve in water environment) is attracted to aqueous 
water conditions while the hydrophobic region (dissolves in water environment) is 
repelled from such conditions. A lipid molecule is termed an amphipathic molecule as it 
contains both polar and nonpolar regions [104]. The most recurrent class of lipid 
molecules identified in cell membranes is the phospholipid (figure 9). The phospholipid 
molecule's polar head region contains a phosphate group. It also has two nonpolar tails 
made from fatty acid chains, composed of chain of carbons and hydrogens and 
demonstrates a curve in one of the chains (because of its double-bond structure) [104]. 

 
Figure 9: Phospholipid Structure. [105] 

The phospholipids are organized in a bilayer scaffold like structure with their hydrophilic 
heads turned towards the aqueous external and internal environment  of the cell, 
providing this way protection to the hydrophobic tails of the phospholipid structure. This 
is a spontaneous reaction, i.e. no energy expenditure required as it is a naturally 
occurring reaction. This structure provides the required cell limits between the internal 
and external cell environment [104]. 



Modeling and simulations of functionalized magnetic nanoparticles as drug delivery systems 

K.Karathanou             35 

 

 
Figure 10: Lipid Bilayer. [105] 

 

As we mentioned above the most crucial property of the lipid bilayer is its highly 
impermeable structure. Since molecules are prevented from freely entering and/or 
exiting the cell, the nature and size of the molecules to be transported in either direction 
is a key factor. Water and gasses are easily transferred through the lipid bilayer with 
none or very limited energy expenditure. However larger or small polar molecules are 
not permitted to freely cross the bilayer and subsequently the cell membrane, without 
the aid of other carrier molecules or structures [104]. 

Another important function of the lipid bilayer is its fluidity. The lipid bilayer contains lipid 
molecules and proteins. The fluidic nature of the bilayer allows the movement of the 
proteins within the lipid bilayer. This fluidity is biologically important, influencing 
membrane transport. Fluidity depends on the precise organization of the fatty acid 
chains and temperature (higher fluidity levels observed at lower temperatures).  
Structurally, the lipid bilayer is asymmetrical: the lipid and protein composition in each of 
the two layers is different [104]. 

 

1.4 Nanoparticle - membrane interactions 

 

A large number of studies indicate that the manufacturing of nanomaterials that acquire 
maximal loading capacity, precise targeting, controlled release, and nominal toxicity 
qualities, demands a deep comprehension of the interface between nanomaterials and 
their host systems. As cells are the fundamental structures of all living organisms, they 
inevitably end up in the center of attention of the research regarding the interactions of 
living systems and nanomaterials. Traditionally examination of the nano-safety 
population has been centered on eukaryotic cells, and especially mammalian cells 
[106]. 

From a microscopic and physical aspect, the crossing point of NPs with the cell can be 
additionally analyzed to a range of detailed physical or chemical interactions at the 
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nano-bio interfaces, at the organelle or molecular level [107]. The interaction 
mechanisms could take account of VdW force, hydrogen bonding, electrostatic and 
chemical reactions. Characteristically the NPs used for biological applications have 
different sizes, forms, and chemical coatings for improved solubility and biocompatibility, 
and the biological environment the NPs target is immensely multifaceted, containing 
proteins, peptides, nucleic acids, and lipids, etc. [108]. When amalgamation occurs, the 
configuration of the biomolecules endures alterations due to the occurrence of the NPs, 
and the NP surface chemistry is promptly modified by the biomolecules and enzymes in 
the host systems (Figure 11). 

 

Figure 11: Biological molecules interacting with the surface of a NP. [106] 

 

Additionally, the adaptable, heterogeneous and non-uniform cell membrane undergoes 
alternations to balance the energy exchange resulting from NP-lipid/protein interactions. 
If the NP is analogous to membrane lipid rafts in size, their exchanges could become 
greatly reliant on the precise binding position of the NPs. The unequally dispersed 
receptors and other membrane proteins also inconvenience the prediction and analysis 
of the interactions (Figure 12) [108]. The natural activities of the cell create a dynamic 
interaction, adding an additional aspect of intricacy to the interactions: active 
transporting of ions, proteins and other biomolecules; adenosine-5’- triphosphate (ATP) 
dependent endocytosis and exocytosis; cell skeleton protein polymerization; active NP 
transport, and processes after NP internalization, etc. [108]. 
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Figure 12: A coated NP interacting with a patch of non-uniform and dynamic cell membrane. [108] 

 

1.5 Study Objectives 

 

The aim of this study is to create tools that will aid us in determining the morphology of 
crystal nanoparticles and construct them for visualization and simulation in order to 
systematize how MNP surface attributes, including functional groups that affect their 
interaction with the cell membrane. In particular, we study two common functionalization 
groups, Polyvinyl alcohol (PVA) and polyarabic acid (ARA) molecules that are 
associated with the treatment of many types of cancer cells and especially for breast 
cancer. As nanotechnology is a relatively new field of scientific research, very little is 
currently known about the dynamics of the magnetite nanoparticles (MNPs) with cancer 
cell membranes and its contribution to therapy. 

The study objectives can be categorized in the following: 

Aim 1. Define the growing planes of the Fe3O4 crystal, which are dependent on the 
minimum surface energies. These planes can be used to extend the size and shape of 
the magnetite unit cell. 

Aim 2. Use computational approaches for the construction and modeling of 
functionalized magnetite MNPs. Implementation of a script derives a Wulff crystal 
morphology of Fe3O4 using the lowest surface energies for each Miller index. 

Aim 3. Develop a computational approach for computing the macroscopic morphology 
of any periodic crystal by forming different shapes based on Miller indices and the 
distance measure from a reference point (input parameters) and for visualizing the 
resulting crystal. 

Aim 4. Define ligands attached to the Fe3O4 MNP core. Polyvinyl alcohol (PVA) and 
polyarabic acid (ARA) molecules are used. Also define the length of molecular chains 
and the number of ligands that can connect to specific Fe octahedral surface atoms. 

Aim 5. Build a dipalmitoylphosphatidylcholine (DPPC) lipid bilayer and model the cell 
membrane.  

Aim 6. Implement scripts for creating in a dynamic way the files needed for Molecular 
Dynamics simulation (for instance, topology and parameter files for the magnetite core 
and ligands).  
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Aim 7. Perform Molecular Dynamics (MD) simulations in vacuum and water to ensure 
the stability of our crystal morphology (cuboctaedron). 

Aim 8. Place two model MNPs in the water phase of the lipid bilayer system and 
perform atomistic MD simulations in order to describe the nanoparticle-membrane 
interactions in atomic-level detail. 

Aim 9. Compare the results from our simulations to available experimental data from our 
collaborators and derive conclusions from the distinct interactions between the different 
ligand coating of the NP and the membrane. 
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2. METHODS AND THEORY 
 

This chapter presents the theoretical foundations of the present work. First, an 
introduction to Molecular Dynamics (MD) simulations theory is presented and the 
potential energy function used (force field). The roots of MD lie in statistical mechanics, 
an area of science, which aims to construct macroscopic properties of a system from 
basic information about intermolecular interactions. Next, an introduction of the 
principles of crystallographic techniques is presented, including crystal directions and 
planes. Finally, the information of the atomic structure of the magnetite is given, which is 
essential for the analysis of the computational approaches for the construction and 
modeling of functionalized magnetic nanoparticles (MNPs), presented in the next 
chapter. 

 

2.1 Molecular Dynamics Simulations 

 

2.1.1 Introduction 

 

With technologically advanced computer systems, a variety of more complicated and 
more extensive life processes and phenomena may be observed and discovered using 
computer simulations and modelling compared to previous decades [111]. 

Molecular dynamics (MD) emerged as one of the principal simulation methods from the 
revolutionary applications to the dynamics of liquids by Alder and Wainwright and by 
Rahman in the late 1950s and early 1960s [195]. Because of the progressive advances 
in computer science and the progression of applied mathematics and algorithmic 
advances, MD has in turn grow to be an important contrivance in numerous areas in 
applied sciences such physics and chemistry.  In the 1970s MD has entered 
dynamically the field of natural and life sciences and has since been used in order to 
scrutinize the structure and dynamics of macromolecules, such as proteins or nucleic 
acids [112].  

MD is a computer simulation method, where the classical equations of motion of atoms 
or molecules are employed to estimate the time progression of the system. MD systems 
are employed to explain a multipart molecular system in the matter of a pragmatic 
atomic model, in an attempt to comprehend and predict macroscopic properties derived 
from meticulous information on an atomic scale [113]. 

MD simulations solve Newton’s equations of motion for a system of N interacting atoms: 

 

 
𝑚𝑖

𝑑2𝑟𝑖

𝑑𝑡2
= 𝐹𝑖,           𝑖 = 1, … , 𝑁 (2.1) 

 

The forces are the negative derivatives of the potential function V(r1,r2,r3,…,rN): 

 
𝐹𝑖 = −

dV

𝑑𝑟𝑖
 (2.2) 
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The equations are solved concurrently in small time steps. The system is followed for 
sometime, taking care that parameters such as the temperature and pressure sustain 
the required values and the coordinates are copied and logged into an output file at 
regular intervals. The coordinates in regards of time represent a trajectory of the 
system. After initial changes, the system usually comes to an equillibrium state. The 
average measures of the equilibrium trajectories for the majority of the macroscopic 
properties can derive from the output file [113]. This method is deterministic, especially 
in the cases where the space coordinates (position and velocity) of each atom are 
known, the state of the system can be predicted at any point, even in past and future 
states [114]. Molecular dynamics simulations can be prolonged and technologically 
demanding, none the less these methods are still faster and cheaper than conventional 
laboratory experimentation. Simulations of solvated proteins are premeditated up to the 
nanosecond time scale, however, simulations into the millisecond regime have been 
described [114]. 

In the present study classical MD simulations were used for the study of coated 
nanoparticles interacting with lipid bilayers that allowed for the simulation of these 
systems over time scales of nanoseconds and length scales of nanometers [115]. 

 

2.1.2 Setting up and running a Molecular Dynamics Simulation 

 

The steps taken to setup and run a molecular dynamics simulation are presented in this 
section (Figure 13). 

 

Initialization 

To begin an MD simulation, an initial configuration of the system of interest is 
indispensable, i.e. a starting point, or t=0. In most cases, in biomolecular simulations, 
use of x-ray crystallography or NMR imaging will provide the require structure (today 
most structures yielded from these imaging techniques are stored in the Protein 
Databank and are easily obtained from there to be used as the initial structure). It is also 
likely a theoretical structure, developed by homology modeling, to be used. The initial 
configuration choice should be done with great care and consideration as it can interfere 
with the quality of the simulation [116].  

 

Minimization 

The minimization step removes any non-physical van der Waals interactions that may 
be present, which in any other case may result to local structural distortion and an 
unbalanced simulation. By using the force field that has been assigned to the atoms of 
the system, it is crucial to find a minimum on the potential energy surface so as to begin 
dynamics. At a minimum the net force on each atom vanishes [117]. Under periodic 
boundary conditions, there should be more than one minimum for a polymer, 
biopolymer, or a liquid. Hypothetically there might be a global minimum, but this will not 
likely be found without a conformational search [117]. 

In order to minimize a function (provided by the force field) an initial hypothesis or a set 
of coordinates is needed. The magnitude of the first derivative can be used to determine 
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the direction and magnitude of a step (i.e. change in the coordinates) required to 
approach a minimum configuration. The magnitude of the first derivative is also a 
meticulous approach to characterize convergence. A minimum has been congregated 
when the derivatives are close to zero [117]. To accomplish the minimum, the 
configuration must be sequentially updated by altering the coordinates (taking a step) 
and checking for convergence. Each full cycle of differentiation and stepping is termed 
minimization iteration. Naturally, a large number of minimization iterations are needed 
for large macromolecules to achieve convergence [117]. 

Three principal protocols for minimization are available: 

 Steepest descent 

 Newton-Raphson  

 Conjugate gradient  

The effectiveness of minimization can be determined by mutually taking into an account 
the amount of iterations necessary to converge as well as the amount of function 
evaluations required per iteration [118]. 

 

Steepest descent 

The steepest descent method uses the first derivative to establish the direction towards 
the minimum. It is not exceptionally efficient since it must be used in combination of a 
line search in order to conclude on the step size. The line search utilizes the direction 
vector attained from the first derivative of the potential function to locate the optimal step 
size alongside this vector direction [118]. As soon as this restricted minimum alongside 
the direction of the derivative is established the step can be taken. The subsequent 
derivative will be orthogonal to the first. A line search demands numerous function 
evaluations, however, so as to establish the best possible step size. This procedure is 
robust and is used to minimize initially while the structure is not close to the minimum 
configuration [118]. 

 

Newton-Raphson and Conjugate gradient 

More efficient minimization can be attained via the use of the conjugate gradients or the 
Newton-Raphson algorithms. The conjugate gradient technique makes use of 
information from preceding first derivatives to conclude the most optimal direction for a 
line search, whereas the Newton-Raphson method employs the second derivatives as 
well as the first ones in order to achieve the same result but in more accurate manner. 
Besides using the gradient information, Newton-Raphson also uses the curvature to 
foresee the point where on the gradient the function will be diverted into another 
direction. Storing and manipulating the second derivative matrix is prohibitive for large 
systems [118]. 

At this time, explicit water molecules are added for protein solvation to be achieved. If 
the procedure is starting from an x-ray crystal structure, then it is possible that a few 
water molecules already exist, although the amount present is not usually sufficient for 
solvation to occur. The solvating water molecules are typically acquired from a box of 
previously equilibrated water. The water box covers the total of the protein and any 
water molecules that overlap the protein are removed. At this point an additional energy 

http://www4.ncsu.edu/~franzen/public_html/CH795N/lecture/IV/min/minimization.html
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minimization should be carried out with the protein stabilized in its energy minimized 
position. This allows the water molecules to readjust to the protein molecule [118].  

 

Heating the System 

Initial velocities at a low temperature are assigned to each atom of the system and 
Newton’s equations of motion are integrated to propagate the system in time. If an 
explicit solvent simulation is operating, first the protein positions are fixed and the water 
molecules move to adjust to the current protein configuration. Once the water molecules 
are equilibrated, the constraints on the protein can be detached and the whole system 
(protein-water) can evolve in time. During the heating phase, initial velocities are 
assigned at a low temperature and the simulation is initiated. Periodically, new velocities 
are assigned at a slightly higher temperature and the simulation is allowed to continue. 
This is repeated until the desired temperature is reached [119]. 

 

Equilibration 

As soon as the preferred temperature is attained, the simulation of protein/water system 
carries on; for the duration of this stage numerous properties are monitored including 
the structure, the pressure, the temperature and the energy of the system. The purpose 
of the equilibration phase is to progress the simulation until these properties become 
stable with respect to time. If the temperature fluctuates notably, the velocities can be 
scaled in such way that the temperature returns close to its desired value [119]. 

 

Production phase 

The last stage of the simulation is to run the simulation in the "production" phase for the 
appropriate time length. This can be from hundred ps to ns or more. During this phase, 
the thermodynamic parameters can be computed so the simulation correspond to one 
of the simulation ensembles [119]. 
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Figure 13: Simplified schematic of the molecular dynamics algorithm. [120] 

 

2.1.3 Molecular Force Field 

 

Force field is an equation scheme that illustrates the fundamental physical interactions 
in a molecular system. It symbolizes the total potential energy of a system made up 
from particles and can be explained by the total of intramolecular interactions, pairwise 
potentials, three-body potentials and so forth. The force field is normally separated into 
bonded and non-bonded interactions [121]. Non-bonded are the intermolecular van der 
Waals and Coulombic interactions, and frequently in molecular dynamics simulations, 
for the convenience of the computational efficiency, only pairwise potentials are taken 
into account [122]. Several force fields have been set up in such a way as their 
parameters will be able to embrace other numerous body effects, and consequently 
occasionally are referred to as effective pair potentials [122].  The bonded terms 
regroup simple covalent binding in addition to the complex hybridization and π-orbital 
effects; these are the bonds, angles, dihedrals and improper-dihedrals terms [113]. The 
potential energy, V(r), can be described as the total of the bonded and non-bonded 
energy terms in the system [123]:  

  

𝑉(𝑟) =𝑉𝑏𝑜𝑛𝑑𝑒𝑑  + 𝑉𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑  

 

(2.3) 
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Figure 14: Schematic representation of the bonded interaction terms contributing to the force 
field: bond stretching, angle bending, proper and improper dihedrals. [113] 

 

BONDED INTERACTIONS 

The bonded terms describe simple covalent binding in addition to consideration of more 
complex hybridization. Simple harmonic terms depict bond stretching and angle 
bending. Rotation of singe bonds (torsions) is expressed by sinusoidal energies. The 
planarity of groups (e.g., the planarity of the double bond) can be imposed by harmonic 
potentials called improper torsions (as shown in figure 14) [124].  

 

𝑉𝑏𝑜𝑛𝑑𝑒𝑑  = 𝑉𝑏𝑜𝑛𝑑𝑠  + 𝑉𝑎𝑛𝑔𝑙𝑒𝑠  + 𝑉𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠  + 𝑉𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟𝑠  

 

(2.4) 

 

Bond Stretching  

The forces acting between atoms connected by covalent bonds are described as bond 
stretching. The potential is assumed to be harmonic: 

  

𝑉𝑏 = 𝑘𝑏 (b - b0 )2 

 

(2.5) 
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where b is the distance between the two atoms. Each bonded interaction is 
characterized by two different parameters: b0 the average distance between them and a 

force constant 𝑘𝑏. Values for force constants and bond lengths can be estimated from 
experimental data, for instance from high-resolution crystal structures, infrared 
stretching frequencies, theoretically from quantum chemical calculations or microwave 
spectroscopy data [124]. 

 

Angle Bending  

The conformational change of the valence angles between three covalently bonded 
atoms is termed angle bending. The angle bending term is described using a harmonic 
potential: 

  

𝑉𝜃  = 𝑘𝜃 (θ - θ0 )2 

 

(2.6) 

 

where, θ is the angle between three atoms. Two parameters are used to describe each 

angle in the system: the reference angle 𝜃0 and a force constant 𝑘𝜃. Vibrational motions 
involving angle bending generally happen at lower frequencies than those of usual bond 
vibrations and thus a lesser amount of energy is required to disfigure an angle from its 
equilibrium value than to stretch a bond. For that reason, the angle force constants are 
anticipated to be lower compared to the bond force constants [124]. 

 

Torsional Terms  

The torsional terms are more weak than the bond stretching and angle bending terms. 
They depict the barriers to rotations which are present between four bonded atoms. 
There are two kinds of torsional terms: proper and improper dihedrals. Proper torsional 
potentials are described by a cosine function: 

  

𝑉𝜑 = 𝑘𝜑[1 + cos(nφ-δ) ],   n=1,2,3,4,6 

 

(2.7) 

 

where φ is the angle between the planes formed by the first and the last three of the 
four atoms. Three parameters typify this interaction: δ sets the minimum energy angle, 
𝑘𝜑 is a force constant and n is the periodicity. 

The improper dihedral term is intended both to sustain chirality about a tetrahedral 
heavy atom and to preserve planarity about specific atoms. The potential is described 
by a harmonic function: 
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𝑉𝜔  = 𝑘𝜔 (ω - ω0 )2 

 

(2.8) 

where ω is the angle between the plane formed by the central atom and two peripheral 
atoms and the plane formed by the peripheral atoms. 

 

NON-BONDED INTERACTIONS 

The input of non-bonded interactions has two constituents in the energy function, the 
van der Waals interaction energy and the electrostatic interaction energy: 

  

𝑉𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑= 𝑉𝑣𝑑𝑤  + 𝑉𝑒𝑙𝑒𝑐  

 

(2.9) 

 

The calculation of these interactions is the most time-consuming part as they contain 
long-range interactions of the atoms in the system [119]. 

 

Van Der Waals Interactions  

The van der Waals interaction connecting two atoms occurs from equilibrium between 
opposite (attraction) and same (repulsion) forces. Repulsion occurs at small spaces 
where the interaction between electrons is strong. Attraction, also called dispersion 
force, is observed as a result of vacillations in the charge distribution in the electron 
clouds. These fluctuations on a single atom or molecule create an immediate dipole 
which, sequentially, provokes a dipole in a second atom or molecule creating in turn an 
attractive interaction [125].  

These effects have a zero measurement at infinite atomic separation r and turn into 
more noteworthy values while distance declines. Attraction forces exhibit linger range 
compare to the repulsive forces, however the more the distance is decreased the 
stronger the repulsive forces become. This gives rise to a minimum in the energy. 
Locating the atoms at the best possible distances ensures steadiness of the system. 
Equally the value of energy at the minimum E* and the optimal separation of 
atoms r* (which is approximately equivalent to the total of Van der Waals radii of the 
atoms) are subject to the chemical type of these atoms [126]. 

The interaction is described by the Lennard-Jones potential: 

  

VVdW = 4ε [(
𝜎

𝑟
)

12
− (

𝜎

𝑟
)

6
] 

 

(2.10) 

where r is the distance between two atoms. The parameters σ: the collision parameter 
(the separation for which the energy is zero) and ε the depth of the potential well are 
influential for the equation. The Lennard-Jones potential model contains an attractive 
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part that varies with r-6 and a repulsive part that varies with r-12. The Lennard-Jones 
potential is represented in Figure 15 [126]. 

With the intention of reducing the amount of interaction types and therefore the 
computation time, the Lennard-Jones potential is frequently abridged. This is completed 
by setting an appropriate cutoff distance and estimating the pair-wise interactions just 
for the atoms allocated within this distance. All van der Waals interactions of atoms past 
this cutoff are set to zero. A number of methods have been created for the truncation of 
the Lennard-Jones term [127, 128].  

The first way available for the truncation of the Lennard-Jones term is to immediately 
set the potential to zero at the cutoff distance, which unfortunately creates 
discontinuities in the force at the cutoff distance. A substitute method is to move the 
sum total of the potential to higher values in order to achieve a zero value precisely at 
the cutoff distance, which in turn will lead to the manually-induced overestimation of the 
Lennard-Jones potential [127].  A third available method is to utilize an alternating 
function to taper the interaction potential over a predefined variety of distances. The 
potential adopts its standard value up to the first cutoff and is then switched to zero 
steadily between the first and the second cutoff. This model shows disadvantages due 
to the intense interaction forces in the switching region [128].   

 

Figure 15: The Lennard-Jones potential. The collision parameter, σ, is shown along with the well 
depth, ε. [129] 

 

Electrostatic Interactions  

Electronegative elements show a preferential attraction to electrons rather than the less 
electronegative elements, which in turn creates an uneven charge dispersion in a 
molecule. This charge dispersion can be symbolized in a number of ways, with the most 
usual tactic being an assembly of fractional point charges all through the molecule. The 
charges are intended to replicate the electrostatic properties of the molecule and the 
ones confined to the nuclear centers are named partial atomic charges [130]. 

Coulomb’s law describes the long distance electrostatic interaction between two atoms: 
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VElec = 
𝑞1𝑞2

4𝜋𝜀0𝑟12
 

 

(2.11) 

where q1 and q2 are the charges of both atoms and r12 the distance between them. ε0 is 
the electric susceptibility of vacuum [130].  

Finally, the equation for the potential energy describing the force field can be written 
[121, 124]: 

  

V = ∑ 𝑘𝐵(𝑏 − 𝑏0)2
𝑏𝑜𝑛𝑑𝑠  + ∑ 𝑘𝜃(𝜃 − 𝜃0)2 𝑎𝑛𝑔𝑙𝑒𝑠  

+  ∑ 𝑘𝜑[1 + cos(𝑛𝜑 − 𝛿)]𝑝𝑟𝑜𝑝𝑒𝑟 
𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠

 + ∑ 𝑘𝜔(𝜔 − 𝜔0)2
𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟 
𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠

 

+ ∑ 4휀𝑖𝑗[(
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

]𝑖,𝑗
𝑖<𝑗

 + ∑
𝑞𝑖𝑞𝑗

4𝜋𝜀0𝑟𝑖𝑗
𝑖,𝑗

𝑖<𝑗

  

 

(2.12) 

 

2.1.4 Periodic boundary conditions 

 

As a general rule, simulations are not meant to study separate (in vacuo) particles, 
instead they are meant to study the overall properties of a liquid or solid system. 
Specifically, as a result of the significance of water in association with the properties of 
biological macromolecules, these schemes are usually simulated in water/liquid 
solutions more willingly than in gaseous solutions [131]. Nonetheless, typical 
simulations can pursue only a restricted number of particles so as not to delay the 
computation. Consequently, under the given conditions the majority of the molecules 
would be allocated on or near the perimeters of the system, which in turn results to the 
observation of unrealistic surface effects [131]. 

To prevail over the predicament of surface effects, periodic boundary conditions (PBC) 
are regularly used. Standard biomolecular simulations utilize PBC to preclude 
unrealistic surface effects and imitate the properties of mass systems. In this method, 
the system is surrounded by its own duplications in all directions, to generate an infinite 
periodic lattice of identical cells. Only the N atoms, located within the central cell are 
regarded explicitly; however immediately after one of the atoms exits the cell, an image 
particle enters from the opposite side to replace it [131]. 

The nature of the interaction will determine if the system should network with its periodic 
replicas or not. As far as the short-range interaction is concerned, in case the potential 
range is not very long (the cutoff radius does not surpass half of the box), the Minimum 
Image Convention can be adopted in the calculation of short-range terms. In reality, in 
this condition it can be demonstrated that to ascertain the interaction contribution of 
particles i and j in the box just the nearest image of particle j to i, among the infinite 
periodic replicas, needs to be considered [132]. 
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For simulations of macromolecules in solution, their interactions with their periodic 
images would be an artifact and should be avoided. Hence, a typical dependable 
guideline is to build a water box around the solute and the length of each box vector to 
exceed the length of the macromolecule toward that edge plus double the cutoff radius 
[132]. 

 

2.2 Crystallography 

 

Crystallography is the scientific discipline that deals with the structure and the 
characteristics of the crystalline state. A crystallographer is a researcher in this scientific 
discipline who utilizes X-ray or neutron diffraction to build pictorial representations (or 
models) of a crystalline solid. Every single crystal in a crystalline solid is made out of a 
unique composition of atoms that is replicated, much like building blocks, all through the 
3-D space, where the smallest repeating pattern is called unit cell or the asymmetric unit 
[133].  

The symmetry of the repeating pattern in the crystal is described by the space group of 
the crystal, which is a way for depicting the arrangement of repeating patterns in a 
crystal utilizing an standardized notation system. Since X-ray structure establishment is 
so valuable, it is quite often an essential objective of a scientific research expert to 
acquire a crystal structure of each compound [133]. Crystallography has advanced 
radically during the last century. Ever since the configuration of the first crystal (CuSO4), 
this scientific discipline has been employed for the observation of the structural 
characteristics of simple inorganic compounds in order to increase the understanding of 
basic inorganic principles [134]. 

 

2.2.1 Crystal structure 

 

Crystal structures are assemblies of atoms possessing translational symmetry. With a 
specific end goal to depict the structure of a crystal, it is important to know the simplest 
repeating “motif” and the lengths and directions of the three vectors which together 
portray its repetition in space. They are expediently described regarding a lattice, an 
infinite periodic array of points in identical environments [133]. The identical points are 
called lattice points and an arrangement of atoms (structural pattern) with every lattice 
point describes the crystal structure. The unit cell is the simplest repeating unit of a 
crystal. It characterizes the parameters and directions that, when reoccurring in every 
one of the three dimensions, depict a crystalline solid. The unit cell requires six 
parameters to be characterized appropriately; three lengths (a, b, c) and three angles 
(α, β, γ). When lattice points are applied to unit cells, they might be situated differently 
to permit the characterization of various crystal systems [133]. 
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Figure 16: Possible lattice point positions. ‘P’ is representative of a primitive unit cell, ‘B’ is 
showing a lattice point centered on the (010) plane, or B-plane, ‘I’ is a body centered unit cell and 

‘F’ shows a lattice point centered on all faces. [134] 

 

All crystals might be depicted like subunits that display the same basic symmetry 
components as the crystal itself. There are seven diverse types of subunits related to 
the seven crystal systems (as shown in table 4). 

Table 4: Seven crystal systems [134] 

Crystal system Lengths Angles Defining symmetry 

Triclinic a≠b≠c α≠β≠γ None 

Monoclinic a≠b≠c α=β=90◦, γ≥90◦ Twofold axis or 

mirror plane or 

inverse twofold axes 

Orthorhombic a≠b≠c α=β=γ=90◦ Three orthogonal 

twofold or inverse 

twofold axes 

Tetragonal a=b≠c α=β=γ=90◦ One fourfold or 

inverse fourfold 

axes 

Trigonal a=b=c α=β=γ≤120◦ One threefold or 

inverse threefold 

axes 

Hexagonal a=b≠c α=β=90◦, γ=120◦ One sixfold or 

inverse sixfold axes 

Cubic a=b=c α=β=γ=90◦ Four threefold axes 

 

The seven crystal systems described in table 4 can be categorized further contingent on 
the symmetry components existing in the system. There are 32 diverse manners in 
which rotation axis, mirror planes, centers of symmetry and rotary inversion axes can be 
utilized to depict the 7 crystal systems. There are also fourteen particular space lattices 
refered to as the Bravais lattices which are framed by combination of the lattice and 
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crystal system. Table 5 demonstrates the simplest combinations which can be used to 
construct the Bravais lattices sections [135]. 

 

Table 5: 14 Bravais Lattice, seven primitive and seven non-primitive [133] 

System Bravais Lattice 

Triclinic P 

Monoclinic P,C 

Orthorhombic P,C,I,F 

Tetragonal P,I 

Trigonal P 

Hexagonal P 

Cubic P,I,F 

 

A blending of the 32 point groups and the 14 Bravais lattices generates 230 unique 
three dimensional arrangements, called the space group. These 230 compositions are 
the main routes in which indistinguishable objects can be organized in a three 
dimensional space [135].  The 32 point groups were inferred without using translation 
elements of symmetry. A merge of the rotations and the parallel translations create 
screw axes, which in turn are designed by integers n and m, where n = 1, 2, 3, 4 or 6 
and m < n, e.g. 31 demonstrates a triple screw axis with an interpretation between 
equivalent points 1/3 of a unit translation [135]. 

Merging mirror planes and translations creates a glide plane. Glide planes can be 
depicted by reffering to vectors a, b and c which characterize the unit cell edges. An α-
glide, at a 90 degree angle to the b axis, for instance, consequences a reflection 
through the plane and translation by ½ α [135]. 

A space group is represent by a capital letter to identify the lattice form (P, C, F , and so 
forth) trailed by the point group symbols in which rotation and reflection symmetry is 
followed by the screw axes and glide planes. The impacts that symmetry has on a unit 
cell is typically referenced to an arbitrary point x, y, z. The components of symmetry for 
a particular point group produce a result on the point creating a series of equivalent 
positions [135]. 

 

2.2.2 Miller indices 

 

Miller indices fashion a notation system in crystallography for planes in crystal (Bravais) 
lattices. Specifically, a category of lattice planes is concluded by three integers h, k, 
and ℓ, the so called Miller indices [136]. They are written (hkℓ), and indicate the category 
of planes orthogonal to hb1 + kb2 +lb3, where bi is the basis of the reciprocal 
lattice vectors. (The plane is not constantly at a 90 degree angle to the linear 
arrangement of direct lattice vectors ha1 + ka2 + la3, since the reciprocal lattice vectors 
do not require to be reciprocally orthogonal). By principle, negative integers are 

https://en.wikipedia.org/wiki/Crystallography
https://en.wikipedia.org/wiki/Bravais_lattice
https://en.wikipedia.org/wiki/Bravais_lattice
https://en.wikipedia.org/wiki/Lattice_plane
https://en.wikipedia.org/wiki/Integer
https://en.wikipedia.org/wiki/Basis_(linear_algebra)
https://en.wikipedia.org/wiki/Reciprocal_lattice
https://en.wikipedia.org/wiki/Reciprocal_lattice
https://en.wikipedia.org/wiki/Negative_integer
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symbolized with a bar. The integers are typically symbolized with lower terms, namely 
their greatest common divisor should be 1 [137].  

There are also a number of associated notations:  

 the notation {hkℓ} indicates the set of all planes that are comparable to (hkℓ) by 
the symmetry of the lattice [138]. 

As far as crystal directions (not planes) are concerned, the analogous notations are: 

 [hkℓ], (notice the use of square brackets as opposed to the previously used round 
brackets), symbolizes a direction in the basis of the direct lattice vectors as an 
alternative of the reciprocal lattice; and 

 in the same way, the notation ⟨hkℓ⟩ symbolizes the set of all directions that are 
equal to [hkℓ] by symmetry [139]. 

The Miller indices are described with regard to any alternative unit cell and not just with 
regard to primitive basis vectors [139]. 

 

Figure 17: Indexing the three faces of a crystal or a unit cell. If an index is 0 the planes are parallel 
to the associated axes. 

 

The direction of a surface or a crystal plane may be described by contemplating the way 
the plane (or in fact any parallel plane) interconnects the main crystallographic axes of 
the solid [139].  

Let’s consider a cubic crystal system and examine the procedure used to assign the 
Miller indices. 

 

Figure 18: Example of defining miller indices for cubic unit cell. [140] 

https://en.wikipedia.org/wiki/Greatest_common_divisor
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Phase 1 :  Identify the intercepts on the x- , y- and z- axes. 

In the present case the cutoff point (intercept) on the x-axis is at x = a (at the point 
(a,0,0) ), however the surface is parallel to the y- and z-axes - precisely consequently  
no cutoff point is observed in these two axes. Nevertheless we will accept the cutoff 
point to be at infinity ( ∞ ) for the particular case where the plane is parallel to an axis 
[139, 140, 141]. Therefore the intercepts on the x- , y- and z-axes are  

Intercepts :    a , ∞ , ∞ 

Phase 2 :  Specification of the intercepts in fractional co-ordinates 

Co-ordinates are adapted to fractional co-ordinates by dividing by the relevant cell-
dimension - for instance, in a unit cell of dimensions  a x b x c , a point (x,y,z) obtain 
fractional co-ordinates of ( x/a , y/b , z/c ). In the instance of a cubic unit cell all co-
ordinates will merely be divided by the cubic cell constant , a [139, 140, 141]. This gives 

Fractional Intercepts :    a/a , ∞/a, ∞/a    i.e.    1 , ∞ , ∞ 

Phase 3 :  Take the reciprocals of the fractional intercepts 

This last exploitation produces the Miller Indices which (by principle) must then be 
identified without being divided by any commas or other symbols. The Miller Indices are 
also encircled in standard brackets (….) when we are trying to specify an exclusive 
surface just as it is shown here [139, 140, 141].  

The reciprocals of 1 and ∞ are 1 and 0 respectively, thus yielding 

Miller Indices :   (100) 

So the surface/plane illustrated is the (100) plane of the cubic crystal. 

 

2.2.3 Crystallographic planes and directions 

 

The crystallographic directions are conjured links connecting nodes 
(atoms, ions or molecules) of a crystal. Likewise, the crystallographic planes are 
conjured planes connecting nodes [141, 142]. A number of directions and planes have a 
larger compactness of nodes which can influence the behaviour of the crystal: 

 Optical properties: in compact substance, the light is reflected from one atom to 
the other with the Rayleigh scattering; therefore the velocity of the light shows a 
large verification depending on the directions, the proximal distance (i.e. how 
close together or apart) are the atoms will determine the birefringence [150, 151].  

 Adsorption and reactivity: the linkage of particles from a dissolved solid, liquid, or 
gas to a surface (adsorption) and the chemical reactions ensue on atoms or 
molecules, therefore adsorption and reactivity are greatly influenced by the node 
density [142, 143]. 

 surface tension: condensation of a material occurs when the atoms, ions or 
molecules are more steady especially when are encircled by other analogous 
species; therefore the density on the surface can affect the surface tension of an 
interface [142, 143]  

o the pores and crystallites have a tendency to comprise linear grain 
boundaries trailing dense planes 

o cleavage [142, 143] 
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 dislocations (plastic deformation) 

o the deformation core (usually referred to as the dislocation core) has a 
propensity to extend on dense planes (the elastic perturbation is "diluted"); 
this decreases the friction (known as the Peierls–Nabarro force), the 
sliding takes place more often on dense planes [142, 143]; 

o the disturbance of motion, course, arrangement, or state of equilibrium 
(perturbation) resulting from the dislocation (Burgers vector) is along a 
dense direction: the modification of a single node in a dense direction is a 
smaller distortion [142, 143]; 

o the dislocation line has a propensity to trail a dense direction, the 
dislocation line is frequently a straight line whereas a dislocation loop is 
usually a polygon [142, 143]. 

Considering the above influential factors, it is imperative to establish the planes and 
subsequently to have a notation system. 

 

2.3 Magnetite Crystal Structure 

 

Of all identified naturally existing minerals on Earth, magnetite is the one with most 
magnetic qualities as well as one of the most commonly used iron oxides [144]. 
Magnetite is regarded to obtain an inverse spinel crystal structure, represented by the 
general formula AB2O4. Nonetheless, a large number of latest experimental research 
results of magnetite are proposing that this is an superlative occurrence and to the 
contrary the structure is derived from a face–centred cubic array of oxide ions with A 
ions, in the case of magnetite Fe2+, reside in octahedral holes and the B ions, Fe3+, are 
similarly dispersed among octahedral and tetrahedral holes [144]. This crystal structure 
is represented in Figure 19.  

 

Figure 19: The inverse spinel crystal structure of magnetite. [145] 

In magnetite, the Fe2+ and Fe3+ ions possess single spins, demonstrating several 
interesting magnetic properties. Fe3+ has a d5 electronic organization and five single 
electrons. The spins of the Fe3+ ions are nullified since half of the ions are located on 
octahedral sites and the other half are located on tetrahedral sites. As a result an 
antiparallel plane is observed which is formed by the spins of the Fe3+ ions in octahedral 
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and tetrahedral holes (caused by the spins of the ions on the octahedral sites interacting 
with the ones on the tetrahedral sites via the oxide ions). Even more no net 
magnetisation results from these ions. The Fe2+ ions retain a d6 electronic organization 
with four single electrons and are accountable for the net magnetisation. These divalent 
ions are inclined to line up their spins in a parallel manner with the ones of the trivalent 
ions in neighbouring octahedral holes. This configuration presents a net magnetic 
moment on the crystal. This all results to the magnetite being ferromagnetic (Figure 20), 
by which the magnetic moments of the atoms on diverse sublattices are contrasting, 
nevertheless, simultaneously the opposing moments are uneven and an unstructured 
magnetisation sustains [146]. Magnetite has been identified as interacting over hundred 
percent more powerfully with an external magnetic field compared to any other 
occurring mineral in nature [147]. Consequently, magnetite interrelates powerfully with 
the Earth’s magnetic fields.  

 

 

Figure 20: Ferrimagnetism; the magnetic moments of the atoms on different sublattices are 
opposed and unequal conferring a net magnetic moment. [145] 

The unit cell of magnetite is made up from 56 atoms with unit cell parameters 
a=b=c=8.39 Å and its space group is the Fd-3m. [148] 

 

Figure 21: Unit cell of magnetite. [148] 
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In this research, the {100} and {111} magnetite surfaces were applied. The {111} 
surface can be terminated either by iron or oxygen. In this case in point, the iron 
terminated version was utilised as shown in Figure 22.  

 

Figure 22: Magnetite surface types modelled in this work. a) {100} and b) {111} Fe terminated 
surface. [145] 

 

Inorganic magnetite is typically identified in igneous and metamorphic rock, possessing 
an octahedral crystal habit, as shown in Figure 23. These crystals frequently contain 
lattice dislocations and other crystal defects, extensive size distributions, and the 
addition of impurities such as; Mg, Zn, Mn, Ni, Cr, Ti, V and Al. Nevertheless, as pointed 
out previously, magnetite is sustainable to biological mineralisation [145].  

 

 

Figure 23: An example of inorganic magnetite. Note the octahedral crystal habit. [149] 
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3. RESULTS 

 

This chapter presents the computational framework of the present work. There is a 
presentation of the tools developed during this study for the construction and modeling 
of magnetite nanoparticles (spherical or truncated MNPs) along with a general code 
implementation for the computing of the macroscopic morphology of any periodic crystal 
using its stable growing planes and the distance from a reference point. Additionally, 
information about the functionalization of the magnetite (two types of ligands attached to 
the magnetite core) is given as well as details about the construction of the lipid bilayer 
that is used to model the cell membrane. Next, we describe the dynamic way that the 
topology and parameter files for the magnetite core and ligands are developed. The 
chapter closes with a discussion on the simulation setup of the two model MNPs in the 
water phase of the lipid bilayer and our results. 

 

3.1 Construction of spherical nanoparticles (Spherical Coordinates tool) 

 

The “Spherical Coordinates tool”, which is a web-based tool, is implemented for the 
construction of spherical nanoparticles of a given radius. More specifically, our goal is to 
find the number and the Cartesian coordinates of smaller spheres that fit on the surface 
of the nanoparticle and visualize the output morphology.  

 

 

Figure 24: Home page of ‘Spherical Coordinates Tool’. 
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3.1.1 Program Use 

 

The home page menu (Figure 24), allows two selections for the user: 

i) the radius of the nanosphere (Å), and  

ii) the radius of smaller spheres (Å), that will cover the surface of the nanoparticle. 

The program computes the number of smaller spheres that fit on the bigger surface and 
the user can download their Cartesian coordinates (output format .xyz). 

 

 

Figure 25: Home page output for 1.5Å and 0.15Å radius of the nanoparticle and the smaller 
spheres. 

 

3.1.2 Methodology 

 

Similar to a circle, i.e. a two-dimensional object, a sphere is characterized scientifically 
as the set of points that are all located a same distance r from a specified point, but in a 
three-dimensional space [150]. 

First of all, the volume of the nanoparticle and the smaller sphere is computed. In three 
dimensions, the volume inside a sphere is derived to be: 

  

V = 
4

3
 𝜋𝑟3 

 

(3.1) 

 

In relation to the Kepler conjecture, which is a algebraic conjecture about sphere 
packing in three-dimensional Euclidean space,  the cubic close packing (face-centered 
cubic) and hexagonal close packing arrangements demonstrate a larger average 
density compared to any other organization of uniformly magnitude spheres filling space 
[151]. The density of these arrangements is approximately 74.05%, (a percentage used 
in the present study for the computing of the number of smaller spheres packed at the 
surface of the bigger nanosphere).  
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Figure 26: Diagrams of cubic close packing (left) and hexagonal close packing (right). [152] 

 

In geometry, a sphere packing is a composition of non-overlapping spheres contained 
by a specific space. All the spheres regarded are typically of equal dimensions, and the 
space is generally three-dimensional Euclidean space. Still, sphere packing exertions 
can be oversimplified to be regard as unequal spheres, n-dimensional Euclidean space 
(regardless if the problem occurring refers to the circle packing in two dimensions, or 
the hypersphere packing in higher dimensions) or to non-Euclidean spaces such as 
hyperbolic space [153]. 

A representative sphere packing problem is to locate a planning in which the spheres 
pack as much of the proportion of the space as possible. The percentage of space 
packed by the spheres is termed the density of the arrangement. As the local density of 
a packing in an unlimited space can diverge relying on the volume over which it is 
calculated, the difficulty is generally to expand the average or asymptotic density, 
calculated over a large enough volume [153]. 

For equivalent spheres in three dimensions the most tightly packing takes up about 74% 
of the volume. An arbitrary packing of equivalent spheres normally has a density around 
64%.  
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Subsequently, two functions are implemented for the computing of smaller spheres’ 
Cartesian coordinates. 

 

Function circle 

That function computes the Cartesian coordinates of the spheres that fit at the 
circumference of the bigger sphere. 

 

 

Figure 27: Function circle of ‘Spherical Coordinates Tool’. 

 

 

Given the radius of the nanoparticle, the circle circumference is computed (= pi* 
diameter = 2*pi*radius). Dividing the above with the smaller spheres diameter, the 
number of spheres that fit at the sphere circumference is computed. We also define an 
angle increment and polar coordinates are computed and converted to Cartesian 
coordinates (Equations in Figure 29(i)). 
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Function sphere 

That function computes the Cartesian coordinates of the spheres that fit at the surface 
of the bigger sphere. 

 

 

Figure 28: Function sphere of ‘Spherical Coordinates tool’. 

 

Similarly, a new angle increment is defined and the function circle is called with 
parameters such that the spherical coordinates can be computed (Figure 29(ii)) and 
converted again to Cartesian coordinates in each spherical quadrant. 

 

Figure 29: Equations of i) Polar coordinates and ii) Spherical coordinates. 
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3.1.3 Technologies used  

 

The program code is implemented using PHP server-side scripting language, which is 
embedded into the HTML and CSS code. JQuery, a cross-platform JavaScript library, is 
also used. For local host of the webpage tool, the Wamp server is used. 

 

Figure 30: Technologies used for ‘Spherical Coordinates tool’. 

 

3.1.4 Results 

 

Radius of the nanoparticle: 1.5 Å 

Radius of smaller spheres: 0.15 Å 

 There are 317 spheres that fit on the surface of the nanoparticle 
 

Output visualization (.xyz file format): 

 

 

Figure 31: Output visualization of ‘Spherical Coordinates tool’, 1.5Å nanoparticle-0.15Å smaller 
spheres. 
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Figure 32: Sample of the xyz output file of ‘Spherical Coordinates tool’. 

 

Note that the equation x2+y2+z2=r2 is satisfied by the Cartesian coordinates of the 
smaller spheres that are packed at the surface of the bigger sphere. 

 

 

 

 

 

 

 

 

 

 

 

  



Modeling and simulations of functionalized magnetic nanoparticles as drug delivery systems 

K.Karathanou             64 

 

Radius of the nanoparticle: 3 Å 

Radius of smaller spheres: 1.5 Å 

 There are 14 spheres that fit on the surface of the nanoparticle 

Output visualization (.xyz file format): 

 

 

Figure 33: Output visualization of ‘Spherical Coordinates tool’, 3Å nanoparticle-1.5Å smaller 
spheres. 
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3.2 Construction of the magnetite nanoparticle (MNP) core 

 

3.2.1 Magnetite unit cell 

 

Crystallographically magnetite procures a cubic inverse spinel form. The oxygen ions 
form a close-packed cubic network with the iron ions situated at interstices among the 
oxygen ions. Two variations of interstices that the metal ions are able to form are 
identified, the tetrahedral (A) sites and the octahedral (B) sites (Figure 34) [154]. 

 

Figure 34: Diagram of the two different iron ion sites in magnetite. [155] 

 

Higher than 120K A sites are occupied by Fe3+ ions only and the B sites by both Fe3+ 
and Fe2+ ions, with double the B sites occupied than A sites. At any given moment (in 
the scale of 1 nanosecond) the B sites are occupied by either a Fe3+ or a Fe2+ ion. This 
procedure of electrons transferring from one ion to the other is the reason that 
magnetite exhibits such a large conductivity at these temperatures, ~0.07 Wm at 800K 
[156]. 
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When temperature decreases, at the point of the Verwey temperature (119K) an abrupt 
modification in behavior is observed. At temperatures of 120K and 119K a sudden 
ninety-fold drop in electrical conductivity is measured and it is related to an alteration of 
the crystal structure from cubic with lattice constant a0=8.3963 Å, to a lower symmetry 
ordering, probably orthorhombic, with tetramolecular units a0=5.912 Å, b0=5.945 Å, 
c0=8.388 Å (at 119K) [156]. 

The iron ions on the B sites divide into either Fe3+ or Fe2+ ions (as the thermal energy 
for electrons to move between ions is no longer adequate), therefore  A sites with Fe3+ 
ions, B sites with Fe3+ ions and B sites with Fe2+ ions are now formed [154, 156]. 

In this study, the unit cell of the magnetite crystal is downloaded from the 
crystallography open database (http://www.crystallography.net/) with CIF number 
1011032 [157] (Figure 35). It consists of 56 atoms with unit cell parameters a=b=c=8.39 
Å and its space group is the Fd-3m. 

 

 

 

 

Figure 35: Unit cell of magnetite visualized in VMD. 
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3.2.2 Methodology 

 

 Our objective is to build the magnetite core of the nanoparticle, with a diameter of 
3nm deriving an appropriate shape for the nanoparticle.  
 

The growing planes of the Fe3O4 crystal, which correspond to its minimum surface 
energies, can be used to extend the size and shape of the nanoparticle (NP). These 
planes are generated by calculations based on the density functional theory (DFT) that 
calculate the geometries and surface free energies of a number of surfaces at different 
compositions, including the stoichiometric plane, and those with a deficiency or excess 
of oxygen atoms [158]. The planes that dominate the magnetite morphology are the 
(001), followed by the (111) surface, which truncates the corners of the cube [158]. This 
method is followed and a Wulff crystal morphology [159], which represents the core of 
the Fe3O4 NP, is derived dynamically with our in-house implementation using the lowest 
surface energies for each Miller index. 

 

Figure 36: (a) Equilibrium morphology for a Fe3O4 crystal derived from a Wulff construction. (b–d) 
Schemes of the crystal cross-sectional planes along the <100> and <010> axes for different ratios 

of stabilities of the lateral surfaces, which illustrate why the (011) surface is absent in the 
equilibrium morphology. [158] 

 

The first step, after visualizing the unit cell of the magnetite, is to replicate it three times 
in the xyz direction by using the buildCluster module of MAPS [160] so that the size of 
the replicated crystal to be 24 Å in each dimension (Figure 37b). Its calculated 
equilibrium morphology is then expressed as a cubic shape of 3-nm (30 Å) diameter 
with truncated corners (cuboctaedron) (Figure 37c) based on the geometric approach 
that follows. 
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Figure 37: (a) The unit cell of magnetite that is used for the construction of a (b) crystal cluster. (c) 
The output structure from our code implementation (cuboctaedron), represents an appropriate 

morphology for magnetite nanoparticles based on stable growing surfaces of the magnetic 
crystal. 

In geometry, a cuboctahedron is a polyhedron with 8 triangular faces and 6 square 
faces. A cuboctahedron has 12 identical vertices, with 2 triangles and 2 squares 
meeting at each, and 24 identical edges, each separating a triangle from a square. 

The area A and the volume V of the cuboctahedron of edge length α are: 

  
A = (6 + 2√3)α2 ≈ 9.4641016 α2 

 

(3.2) 

 

  

V = 
5

3
√2α3 ≈ 2.3570226 α3 

 

(3.3) 

 

As the derived crystal cluster is a cubic structure and the (001) plane represents the 
edges of the cube (including the symmetric planes) and the (111) truncates the corners 
(similarly including the symmetric planes), the equations of all planes have to be 
expressed and conditions to be formed so that the atoms that are inside the 
cuboctaedron to be included in the structure and the others to be excluded. 

More specifically, the cubic dimensions are normalized such that the starting point is the 
(0,0,0) and each cubic edge has a length of 1 (Figure 38a). This is a normalization that 
is helpful for expressing general plane equations. At the end of the computing, the 
coordinates are converted to their initial values. For each corner of the cube, we form 
triangles (111 planes) and the Cartesian coordinates of the triangles vertices are 
computed (Figure 38b) so that their plane equations are formed. Next, equation 
conditions are expressed for atoms included to cuboctaedron (inside the truncated cubic 
structure) (Figure 38c). Every atom of the crystal cluster system is examined and if all 
the equation conditions are true for the specific atom, then it is kept to our final structure 
(Figure 41), otherwise it is rejected. 
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Figure 38: Geometric approach, (a) input crystal cluster structure, (b) expressed coordinates of 
the triangles and (c) the plane equation conditions for atoms included to cuboctaedron are 

shown. 

 

 

Figure 39: Computational approach workflow for building the magnetite core (cuboctaedron). 
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3.2.3 Technologies used 

 

The program code is implemented using Matlab language [196]. The same procedure is 
implemented also in Python 3.6 [197]. 

 

3.2.4 Results 

 

The derived morphology for magnetite nanoparticles core of a diameter of 3-nm based 
on stable growing surfaces of the magnetic crystal as it is visualized in VMD software 
[161], is shown in Figure 40. 

 

 

Figure 40: The derived morphology for magnetite nanoparticles core of a diameter of 3-nm based 
on stable growing surfaces of the magnetic crystal. 

 

3.3 Crystal morphology tool 

 

The past decades, significant attempts have been made to calculate accurately the 
growth morphology of crystals, although, it is still proven to be a difficult mission. The 
complexity of comprehending the crystal growth phenomena occur as a result of 
multifaceted interactions between diverse processes, observed on the different wide 
scales of time and length [156]. The procedures implicated throughout the crystal 
growth are exceedingly intricate, concerning multifaceted interactions for precise 
portrayal of the predicament. Crystals expose a great assortment of shapes, based on 
the chemical composition, their structure and growth requirements. The crystal shape 
directly imposes on the parting efficiency and the stability of crystalline chemicals, the 
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bioavailability, their function in biomedical applications (efficient delivery of drug 
molecules etc.) [162]. Therefore, the understanding of the growth behavior and 
morphological qualities of the molecular crystals is of vital significance in the 
comprehension and use of a variety of their physicochemical properties [156, 162]. 

Using crystallographic tools for measurement and computational image analysis, one 
might be able to identify the atomistic structure of a crystal. This process might work 
also in the reverse direction. Theoretically one might start from the atomistic structure of 
a crystal and try to predict the characteristic macroscopic morphology of the crystal, 
even before attempting to crystalize it in the laboratory. 

A computational toolbox, able to make a link between macroscopic morphology and 
atomistic structure for a periodic crystal, would be a valuable tool for scientists. Our 
objective is the development of a crystal computational morphology toolbox for 
predicting and visualization of different crystal shapes. We use computational 
approaches for computing the macroscopic morphology of any periodic crystal by 
forming different shapes based on Miller indices and the distance measure from a 
reference point and visualizing the resulting crystal. That crystal is a polyhedron that is 
created as the intersection of multiple polyhedra and individual planes via the steps that 
follows. 

 

3.3.1 Methodology 

 

Listing of the intersecting planes 

The first step is to keep a list of the intersecting planes. For each hkl triplet and the 
desired distance d from a reference point that have been provided by the user, the xyz 
coordinates for three points on the miller plane are estimated. Next, the coefficients A,B 
and C are computed and the corresponding plane equation P is defined (Figure 41). We 
apply the distance d from the reference point provided by the user and we calculate the 
coefficient D with the origin to be placed on the negative side (D<0). The last is a 
convention that is helpful for calculating the vertices of the polyhedron at the next steps. 

 

Figure 41: Defining the plane equations. 

 

Furthermore, it is optional for the user to select if the symmetric planes would be 
included to the calculation. For that case, the original hkl triplet is rotated with respect to 
the unit cell that is used, their plane equations are calculated and they are also added to 
the list. The rotation is in 3 directions ( [0,0,1] , [0,1,0], [1,1,1] ) and in 4 angles (00, 900, 
1800, 2700) (43 possible symmetric indices) and duplicates are removed. If not the 
symmetric option is selected, only the original miller plane is used. 
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Calculating polyhedron vertices 

The second step is the calculation of the polyhedron vertices. To do so, an exhaustive 
search is performed to find all the intersection points by taking all possible combinations 
of three planes. For each group of 3 planes, we separate in couples. The intersection of 
each couple (if non parallel) is a line and the intersection of these lines (if non parallel) 
is a point (Figure 42).  

 

 

Figure 42: Example of a single intersection point from three planes (each two non-parallel) and a 
case of no intersection point. 

 

These points are considered as potential vertices of the polyhedron. The polyhedron is 
the intersection of multiple polyedra, therefore the vertices are the vertices that lie on 
the “inner” planes (our convention is that the origin [0 0 0] is always on the negative side 
of all planes). So, the points that fall outside the polyhedron are discarded (it is checked 
using the plane equations); the rest form the set of the polyhedron vertices V (Figure 
43). 

 

Figure 43: Calculating polyhedron vertices (rejected and accepted points). 
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Defining polyhedron faces 

The third step is the definition of the polyhedron faces. In principle, we note that each 
face is a polygon that lies on one of the planes, it is defined by a subset of V and by a 
set E of ordered edges, i.e. line segments that connect vertices. For each plane, all 
vertices that lie on it (satisfies the plane equation) are first defined. The vertices are 
arranged in a sequential manner so that the line segments that constitute the edges of 
the polygon are indicated. Then, a polygon is created given these vertices using the 
Quickhull algorithm [163]. With the Quickhull algorithm, the convex hull of a set of points 
(in our case, the subset of the vertices) is defined.  

 The convex hull of a geometric object (such as a point set or a polygon) is the 
smallest convex set containing that object (Figure 44). There are many 
equivalent definitions for a convex set S. The most basic of these is that a set S 
is convex if whenever two points P and Q are inside S and then the whole line 
segment PG is also in S. 

 

 

Figure 44: 3D convex hull of 120 point cloud. [164] 

 

 

The Quickhull algorithm, uses the divide and conquer approach and its average case 
complexity is considered to be O(n*log(n)), whereas in the worst case it takes O(n2). In 
our implementation of the algorithm, the most distant points are connected with a 
(double) line segment, which initializes the set E. Then, in each of the iterative steps, 
the most distant point from any of the line segments in E is found; that line segment is 
replaced with two new ones, connecting the most distant point. The iterative steps of the 
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algorithm stop when all points have been included in the convex hull (Figure 45). This 
way, for each plane we obtain an ordering of the edges that form a closed chain, 
making it easy to display each face as a polygon in 3D space with the use of the 
libraries of the Development Environment. 

 

 

Figure 45: Quickhull algorithm steps. 
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3.3.2 Technologies used 

 

This approach is implemented in both MATLAB [196] and C++ [198] (using OpenGL 
libraries for the visualization of the polygons and Qt 4.8.6 [199] for the graphical 
interface), the latter being an extension plugin to be included in a later version of MAPS 
4.0.1 software [160]. 

 

 

Figure 46: GeneratePlanes function sample that creates an array of planes corresponding to  hkl 
indices, their respective distances and the symmetry indicators that are provided. 

 

 

Figure 47: Function sample for implementing the Quickhull algorithm in 3D space and forming a 
polygon. 
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3.3.3 Results 

 

Display on screen 

 

Some examples of the visualization of the output crystals derived from different 
combinations of Miller indices and distances from the center [0,0,0] are presented 
below. Different colors represent different individual or family of planes. 

Matlab Implementation 

 Miller indices {0 0 1}, {1 1 1} 
 Distance from the center: 2Å 

 

 

Figure 48: Matlab implementation first example (crystal morphology tool). 

 

 Miller indices {0 0 1}, {1 1 1} 
 Distance from the center: 2Å,1Å 

 

 

Figure 49: Matlab implementation second example (crystal morphology tool). 
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 Miller indices {0 0 1}, {1 1 1},{0 1 1} 
 Distance from the center: 2Å 

 

 

Figure 50: Matlab implementation third example (crystal morphology tool). 

 

 

 Miller indices {001}, {111},{213},{357} 
 Distance from the center: 2Å 

 

 

Figure 51: Matlab implementation fourth example (crystal morphology tool). 
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Implementation in MAPS [160] 

Graphical Interface 

The Qt add-on is used for the creating of an interactive Graphical User Interface. The 
user can define the hkl parameters using the menu as well as the distance from the 
origin and the color that will represent each plane or family of planes. There is also an 
option for including the symmetric planes or not (Figure 52).  

  

 

 

 

Figure 52: Graphical Interface (GUI) of Crystal Morphology Tool implemented in MAPS [160]. 
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Some examples of the visualization of the output crystals are following. Features include 
also 360 view of the crystal using simple keyboard commands. 

 

 Miller indices {001}, {111},{213},{357} 
 Distance from the center: 2Å 

 

 

Figure 53: Maps [160] implementation first example (crystal morphology tool). 

 

 

 Miller indices {001}, {111} 
 Distance from the center: 2Å 

 

Figure 54: Maps [160] implementation second example (crystal morphology tool). 
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 Miller indices {001}, {111}, {011} 
 Distance from the center: 3Å 

 

 

Figure 55: Maps [160] implementation third example (crystal morphology tool). 

 

Figure 48 and Figure 54 represent the same crystal morphology that we created, in the 
subsection 3.2, for the magnetite nanoparticle (MNP) core. It represents a cuboctaedron 
with the (001) plane to dominate the morphology followed by the (111) plane that 
truncates the corners of the cube. Accordingly, the developed computational approach 
provides the computing of the macroscopic morphology of any periodic crystal by 
forming different shapes based on Miller indices and more particularly on the stable 
growing planes of any crystal structure. 

 

 

Figure 56: Truncation sequence from a cube to cuboctaedron and its dual octahedron. [165] 
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3.4 Functionalization of magnetite nanoparticle (MNP) 

 

For functionalizing the magnetite core, two types of ligands are constructed, polyvinyl 
alcohol (PVA) and polyarabic acid (ARA). 

PVA is a polyhydroxyl polymer (with a 1, 3 glycol structure) capable of undergoing both 
intra and intermolecular hydrogen bonding. It has the idealized formula [CH2CH(OH)]n. 
The small size and the strong hydrogen bond interactions of the hydroxyl groups force 
the polymer chains into a crystal lattice resulting in PVA being partially crystalline. 
Consequently PVA has excellent mechanical and thermal properties; excellent oxygen 
barrier properties; oil, grease and organic solvent resistance; low moisture permeability; 
high heat resistance and UV and IR radiation stability. In addition to this, it is 
biodegradable and non-toxic. Likewise fibers derived from PVA have similar properties 
and in addition, they have high tensile and compressive strengths, high tensile modulus 
and high abrasion resistance. 

As a result of these unparalleled properties PVA has found usage as drug delivery 
systems in medicines and cancer cell-killing embolic material [166-170]. The major 
contributory factor towards the wide application of PVA is its water solubility. Water 
solubility is dependent upon the degree of hydrolysis, molecular weight, crystallinity and 
temperature [171]. The aqueous solubility of fully hydrolyzed PVA is brought about by 
its hydroxyl groups which have a high affinity to water resulting in strong hydrogen 
bonding [166]. 

 

 

Figure 57: Magnetite nanoparticle core linked with PVA molecule chains. 

 

There is no covalent bond between Fe3O4 and PVA. The most important bonding type is 

hydrogen bond. The interaction between PVA and magnetite is: Fe2+ + H2O ⇄ Fe2+ → 
OH2 (no covalent bond), the Fe2+ → OH2 can in turn form a hydrogen bond to an OH 
group of PVA. 
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The second functional group is the Polyarabic acid (ARA) or Arabic gum, a branched 
polysaccharide consisting of L-arabinose, D-galactose, L-rhamnose and D-glucuronic 
acid (Figure 59) in the ratio 3:3:1:1. Polysaccharides and glycoproteins in gum Arabic 
give it’s glue and binder characteristics and it is used widely in pharmaceutical drugs or 
cosmetics.  

 

 
Figure 58: Structure of Gum Arabic. [172] 

 

 

 
Figure 59: Structure of D-glucoronic acid, L-rhamnose, D-galactose and L-arabinose, sugar 

molecules covalently attached, visualized in VMD. 
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Figure 60: Magnetite nanoparticle core linked with Polyarabic acid (ARA) molecule chains. 

 

The bonding between magnetite nanoparticle (MNP) core and ARA is caused by ionic 
interaction (Fe2+ and COO- of D-glucoronic acid), hydrogen bonds and other weak bond 
types. 

 

3.4.1 Methodology 

 

In both cases, the interaction is between the Fe2+ octahedral surface atoms with the 
specific functional groups. Before constructing the chains, it is necessary the candidate 
surface Fe atoms of the magnetite core to be extracted using a computational automatic 
way. 

 

Figure 61: Extracting all surface Fe
2+

 atoms. 

 



Modeling and simulations of functionalized magnetic nanoparticles as drug delivery systems 

K.Karathanou             84 

 

At previous steps, the plane equations of the magnetite core were defined. In order to 
extract atoms from the surface (Figure 61), the equation conditions are formed such that 
Ax+By+Cz+D=0 or very close to zero. All surface atoms are selected and then only the 
iron surface atoms that belong to octahedral sites (Fe2+) are extracted. Next, the final 
selection continues with those Fe2+ atoms that are non-adjacent with each other. This is 
done using a cutoff for their Euclidian distance (~3 Å). Two configurations are derived 
with the second to be used in our study (Figure 62b).  

 

Figure 62: Fe
2+

 octahedral and non-adjacent surface atoms. 

 

 

Subsequently, a dynamic code implementation allowed the ligand chains to be attached 
to selected surface octahedral Fe atoms of the MNP core with the option for the user to 
define the length of the chains used. The first chain is created manually and visualized 
in VMD software [161] and the atom names, bond lengths, angles and atom 
combinations were defined. Next, this information is used as a fundamental base for the 
code implementation, which builds automatically for every selected Fe atom all the PVA 
chains in all 3-dimensions (xyz). The same procedure is followed for the ARA molecule 
chains, with that system to be more complicated as it contains four different molecules 
in different ratios and angles between them. The user can define the length of the 
chains attached to the magnetite core and download the final output structure (.xyz file 
format). 
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Figure 63: User option for selecting the number of PVA repeat units. 

 

 

3.4.2 Technologies used 

 

The program code is implemented using the Matlab (R2016b) [196] programming 

language. 

 

3.4.3 Results 

 

The two derived systems of magnetite core attached with different number of molecular 
chains for PVA and ARA are represented in Figures 64-65. In this study, the number of 
30 repeat units is selected for our final system of magnetite core attached with the 
Polyvinyl alcohol (PVA) and the number of 2 repeat units for the Polyarabic acid (ARA). 



Modeling and simulations of functionalized magnetic nanoparticles as drug delivery systems 

K.Karathanou             86 

 

 

Figure 64: Magnetite core attached with different number of PVA repeat units as derived from our 
computational approach. 

 

The first MNP was covered with 64 PVA chains with a length of 7.5 nm for each chain 
having a grafting density of 3 chains/nm2. The second one was covered with the same 
number of ARA chains and same grafting density with a length of each chain to be 6.5 
nm. 

 
Figure 65: Magnetite core attached with Polyarabic acid (ARA) with number of repeat units 2 as 

derived from our computational approach. 
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3.5 Building the cell membrane 

 

A dipalmitoylphosphatidylcholine (DPPC) lipid bilayer is built and used to model the cell 
membrane using the charmm-gui platform (http://www.charmm-gui.org/) [200]. 
CHARMM-GUI membrane builder as a web graphical user interface, automates the 
building process of heterogeneous lipid bilayers, with or without protein structures, 
maintaining a database of up to 140 different lipid types (pure or mixed bilayers). In 
parallel with other tools for protein/membrane model construction [173-177], Membrane 
Builder is used worldwide as it produces simulation inputs compatible with the most 
used simulation packages, various user options, lipid types and usable packed systems. 

As shown in Figure 66, six subsequent steps generalize the process of building a 
protein/membrane or membrane only system. 

Through a web browser, user’s specific options are incorporated in each step and 
CHARMM input files are derived and run. Individual input and output files including 
generated structures as well as an archive of all the created files are available in each 
step. One can visualize the generated system in each step so that, if necessary, one 
can go back to the previous step and modify the options interactively. 

As a lipid bilayer is needed in our study, we start from step 3 of the building process 
(Figure 66). 

 

System Size Determination 

For building homogeneous lipid bilayers, there are three types of lipid molecules, such 
as DMPC, DPPC, and POPC [104]. Membrane Builder facilitates the process by 
defining the system size based on users’ inputs for (1) number of lipid layers, (2) 
number of lipid molecules, or (3) system dimensions. The total number of lipid 
molecules can promptly estimated by the number of lipid layers; this number 
corresponds to the number of lipid molecules from a protein to the closest edge in the 
system. The system size along the z-axis is determined by the thickness of bulk water 
from the protein dimension along the z-axis. 

After the previous step is completed, Membrane Builder provides an inclusion of the 
determined system size and a lipid-packing image to help users to check if the system 
size is suitable. If the system is smaller or larger than expected, users can go back and 
specify the numbers of lipid molecules (option 2) or system dimensions (option 3) to 
enlarge or reduce the system size. 

 

http://www.charmm-gui.org/
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Figure 66: Overview of generalized process of building protein/membrane or membrane only 

complex system [178]. 

 

The determined system size for the DPPC lipid bilayer is shown in Figure 67. The option 
heterogeneous lipid is selected, a rectangular box type, water thickness 120 Å, the 
length of XY is based on lipid components and the number of 249 is selected for lipids 
at the upper and lower leaflet. Next, the replacement method is used as a system 
building option. In this method, lipid like pseudo atoms are first distributed and then 
replaced by lipid molecules one at a time [179–181]. Individual lipid molecules are 
randomly selected from a lipid library that contains various conformations of lipid 
molecules. This method allows one to easily control the system size and the number of 
lipid molecules while it generates a lipid bilayer. 
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Figure 67: Determined System Size provided by charm-gui membrane builder (DPPC lipid bilayer). 

 

Generate Components 

Based on the system size information, Membrane Builder generates individual 
components such as bulk water, and counter ions. In our system ions are included with 
ion concentration 0.15M of NaCl (332 positive ions and 332 negative ions are 
generated). The initial configuration of ions is then determined through Monte Carlo 
simulations using a primitive model, i.e., scaled Coulombic and van der Waals 
interactions. 

 

Assemble and equilibration 

Each component that has been generated in the previous step will be assembled in this 
step. One of the most significant advantages of using the web environment is that, if a 
problem is found, users can go back and re-generate the whole system again before  
quitting the browser. Therefore, the visualization of the initially assembled structure is 
important to verify if the system is reasonable.  

After the membrane complex is assembled (Determined Final System Size- Table 6), 
the equilibration must be performed to relax the uncorrelated initial system before MD 
production simulations (Figure 69). However, due to the significant amount of computing 
power, Membrane Builder provides six consecutive CHARMM input files for 
equilibration, which can be modified for continual production simulations. As shown in 
Figure 68, to assure gradual equilibration of the initially assembled system, various 
restraints are applied to the protein (if used), water, ions, and lipid molecules during the 
equilibration [182]: (1) harmonic restraints to ions and heavy atoms of the protein, (2) 
repulsive planar restraints to prevent water from entering into the membrane 
hydrophobic region, and (3) planar restraints to hold the position of head groups of 
membranes along the Z-axis. These restraint forces are slowly reduced as the 
equilibration progresses. To warrant the successful equilibration, i.e., to avoid instability 
of dynamics integrations during equilibration, the NVT dynamics (constant volume and 
temperature) is used for the first and second steps, and the NPAT (constant pressure, 
area, and temperature) dynamics for the rest at 303.15 K (DMPC and POPC) and 
323.15 K (DPPC).  
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Figure 68: Detailed information on each equilibration step (charm-gui membrane builder). 

 

 

Table 6: Determined Final System Size (charmm-gui membrane builder) 

#of Atoms 412150 

Crystal Type Tetragonal 

System Size A 125.248 

 B 125.248 

 C 274 

Crystal Angle Alpha 90.0 

 Beta 90.0 

 Gamma 90.0 

Lipid  

#of Lipids On Top 249 

 On Bottom 249 

#of Water 115.582 

#of POT Ion 332 

#of CLA Ion 332 

Z Center 0.0 
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Figure 69: Representation of our DPPC lipid bilayer created by the Membrane Builder of charm-gui 

(412,150 atoms) during equilibration. 

 

3.6 Gromacs Topology Tool 

 

For running our Molecular Dynamics Simulations using Gromacs simulation package, 
version 5.0.6 [183], topology files including information for the magnetite core and the 
two types of molecular chains are needed. In Figure 70, a topology file example in 
Gromacs is given. 
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Figure 70: Topology file example in Gromacs. 

Topology information include partial charges, bond lengths of bonded atoms and their 
force constants along with their atomic indexes. The same information is needed for 
their angles and the dihedral angles that are formed. 

For the magnetite core, the partial charges are selected from the table 4 of [184]. The 
Fe2+, Fe3+ and O2- have partial charges 1.54, 1.76 and -1.21 respectively. In order all 
lengths and angles of bonded atoms to be defined, the magnetite unit cell is the starting 
point as its values are repeated for the whole structure. In Figure 71, these values are 
presented. As a result, that atomic combinations along with their bond distances and 
angle degrees are used as a “motif” for finding the atomic indexes of the whole 
structure.  

In Figure 72, the workflow of this computational approach is shown. The Cartesian 
coordinates of the initial structure (magnetite core) are given as input, the computation 
that belongs to the main process starts including atomic information criteria for bonds 
and angles (Figure 71). The Euclidian distance between atoms and their angles are 
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computed. The atoms that satisfy the atomic criteria are included to the output file, 
otherwise they are rejected. The output file format is compatible to the Gromacs 
simulation package (.itp file format). 

 

 

Figure 71: Bond distances and angle degrees for magnetite unit cell bonded atoms. 

 

Figure 72: Computational approach workflow for creating topology files for Gromacs simulation 
package. 

 

Similarly, for the molecular chains of Polyvinyl alcohol (PVA) and Polyarabic acid (ARA), 
the bond lengths and angles are defined for one repeat unit of the chain, which is used 
again as “motif” for defining dynamically the indexes of all the atoms. The average 
number of combinations for bonded atoms (bonds/angles/dihedrals) is 45,000. For 
Polyarabic acid (ARA), the procedure is more advanced as it consists of 4 different 
molecules in different ratio and angles between them. The average number of 
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computed combinations for bonded atoms (bonds/angles/dihedrals) is 60,000. The total 
number of atoms examined is 14,969 for the first system (MAG-PVA) and 20,968 for the 
second system (MAG-ARA). 

 

Technologies used 

The program code is implemented using the Matlab [196] programming language. 

 

3.7 Molecular dynamics (MD) simulations 

 

All simulations are carried out using the GROMACS simulation package, version 5.0.6 
[183]. The CHARMM36 force-field [185] is used, with the non-bonded epsilon parameter 
for van der Waals interactions added for magnetite Fe2+ atoms from [186]. For the 
modeling of the waters, the TIP3P water model is employed [187]. 

Regarding the membrane system, after the membrane complex is assembled by the 
charmm-gui membrane builder, the equilibration is performed to relax the uncorrelated 
initial system before MD production simulations. However, due to the significant amount 
of computing power that cannot be hosted in charmm-gui server, Membrane Builder 
provides six consecutive CHARMM input files for equilibration, which can be modified 
for continual production simulations. 

At first, 5,000 minimization steps using the steepest descent method are performed for 
the system of lipid bilayer (DPPC) membrane. Equilibration of 225,000 steps of the 
system is performed in the NPT ensemble using constant number of particles, 
temperature and pressure, using a time step of 2fs. Furthermore, Molecular Dynamics 
(MD) simulations are carried out for 10ns of the whole system using the same 
ensemble. 

For the system of the magnetite core, 50,000 minimization steps using the steepest 
descent method are performed. Molecular Dynamics (MD) simulation for 1 ns of the 
system is performed in the gas phase using constant number of particles, volume and 
energy (NVE ensemble), without periodic boundary conditions (PBC) and thermostat 
and barostat control. Our results indicate that our morphology of the magnetite core 
(cuboctaedron) leads to a stable structure. 
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Figure 73: Magnetite core in vacuum (NVE) molecular dynamics simulation. 

 

Subsequently, Molecular Dynamics (MD) simulations are carried out for 1 ns of the 
whole system using constant number of particles, volume and energy (NVE ensemble) 
(Figure 74- 75) and for 30 ns in the water phase using constant pressure, temperature, 
and number of particles (NPT ensemble) with periodic boundary conditions (PBC) 
(Figure 76). We obtain that the chains during the two types of simulations are gathered 
close to the surface of the magnetite core due to their attraction with the nanoparticle 
iron and oxygen atoms and their hydrophobic interaction with the water molecules. 

 

 

Figure 74: Magnetite core attached with PVA during vacuum simulation for 1ns (NVE). 
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Figure 75: Magnetite core attached with ARA during vacuum simulation for 1ns (NVE). 

 

 

Figure 76: Magnetite core attached with PVA in water for 30ns (NPT). 

 

Insertion of functionalized magnetite nanoparticle to the cell membrane 

After running the above simulations, the two systems of magnetite core attached with 
PVA and ARA chains, are used in order to be inserted to the cell membrane. The 
configurations of gathered chains are selected and placed at the water phase of the lipid 
bilayer using VMD software [161]. After positioning the two systems (MAG-PVA and 
MAG-ARA), overlapping water molecules and ions are removed and the topology file is 
updated containing information for the whole system configuration. For the MAG-ARA 
system, which has a bigger diameter, the lipid bilayer is replicated containing 489 
number of lipids on each side of the membrane. The first system contains 300,110 
atoms (Figure 77) and the second 619,500 atoms (Figure 78).  

Finally, Molecular Dynamics (MD) simulations are performed for 50 ns of the whole 
system in the water phase of the lipid bilayer using constant pressure, temperature, and 
number of particles (NPT ensemble). The temperature is kept constant at 310 K using 
the Nose-Hoover thermostat with a relaxation time of 1ps [188]. The Parrinello-Rahman 
algorithm is used to maintain constant pressure. Electrostatic interactions are calculated 
with particle mesh Ewald [189]. The real-space electrostatic and van der Waals cutoff 
distances are set at 12 Å, with smooth truncation starting at 10 Å. A simulation time step 
of 1 fs and periodic boundary conditions are employed. 
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Figure 77: MAG-PVA at the water phase of the lipid bilayer (total #of atoms 300,110). 
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Figure 78: MAG-ARA at the water phase of the lipid bilayer (total #of atoms 619,500). 



Modeling and simulations of functionalized magnetic nanoparticles as drug delivery systems 

K.Karathanou             99 

 

 

Figure 79: MAG-PVA and MAG-ARA in membrane. 

 

MD analysis - Hbonds 

A hydrogen-bond is considered as an attractive interaction between a hydrogen atom 
connected to an electronegative atom and an electronegative atom or group of atoms in 
the same or a different molecule in which there is evidence of bond formation [190]. 

MD simulations of the MAG-PVA system are first performed for 50ns in the presence of 
a DPPC lipid bilayer in order to study the positioning of the nanoparticle in the bilayer 
and the interactions of the hydroxyl (OH) group of the PVA with the membrane in 
atomic-level detail. MAG-PVA was initially placed in the water phase at 2-3 Å away from 
the lipid bilayer. It is evident from the simulations that MAG-PVA shows a medium 
preference (compared with the MAG-ARA system) for the membrane environment and 
within the first 10 ns it starts interacting with the polar headgroups of the lipid bilayer. 
Analysis of the hydrogen bonds between the MAG-PVA and bilayer shows that PVA 
hydroxyl groups interact preferentially with the phosphate than choline and perform 1-2 
hydrogen bonds on average during the simulation time. It also shows preferential 
solvation (Figure 82) from the water phase than the MAG-ARA system (Figures 91-94). 
No internalization is observed during the simulation time. Our conclusions are 
consistent with the experimental results. 
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Figure 80: Hydrogen bond analysis between PVA (OH) and choline group of the DPPC lipid bilayer 
for 50ns. 

 

 

Figure 81: Hydrogen bond analysis between PVA (OH) and phosphate group of the DPPC lipid 
bilayer for 50ns. 
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Figure 82: Hydrogen bond analysis between PVA (OH) and water phase of the DPPC lipid bilayer 
for 50ns. 

 

MD simulations of the polyarabic-coated magnetite nanoparticle (MAG-ARA) are also 
performed for 50ns in the presence of a DPPC lipid bilayer in order to study the 
positioning of the nanoparticle in the bilayer and the interactions of polyarabic acid in 
atomic-level detail. MAG-ARA was initially placed in the water phase at 5 Å away from 
the lipid bilayer. Polyarabic acid is a branched polysaccharide consisting of L-arabinose, 
D-galactose, L-rhamnose and D-glucuronic acid in the ratio 3:3:1:1. It is evident from 
the simulations that MAG-ARA shows a strong preference for the membrane 
environment and within the first 10ns it starts interacting with the polar headgroups of 
the lipid bilayer. However, not all saccharides are equally interacting with the 
phospholipid headgroups. Analysis of the hydrogen bonds between the MAG-ARA and 
the phosphate groups shows that D-galactose and L-arabinose interact preferentially 
with the phosphate and choline groups and perform 2 and 1 hydrogen bonds on 
average during the simulation time, respectively. No internalization is observed during 
the simulation time. Our conclusions are consistent with the experimental results. 
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Figure 83: Hydrogen bond analysis between D-galactose and phosphate group of the DPPC lipid 
bilayer for 50ns. 

 

 

Figure 84: Hydrogen bond analysis between D-glucoronic acid and phosphate group of the DPPC 
lipid bilayer for 50ns. 
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Figure 85: Hydrogen bond analysis between L-arabinose and phosphate group of the DPPC lipid 
bilayer for 50ns. 

 

 

Figure 86: Hydrogen bond analysis between L-rhamnose and phosphate group of the DPPC lipid 
bilayer for 50ns. 
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Figure 87: Hydrogen bond analysis between D-galactose and choline group of the DPPC lipid 
bilayer for 50ns. 

 

Figure 88: Hydrogen bond analysis between D-glucoronic acid and choline group of the DPPC 
lipid bilayer for 50ns. 
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Figure 89: Hydrogen bond analysis between L-arabinose and choline group of the DPPC lipid 
bilayer for 50ns. 

 

Figure 90: Hydrogen bond analysis between L-rhamnose and choline group of the DPPC lipid 
bilayer for 50ns. 
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Figure 91: Hydrogen bond analysis between D-galactose and water for 50ns. 

 

 

Figure 92: Hydrogen bond analysis between D-glucoronic acid and water for 50ns. 
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Figure 93: Hydrogen bond analysis between L-arabinose and water for 50ns. 

 

 

Figure 94: Hydrogen bond analysis between L-rhamnose and water for 50ns. 
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The hydrogen bond interactions of the Polyarabic acid saccharides with the 
phospholipid headgroups of the lipid bilayer are shown in Figures 95-97 after 50ns of 
MD simulations in the NPT ensemble. 

 

 

Figure 95: Hydrogen bond representation between different Polyarabic acid saccharides and the 
phospholipid headgroups of the lipid bilayer after 50ns of MD simulation (NPT ensemble) using 

ΝΑMD. Visualization performed with VMD. The MNP core is shown in yellow. 
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Figure 96: A closer visualization using VMD of hydrogen bond interactions between different 
Polyarabic acid saccharides and the phospholipid headgroups of the lipid bilayer after 50ns of MD 

simulation (NPT ensemble) using NAMD. 
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Figure 97: Last VMD snapshot of the MAG-ARA system at the water phase of the lipid bilayer after 
50ns of MD simulation run (NPT ensemble) using NAMD. 
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3.8 Benchmarks and scaling 

Molecular Dynamics simulations were performed on the ARIS supercomputer at 
GRNET (Greek Research and Technology Network) in Athens (https://hpc.grnet.gr/). 
The system comprises 426 nodes, equipped with latest HPC oriented x86_64 CPU 
technologies, providing power efficiency. 

 

 
Figure 98: ARIS supercomputer Technical Info (http://doc.aris.grnet.gr/). 

 

 

Table 7 describes the performance of GROMACS 5.0.6 on ARIS for the lipid-bilayer 
system consisting of 412,150 atoms, with the use of regular MD simulations for 100,000 
steps during equilibration phase in the NPT ensemble. In table 8, number of 2 threads 
per MPI task is selected and the performance (ns/day) is given for 100, 500 and 1000 
cores. Our results show significant scaling, up to 500 cores for GROMACS 5.0.6 making 
ARIS supercomputer a suitable resource for our study purposes. With this scaling 
behavior we can achieve production of approximately ~50-120 ns/day for our systems. 
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Table 7: GROMACS 5.0.6 performance on ARIS supercomputer infrastructure 

Performance 

#cores #nodes #threads per MPI 
thread 

ns/day 

100 5 1 11.328 

500 25 1 49.523 

1000 50 1 74.807 

2000 100 1 120.397 

3000 150 1 125.799 

4000 200 1 53.578 
 

 

 
Figure 99: ns/day of MD simulations of lipid bilayer system using ARIS resources. 
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Table 8: GROMACS 5.0.6 performance on ARIS supercomputer infrastructure (Pure MPI) 

Performance (Pure MPI) 

#cores #nodes #threads per MPI 
thread 

ns/day 

100 5  2 21.539 

500 25 2 84.917 

1000 50 2 93.180 
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4. CONCLUSIONS 

 

In recent years, nanotechnology has demonstrated enormous promise to overcome the 
problems of conventional chemotherapeutic agents used in the treatment of cancer. 
Significant efforts have been lately dedicated to grow multi-functional theranostics 
nanosystems for both cancer diagnosis and therapy that can transport medicines 
exclusively to tumours and at the same time observe their therapeutic reaction by 
picturing the tumour legions in the body [191-192]. In this respect, one important 
consideration in the study of such systems is the interaction of the NP with the cell 
membrane. NPs will unavoidably come in contact with both healthy and diseased cells 
and should therefore not pose any risks for healthy tissues. Because of the importance 
of this interaction, the nanoparticle-membrane interface has been investigated, both 
with theoretical and computational methods. 

Magnetic nanoparticles (MNPs) in particular are key nanocarriers for theranostic 
applications in cancer because they can be manipulated using a magnetic field and 
directed to the diseased site. MNPs are comprised of metal oxide cores commonly 
magnetite (Fe3O4) or TiO2. These metal oxides grow in nature with characteristic 
external shapes of the individual crystal or crystal group, called crystal habits. Crystal 
habits depend each time on the minimum free energy surfaces of the crystal growing 
planes. In the past decades, significant attempts have been made to calculate 
accurately the growth morphology of crystals, although, it remains a difficult task. The 
complexity of comprehending the crystal growth phenomena occurs as a result of 
multifaceted interactions between diverse processes, observed on the different wide 
scales of time and length [164]. The crystal shape directed each time by the individual 
crystal habit, imposes directly on the parting efficiency and the stability of crystalline 
chemicals, the bioavailability, their behavior in biomedical applications (efficient delivery 
of drug molecules etc.) [162]. Therefore, the understanding of the growth behavior and 
morphological qualities of the molecular crystals is of vital significance in the 
comprehension and use of a variety of their physicochemical properties [156, 162]. 

In this study, a crystal morphology toolbox was created consisting of different 
algorithms. Initially, an algorithm was implemented for creating spherical nanoparticles 
based on the radius of the NP, and the radius of smaller spheres, that cover the surface 
of the nanoparticle. Next, the construction of an appropriate structure for magnetite 
nanoparticle (based on its crystal habit or Wulff morphology) [159], using computational 
approaches, was achieved. The magnetite NP was further simulated using MD 
simulations in vacuum and in water. Our results indicate a stable structure of the NP. 
The construction of the magnetite NP was then generalized by developing an algorithm 
that constructs different morphologies for a given crystal based on its preferred growing 
planes, the Miller indices, and a user-defined size of the crystal. 

Coating of the NPs with suitable ligands can enhance their biodistribution and provide 
then with suitable properties for their efficient uptake. Therefore, an algorithm was 
developed to coat the Fe3O4 MNP core with polyvinyl alcohol (PVA) and polyarabic acid 
(ARA) ligands. The user is given the option to adjust the length of the molecular chains 
that can be connected to specific Fe octahedral surface atoms. For modeling the cell 
membrane, a dipalmitoylphosphatidylcholine (DPPC) lipid bilayer was built.  
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Finally, in order to observe the interactions between coated MNPs and the lipid bilayer, 
we have performed MD simulations using, the GROMACS simulation package, version 
5.0.6 [183]. The topology files of the system were constructed dynamically using our in-
house code, which included partial charges for magnetite and PVA and ARA chains, 
and all the information needed for bonds, angles and dihedrals of the system atoms.  

The two model MNPs were placed in the water phase of the lipid bilayer system and 
atomistic MD simulations were performed in order to describe the nanoparticle-
membrane interactions in atomic-level detail.  

From our simulations, it is evident that MAG-ARA preferentially interacts by the lipid 
head groups compared to MAG-PVA and it can be used for further simulation and 
analysis. Within the first 10ns it starts interacting with the polar headgroups of the lipid 
bilayer. However, not all saccharides are equally interacting with the phospholipid 
headgroups. Analysis of the hydrogen bonds between the MAG-ARA and the 
phosphate groups shows that D-galactose and L-arabinose interact preferentially with 
the phosphate group and perform 2 hydrogen bonds on average over the simulation 
time, respectively. On the other hand, MAG-PVA shows preferential solvation from the 
water phase. No internalization is observed during the simulation time for both systems. 
Our results are in agreement with the available experimental data from our collaborators 
deriving conclusions from the distinct interactions between different ligand coating of the 
NP and the membrane. 
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FUTURE PERSPECTIVES 
 

Nanoparticle-based systems have enormous potential in improving cancer diagnosis, 
detection, imaging, and treatment [193]. NPs may soon resolve issues of conventional 
cancer therapies such as nonspecific targeting, low therapeutic effectiveness, 
unpleasant side effects, and drug resistance [194]. The capacity of NPs to be 
customized for a patient-based medicine strategy portrays them as the perfect vehicles 
for the treatment of cancer. Generally, NPs with multicomponent structures permit 
pattern flexibility in drug delivery of poorly water soluble molecules, while conveying the 
capacity to prevail over biological barriers and selectively target desired sites within the 
body [10].   

Due to the complexities of the drug delivery process and the large amount of uncertainty 
involved, computational modeling is extensively applied for NP design in order to 
elucidate atomic-level interactions that are out of reach for conventional experimental 
techniques. Our study, as a molecular modeling process, includes the construction of 
two coated nanoparticles and their modeling at the interface of a model cell membrane. 
Although important physicochemical interactions were modeled and quantified at the 
nano-bio interface, spontaneous NP translocation across the membrane was not 
observed. This could be attributed to the short simulation time (50 ns) of the system. As 
a future direction, simulations could run for additional time deriving important insights 
into the physicochemical properties that govern the interactions between different 
classes of MNPs and the membrane and allowing the analysis of a possible 
internalization process of the nanoparticle into the cell membrane. 

The implementation of our software for constructing different crystal morphologies 
based on the preferred growing planes and the user-defined size of the crystal is of 
crucial importance and can be used for various applications of modeling NP, not only for 
medical applications but also in materials science. In this thesis, the magnetite NP was 
constructed and modeled but the code could be used and extended to include NPs of 
any crystal size, shape, and morphology. The shape of crystals has a direct impact on 
the separation efficiency  and  the  stability  of  crystalline  chemicals,  the  bioavailability  
or  the  effective  delivery  of  drugs.  The knowledge  of  the  growth  habits  and  
morphological  properties  of  the  molecular  crystals  is  of  crucial  importance  in  
understanding  and  exploiting  many  of  their physicochemical properties.  

A future work direction is the extension of the algorithm for computing the preferred 
growing planes using some energetic or other type of simulations. The preferred planes 
and the unit cell of any periodic crystal given by the user would allow the construction of 
any crystal morphology. Currently, the crystal habits for the construction of each NP 
using our crystal morphology tool are provided based on literature quantum chemical 
data. However, our code could be further extended to predict the crystal habits based 
on the Donnay-Hacker rules [201]. Finally, our software program could be extended to 
include coated NPs through the dynamic attachment of custom molecules/ligands to the 
constructed crystal.  

These future directions could lead to a complete computational toolbox, able to make a 
link between the macroscopic morphology and the atomistic structure for any periodic 
crystal and can be used for various biomedical or materials design applications.  
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