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STRESZCZENIE 

 

Choroby nowotworowe stanowią dla naukowców oraz ekspertów ochrony zdrowia na 

całym świecie ogromne wyzwanie, wymagające innowacyjnych podejść zarówno do leczenia, 

jak i diagnozowania. W ramach prezentowanej pracy badawczej stworzony został oparty na 

nanocząstkach system terapeutyczny do zastosowania w terapii nowotworowej. 

Zaproponowany układ bazuje na mezoporowatych, modyfikowanych żelazem nanocząstkach 

polidopaminy (MPDAFe), załadowanych lekiem chemioterapeutycznym - doksorubicyną 

(DOX). Nanocząstki MPDAFe są dodatkowo opłaszczone błoną komórkową, uzyskaną 

z komórek nowotworu wątroby linii HepG2, w celu uzyskania biomimetycznego systemu 

skutecznego dostarczania leków i obrazowania raka wątroby.  

Głównym celem prowadzonych badań było opracowanie jednoetapowej syntezy 

nanocząstek MPDAFe oraz metody ich pokrycia błonami pochodzącymi z komórek HepG2. 

Tak opracowany system ma efektywnie dostarczać lek do homotypowych komórek 

nowotworowych, jednocześnie umożliwiając zastosowanie łączonej terapii fototermicznej 

i chemioterapii oraz obrazowania w rezonansie magnetycznym (MRI) w czasie rzeczywistym. 

Uzyskane nanocząstki zostały kompleksowo scharakteryzowane pod względem morfologii 

oraz właściwości fizykochemicznych. Potwierdzone zostały paramagnetyczne właściwości 

zsyntetyzowanego materiału, które umożliwiają zastosowanie go jako środka kontrastującego 

w MRI. Porowate nanocząstki MPDAFe wykazały ponadto wysoką wydajność w załadunku 

leku. 

Potencjał terapeutyczny badanego układu został oszacowany z zastosowaniem 

zróżnicowanych testów cytotoksyczności. Proponowany system prezentował wysoką zdolność 

eliminacji komórek nowotworowych a jednocześnie znikomą toksyczność wobec zdrowych 

komórek. Co więcej, wykazano korzystny wpływ opłaszczania błoną komórkową na wychwyt 

nanoczastek przez komórki nowotworowe. Przeprowadzone zostały również pilotażowe 

badania in vivo  na myszach Balb/c nude. Badania te nie potwierdziły jednoznacznie 

terapeutycznych właściwości proponowanego układu, jednak mogą stanowić podstawę do 

dalszego eksplorowania potencjału przeciwnowotworowego nanocząstek 

MPDAFe@DOX@Mem. Zastosowanie obrazowania MRI potwierdziło również możliwość 

wykorzystania nanocząstek MPDAFe do precyzyjnego diagnozowania raka wątroby 

i monitorowania terapii w czasie rzeczywistym. 
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Podsumowując, przedstawione badania otwierają nowe perspektywy w leczeniu 

i diagnozowaniu nowotworów, łącząc ukierunkowane dostarczanie leków, terapię 

fototermiczną i chemioterapię z obrazowaniem MRI. Przedstawiony system wykazuje ogromny 

potencjał w poprawie skuteczności leczenia i otwiera drogę do dalszych badań nad 

zastosowaniem rozwiązań opartych na biomimetycznych nanocząstkach polidopaminy 

w nowoczesnych terapiach przeciwnowotworowych.  
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SUMMARY 

 

Cancer remains a formidable global health challenge, demanding innovative approaches 

for both treatment and diagnosis. The presented research aimed to tackle this issue 

by developing a multifunctional drug delivery system centered around doxorubicin (DOX)-

loaded mesoporous polydopamine nanoparticles modified with iron (MPDAFe) and coated 

with membranes extracted from HepG2 cancer cells. The overarching goal was to create 

a targeted therapy tailored for liver cancer treatment while facilitating magnetic resonance 

imaging (MRI) for precise diagnosis and real-time monitoring. 

The aims of this study are fourfold: Firstly, I aimed to engineer DOX-loaded PDAFe 

nanoparticles equipped with paramagnetic properties essential for their application in MRI 

imaging. Next, I coated these nanoparticles with HepG2 cell membranes, generating 

a biomimetic drug delivery system. Thirdly, I investigated the dual-therapy approach, 

harnessing the synergistic potential of photothermal therapy and chemotherapy to enhance 

cancer treatment outcomes. Finally, I evaluated the performance of these nanoparticles in liver 

cancer treatment scenarios, both within controlled in vitro environments and complex in vivo 

contexts. 

The study resulted in the development of a one-pot synthesis of MPDAFe nanoparticles with 

confirmed porosity, paramagnetic properties, and efficient drug loading. The subsequent 

coating of these nanoparticles with HepG2 cell membranes creates a platform for targeted drug 

delivery. In the in vitro studies, I observed enhanced cellular uptake of these membrane-coated 

nanoparticles within liver cancer cells (HepG2). Various cytotoxicity assays confirmed 

the nanoparticles' effectiveness in inducing cancer cell death, while photothermal therapy with 

laser irradiation amplifies this effect. Furthermore, drug release studies conducted in different 

buffers, simulating biological conditions, reveal a controlled and sustained drug release profile 

- a critical aspect of effective chemotherapy. 

My investigations extend to the pilot in vivo studies involving Balb/c nude mice. The obtained 

results were inconclusive about the potential of the multifunctional nanoparticles in liver cancer 

treatment. However, further investigation is required to evaluate the antitumor efficacy 

of MPDAFe@DOX@Mem NPs. Additionally, the MRI imaging showcased the nanoparticles' 

capacity for precise cancer diagnosis and real-time monitoring.  
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In summary, the presented research contributes significantly to the ongoing exploration 

of biomimetic theranostic nanoparticles in the realm of cancer treatment and imaging. 

The confluence of targeted drug delivery, dual therapy combining photothermal 

and chemotherapy and MRI-based diagnostics offers a holistic and promising approach 

to cancer management. These findings pave the way for potential side effects reductions, 

therapeutic outcomes improvements, and enhanced overall quality of life for cancer patients. 

Looking forward, this work has far-reaching implications for developing more effective 

and personalized cancer therapies. It provides a solid foundation for future research endeavors 

and clinical applications in the dynamic field of cancer nanomedicine.  
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1 
INTRODUCTION AND THEORETICAL BACKGROUND 

 

he following chapter provides motivation and justification for undertaking the subject described 

in my doctoral thesis. By presenting the problem's current status, I aim to emphasize the relevance 

of my research. The introduction of the employed materials and solutions underlines the 

assumptions with which I undertook to fill the research gap in the field of cancer therapy. 

 

Nanotechnology and nanomaterials 

"There's Plenty of Room at the Bottom" – This iconic phrase coined by Dr. Richard 

Feynman during his groundbreaking lecture to the American Physical Society in Pasadena in 

December 1959 has since become a seminal moment in the history of science and technology. 

In his visionary speech, Dr. Feynman explored the untapped potential and boundless 

possibilities within the realm of miniaturization, laying the foundation for what would later 

blossom into the revolutionary field of nanotechnology [1]. Today, six decades later, his 

prescient words continue to resonate as nanotechnology has transformed from a developing 

concept into a dynamic discipline with an extensive array of practical applications. 

Nanoscience focuses on investigating structures and molecules at the nanometer scale. It can 

be described as the science of matter and energy in the transitional scale between the atomic 

and macroscopic states [2]. Nanotechnology, conversely, pertains to the practical application 

of nanoscience in developing various devices and technologies [3]. Those two fields are 

symbiotically connected and share an unbreakable bond in the world of science and 

engineering. Nanotechnology stands as one of the most promising technologies in the 21st 

century [3]. It involves the observation, measurement, manipulation, assembly, control, and 

manufacturing of matter at the nanometer scale, unlocking its potential for a wide range of 

valuable applications. This level of fundamental control holds great promise, offering 

revolutionary technological advancements in various fields, including industry, biomedicine, 

environmental engineering, safety and security, food, water resources, energy conversion, and 

numerous others [3,4]. 

The general view on nanotechnology is that it deals with manipulating and engineering 

materials at the nanoscale [5]. Various definitions usually share three essential elements: Firstly, 

the consideration of material structure with dimensions typically ranging from single molecules 

T 
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up to about 100 molecular diameters or approximately 100 nm. Secondly, nanotechnology 

involves the capability to measure and manipulate matter at the nanoscale, enabling new 

insights and technological advancements. Lastly, harnessing the unique properties and 

functions specific to the nanoscale, distinct from both macro and micro scales [4,6]. It is worth 

noting that although the theory mentions 100 nm as the upper threshold for nanomaterials, in 

practice, nanoscience and nanotechnology deal with structures often up to several hundred 

nanometers in size [2,7]. Selected aspects of nanotechnology are summarized in Figure 1. 

 

Figure 1. Representative aspects of nanotechnology. Based on [8]. 

 

Nanomaterials can be further classified based on their dimensions [5,9]: 

• Zero-dimensional (0D) nanomaterials: nanoparticles with all three dimensions 

in the nanoscale range, typically less than 3 nm. Examples include quantum dots, 

fullerenes, and nanoparticles. 

• One-dimensional (1D) nanomaterials: nanomaterials with two dimensions 

in the nanoscale range. Examples include nanowires, nanotubes, and nanorods. 
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• Two-dimensional (2D) nanomaterials: plate-like nanomaterials with one dimension 

in the nanoscale range. Examples include graphene, graphene oxide, and other 2D 

layered materials. 

• Three-dimensional (3D) nanomaterials: equiaxed particles with all dimensions 

in the nanometric range but exceeding 4 nm. Examples include organic and inorganic 

nanoparticles. 

Nano-scale phenomena are intricately linked to the remarkable surface-to-volume ratios 

exhibited by nanostructures. The inherent properties of nanomaterials and their subsequent 

manifestations, even at the macroscale, depend on both the shape and surface characteristics 

[2]. Numerous phenomena come into play at the nanoscale, where the small length scales 

impact energy band structures and the atomic arrangement, leading to alterations in the system's 

total energy (quantum confinement) [5]. Moreover, dimensional reduction can significantly 

influence chemical reactivity, as well as electrical, thermal, optical, and magnetic properties 

[5]. Even aspects such as mechanical strength can vary based on the size reduction 

of the structure [5] 

Fabrication techniques are essential for creating nanomaterials with desired properties and 

dimensions. The concepts of the top-down and bottom-up approach to nanomaterial preparation 

have already been discussed by Dr. Feynman in his aforementioned visionary speech [1]. 

Various top-down and bottom-up techniques are employed for nanomaterial fabrication. 

The top-down methods involve creating smaller structural architectures by etching away bulk 

material, typically using lithographic processes, similar to sculpting an image from a block of 

stone [3]. This approach is widely applied for obtaining industrial materials such as 

semiconductors [8]. The bottom-up methods focus on building structures atom by atom or 

molecule by molecule through covalent or supramolecular interactions (i.e., π-π interactions, 

electrostatic, van der Waals or hydrogen bonding), analogous to constructing a house brick by 

brick [8]. This approach utilizes self-assembly and molecular recognition concepts and is often 

applied to obtain structures like nanoparticles, micelles, liposomes, or carbon nanotubes [3,8]. 

Comprehensive characterization of nanomaterials constitutes a fundamental aspect of 

nanoscience and nanotechnology, enabling the development and implementation of novel 

materials. Various methods are employed to evaluate their chemical, physical, and biological 

properties. Techniques like Fourier transform infrared (FTIR) spectroscopy, Raman scattering, 

liquid and solid nuclear magnetic resonance (NMR), as well as X-ray and UV-Vis 
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spectroscopies, allow investigation of atomic structure and chemical composition. To determine 

size, shape, and surface area, electron microscopy, gas adsorption/desorption isotherm with 

BET analysis, dynamic light scattering (DLS), and zeta potential analysis are employed [5]. 

Additionally, specific parameters can be evaluated using dedicated techniques like SQUID or 

electron plasmon resonance (EPR) for assessing magnetic properties or X-ray diffraction 

(XRD) to learn more about the crystallinity of the sample. Thermal stability can be evaluated 

using thermogravimetry (TGA) or differential scanning calorimetry (DSC). 

There is a countless number of nanomaterials of various forms and shapes. Depending on 

the composition, nanoscale materials are usually divided into three classes: inorganic, carbon-

based, and organic [10]. Table 1 illustrates these most commonly utilized types of materials, 

accompanied by selected representative examples.  

• Carbon-based nanomaterials are exclusively composed of carbon atoms and come in 

diverse forms, including fullerenes (e.g., C60), graphene, and carbon nanotubes [11]. 

They harness the unique properties of carbon, such as electrical conductivity, strength, 

and optical capabilities. Carbon-based nanoparticles have versatile applications ranging 

from drug delivery and energy storage to bioimaging and environmental sensing [10]. 

• Inorganic nanomaterials span a wide array of compositions, including metal, ceramic, 

and semiconductor nanoparticles. Whether monometallic, bimetallic, or polymetallic, 

metal nanoparticles exhibit distinctive optical, electrical, thermal, magnetic, and 

biological properties, making them vital in various scientific and technological domains 

[10]. Semiconductor nanoparticles, known for their bandgap tunability, are integral to 

applications like photocatalysis, optics, and electronics [10]. Ceramic nanoparticles, 

primarily composed of metal and metalloid oxides, carbonates, carbides, and 

phosphates, are celebrated for their stability and high load-bearing capacity, rendering 

them indispensable in biomedical, catalytic, and optoelectronic applications [10]. 

• Organic nanomaterials are constructed from various organic compounds such as 

proteins, carbohydrates, lipids, and polymers. They are characterized by their non-toxic 

and biodegradable nature, with some, like liposomes, featuring a hollow core. Organic 

nanoparticles are sensitive to thermal and electromagnetic radiation, and their formation 

often relies on non-covalent interactions [10,11]. These nanoparticles find extensive 
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application in biomedicine, particularly in targeted drug delivery and cancer therapy 

[10]. 

Table 1. Selected groups of nanomaterials with representative examples of their common forms. 

Based on [5,10]. 

Group of nanomaterials Common forms 

Carbon-based Fullerenes: C60, C70, etc. 

Graphene,  

Carbon nanotubes (CNTs): Single-Walled (SWCNTs), 

Multi-Walled )MWCNTs), 

Nanofoam 

 

Inorganic Quantum dots (QD): CdSe, PbS, InP, etc., 

Nanoparticles: Ag, TiO2, ZnO, etc., 

Nanowires: Pt, Si, TiO2, etc., 

Nanorods: Ag, Au, Cu, etc., 

Nanotubes: MoS2, NiCl2, etc. 

 

Organic Nanoparticles: poly(lactic-co-glycolic acid) (PLGA), 

polydopamine (PDA), lipid-based nanoparticles 

(liposomes, micelles, etc.), 

Dendrimers: poly(amidoamine) (PAMAM), 

poly(propylene imine) (PPI), etc., 

Nanowires: polypyrrole (PPy), polyaniline (PAN), etc., 

Nanotubes: polystyrene, polyvinylidene fluoride 

(PVDF), poly(methyl methacrylate) (PMMA), etc. 

 

Polymeric nanoparticles 

Polymeric nanoparticles are one of the most prominent examples of organic 

nanoparticles. Polymers are large molecules composed of numerous repeating units with 

diverse characteristics, leading to a wide range of compositions and properties. In the life 

sciences, both natural and synthetic polymers play significant roles. Natural polymers like 

nucleic acids, proteins, and peptides are fundamental components of biological structures and 

functions [5]. They support genetic and epigenetic processes. On the other hand, modern 
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synthetic methods enable the creation of synthetic polymers with unique physicochemical traits, 

such as robustness, viscoelasticity, and a tendency to form glasses and semicrystalline 

structures [12]. These polymers can be combined to form custom-designed supramolecular 

architectures. The versatility and resulting properties of polymer materials find numerous 

applications in the medical and pharmaceutical fields [12].  

Polymeric nanoparticles can be synthesized using various methods. Standard synthesis 

techniques include nanoprecipitation, emulsification, salting out, ionic gelation, self-assembly, 

and polymerization [12–14]. Nanoprecipitation relies on the controlled mixing of a polymer 

solution in an organic/oil phase and an aqueous phase (usually water or another solvent), which 

induces the precipitation of nanoparticles. The rapid diffusion of the solvent from the polymer 

solution leads to the formation of nanoparticles [12]. Emulsification is a technique where 

an emulsion is formed by mixing an organic phase containing a water-immiscible solvent and 

a preformed polymer with an aqueous phase containing a stabilizing agent. The emulsification 

process involves high-shear agitation to achieve an oil-in-water (o/w) emulsion. Emulsification 

is the initial stage in several combined techniques, such as emulsification-solvent evaporation, 

emulsification-reverse sailing out, or emulsification-diffusion [12,14]. The salting-out 

technique involves creating an oil-in-water emulsion by mixing an organic phase with a water-

insoluble with an aqueous phase containing a stabilizer and a high concentration of the salting-

out agent. The obtained emulsion is then diluted to allow the organic solvent to diffuse into 

the aqueous phase, which results in the formation of polymeric nanoparticles [13,15]. Ionic 

gelation utilizes ionic interactions between oppositely charged molecules to form 

nanoparticles. Polymers with ionic groups are mixed with counterions or cross-linking agents, 

which induce gelation and nanoparticle formation [13,16]. Self-assembly techniques rely on 

the spontaneous organization of amphiphilic polymers or block copolymers to form 

nanoparticles with well-defined structures. The self-assembly process is governed by 

the hydrophobic and hydrophilic interactions, van der Waals attraction, and electrostatic 

interactions between polymer segments [13]. Polymer nanoparticle formation by 

polymerization involves initiating a chemical reaction where monomers come together to form 

long polymer chains. The polymerization process occurs in a controlled environment, allowing 

the nanoparticles to grow and eventually aggregate into larger structures [12]. Emulsion 

polymerization involves the polymerization of monomers in an emulsion system. Monomers 

are dispersed as droplets in an aqueous phase, along with surfactants to stabilize the emulsion. 
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The polymerization is then initiated, leading to the formation of nanoparticles in the dispersed 

phase [12]. 

Table 2 summarizes selected aspects of the presented techniques. Each synthesis method offers 

unique advantages and challenges, providing flexibility in tailoring polymeric nanoparticles for 

specific applications. The ability to control nanoparticle size, shape, composition, and surface 

properties allows for customization to meet the diverse demands of various fields [12]. 

Modifications of polymeric nanoparticles allow for fine-tuning of their properties and 

functionalities. Surface modifications can be achieved through various techniques. Chemical 

conjugation and “click chemistry” are popular techniques for immobilizing ligands 

on the surface of NPs. However, those methods typically involve modifying the ligand and/or 

polymer beforehand with a chemically active group [17]. Stable immobilization of ligands on 

polymeric nanoparticles can also be achieved through electrostatic interactions between 

oppositely charged species or physical adsorption driven by hydrogen bonding or hydrophobic 

interactions. This approach often eliminates the need for chemical modification of the ligand 

and/or nanoparticle termini [17]. Such modifications enhance the stability, biocompatibility, 

and targeting capabilities of polymeric nanoparticles. For example, the attachment of targeting 

ligands, such as small molecules (folate, galactose, estradiol, or biotin), antibodies, peptides, or 

aptamers, to the nanoparticle surface enables specific recognition and binding to target cells or 

tissues, enhancing their selectivity and uptake via receptor-mediated endocytosis [17]. While 

increasing functionality associated with nanoparticles is desirable, it is essential to consider 

scalability and robustness during preparation to ensure reproducible, large-scale production and 

compliance with high pharmaceutical quality standards for safe clinical translation [12]. 

Synthetic or natural polymers can be used to fabricate nanostructures for biomedical 

applications. A desirable polymer should possess biocompatibility, biodegradability, minimal 

toxicity, and non-pyrogenic properties. Additionally, it should have a high drug-loading 

capacity and offer protection against drug degradation [13]. Biodegradable and bioabsorbable 

matrices are generally favored, as they can degrade within the body through hydrolysis or 

enzymatic reactions, eliminating the need for surgical removal after implantation [13]. 

Examples of such polymers include PLGA, poly(caprolactone) (PCL), polyethylene glycol 

(PEG) derivatives, and polydopamine [13,18]. 
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Table 2. Selected synthesis techniques of polymeric nanoparticles. [12,14,19,20] 

Synthesis method Types of NPs Sizes Size-determining factors Benefits Issues 

Nanoprecipitation Micelle, 

nanogel, 

nanospheres, 

nanocapsules 

From >100 to 

300 nm 

Solution viscosity, polymer 

Mw and concentration, 

stirring rate 

 

Simplicity, good 

reproducibility, well-

defined size, narrow size 

distribution, scalability 

Removal of the organic solvent 

and surfactant 

Emulsification-

solvent evaporation 

Micelle, 

nanogel, 

nanocapsules, 

nanospheres 

80-900 nm Polymer concentration, 

ratios between the organic 

and aqueous phase, stirring 

Scalability, quick, 

additional stabilizer not 

required 

Removal of residual monomers 

not suitable for proteins and 

peptides, high volume of the 

aqueous phase 

 

Ionic gelation Nanospheres, 

nanogels 

Typically 10-

500 nm, suitable 

also for 

microparticles 

The concentration of the 

polymer and the cross-

linking agent, pH, and ionic 

strength of the solution 

Relatively cheap 

(expensive equipment or 

reagents are not required)  

and fast 

(can be completed in less 

than 10 h) 

 

Limited control over particle 

size and potential batch-to-batch 

variation 

Sailing-out Nanospheres Several hundred 

nm 

The concentration of salt 

and polymer, pH, and 

temperature 

Monodispersed NPs, 

a variety of shapes and 

aspect ratios, 

unprecedented control 

over particle size, shape, 

chemical composition, 

cargo, modulus, and 

surface properties 

Extensive purification procedure 

to remove the sailing-out agent  

Self-assembly Nanospheres, 

nanocapsules, 

micelles 

Typically 10-

100 nm 

Polymer composition and 

Mw, self-assembly 

conditions 

Well-defined structures 

with controlled size and 

stability 

Complex synthesis, limited 

scalability 

Polymerization Nanospheres, 

nanocapsules, 

micelles, and 

other 

From a few to 

hundreds of nm 

Monomer concentration 

and Mw, reaction time, 

choice of initiators and 

stabilizers, polymerization 

methods 

Ability to encapsulate 

various payloads (e.g., 

drugs, imaging agents) 

Batch-to-batch variation, 

challenges in achieving uniform 

size distribution, and difficulty 

in scaling up the process for 

large-scale production 
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Polydopamine 

Polydopamine is a synthetic form of melanin – a naturally occurring pigment ubiquitous 

in living organisms. Its origin can be traced to the discovery of the adhesive properties 

of dopamine, a catecholamine neurotransmitter found in humans. One notable characteristic is 

its adhesive nature, related to the abundance of catechol moieties assisted by amino groups, 

which allows the formation of conformal coatings on various substrates, including metals, 

ceramics, and plastic materials [21]. This property has led to its use as a surface modifier and 

adhesive in biomedical implants, tissue engineering scaffolds, and biosensors. In addition to its 

adhesive properties, PDA exhibits exceptional biocompatibility, biodegradability, and stability 

under physiological conditions, making it well-suited for biomedical applications. 

The properties such as antioxidant activity, free-radical scavenging, a broad range of light 

absorption, and efficient photothermal conversion are also desirable in designing 

multifunctional therapeutic agents [22]. Thus, PDA often serves in photoacoustic imaging 

(PAI) or photothermal therapy (PTT) applications. In 1960, Longuet-Higgins proposed that 

melanin consists of a conjugated chain of quinonoid units called a quinone-semiquinone 

copolymer [23]. However, the exact structure of melanin and PDA has remained a mystery for 

many years. A comprehensive analysis by Dryer and coworkers allowed a model of the PDA’s 

structure to be proposed. The researchers suggest that PDA is not a covalent polymer but rather 

a supra-molecular aggregate of monomers held together by strong, noncovalent forces such as 

charge transfer, π-stacking, and hydrogen bonding [24]. Studies utilizing UV−Vis 

spectroscopy, crystallography, and density functional theory (DFT) calculations have pointed 

to a chemically disordered structure of melanin [25]. Moreover, it has been shown that the PDA 

structure contains at least two radical species [26].  

Despite tremendous efforts put into elucidating the chemical composition of PDA, its structure 

remains not yet fully understood. However, it is established that PDA can be described as 

a mixture of different oligomers. High-resolution mass spectrometry (HR-MS) analysis 

confirmed the presence of dopamine units within the oligomeric PDA chain [27]. 

The investigation also revealed aminoethyl chains attached to the dopamine units. Liebscher et 

al. proposed another structural model for PDA, suggesting that it consists of a mixture of 

oligomers containing indole units with varying degrees of (un)saturation and open-chain 

dopamine units [27]. These oligomers coexist within the PDA structure, contributing to its 

overall composition. Furthermore, DFT calculations investigated the intermolecular 

interactions between PDA chains. The analyses indicated that charge-transfer interactions 
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between o-quinoid and catechol units play a significant role in the intermolecular interactions 

of PDA chains. 

PDA synthesis can be performed in several ways but is generally based on spontaneous 

oxidation and polymerization of a precursor compound (most commonly commercially 

available dopamine hydrochloride) in alkaline conditions [28]. A simplified pathway of PDA 

formation is presented in Figure 2. 

 

Figure 2. Schematic synthesis of PDA. [29] 

 

The exact mechanism explaining PDA's structural features remains elusive, as it is a complex 

process involving multiple intermediates. However, evidence suggests that the synthesis begins 

with the formation of a semiquinone (rate-determining step, not shown in Figure 2) and 

dopamine quinone in the initial stages. The quinone species can undergo tautomerization, where 

the amino group attacks the β-position of the quinone Michael system. Further oxidative 

dehydrogenation of these intermediates can ultimately result in the formation of indole quinone 

units, also known as dopamine chrome [29]. During the synthesis, these various intermediates, 
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including semiquinone, dopamine quinone, and different tautomeric structures, can randomly 

combine through C-C bond formation to form oligomer species. The specific nature and 

mechanisms of these couplings still need to be better understood [29]. Depending on 

the oxidizing agent used in the synthesis, single electron transfer steps may also be involved, 

generating radical species capable of combining with other radicals or close-shell species. This 

highlights the potential involvement of radical reactions during PDA formation. 

The synthesis conditions, such as temperature, duration, pH, or dopamine (DA) concentration, 

determine the size and morphology of the resulting nanoparticles. PDA provides a valuable 

platform for secondary reactions. Hence, PDA-based NPs can be further modified with various 

functional moieties. 

PDA's versatile properties were employed in various biomedical applications – including 

enzyme immobilization [48], fluorescence imaging [47], sensors [49], ant-bacterial strategies 

[50], and cancer treatment [51]. While the debate regarding its structure is still ongoing, there 

is an agreement that it is composed of indole units with varying degrees of hydrogenation, 

primarily linked by C-C bonds connecting the benzene rings [27]. The vicinity of aromatic rings 

and various functional groups makes PDA nanoparticles potent carriers of different hydrophilic 

and hydrophobic drugs. All the features mentioned above contribute to polydopamine being 

a promising material for creating therapy-combining, imaging-guided nano-drug delivery 

systems (DDS) for cancer treatment. 

 

Polydopamine-based theranostic cancer treatments 

Cancer is a complex and devastating group of diseases characterized by uncontrolled 

cell growth and the ability to invade nearby tissues and spread to other parts of the body [30]. 

Despite significant advancements in research and treatment, it remains a major global health 

challenge (Figure 3A) [31]. Liver cancer is among the most common cancer cases with a high 

mortality rate (Figure 3B). Cancer is a problematic health issue because it can affect various 

organs and tissues, and its heterogeneity makes the development of universal treatment 

approaches highly challenging [30]. 

Traditional cancer treatments like surgery, chemotherapy, and radiation therapy often come 

with side effects and limitations, particularly in advanced cases [32–34]. However, pursuing 

novel cancer research and therapeutic solutions is paramount to overcome these challenges and 

enhance patient outcomes. Researchers and healthcare experts are dedicated to understanding 
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the underlying mechanisms of cancer development and progression, identifying precise 

molecular targets, and crafting more personalized, targeted therapies. This includes cutting-

edge nanoparticle-based approaches like immunotherapies, precision treatments, gene 

therapies, and drug delivery systems [35–39], generally referred to as cancer nanomedicine. 

 

Figure 3. Cancer statistics. Estimated number of A) new cases of cancer and B) cancer-related deaths 

in 2020 worldwide. [31] 
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Nanomedicine is a field of medical science leveraging nanotechnology to diagnose, treat, and 

prevent diseases, including cancer [2]. By employing nanoscale materials to interact with 

biological systems at the molecular and cellular levels, nanomedicine offers unique advantages 

like targeted drug delivery, enhanced imaging capabilities, and the capacity to overcome 

biological barriers, making it a promising avenue for more effective and precise medical 

interventions [2,12]. One exciting frontier in this battle against cancer involves harnessing 

nanoparticles in DDS, allowing for targeted delivery of therapeutic agents directly to the tumor 

while minimizing harm to healthy tissues. Furthermore, nanoparticles introduce additional 

modalities to anticancer strategies, such as supplementary therapeutic or imaging techniques. 

Multimodal therapy combines multiple treatment approaches, such as chemotherapy, 

radiotherapy, phototherapy, or immunotherapy, to augment therapeutic efficacy [40]. This 

strategy capitalizes on the complementary mechanisms of different therapies to target cancer 

cells from multiple angles, resulting in synergistic effects and potentially overcoming drug 

resistance. Advances in research and therapeutic approaches hold the promise of more effective, 

less toxic, and individualized treatments, ultimately leading to improved survival rates and 

better quality of life for patients. The continuous advancement of our understanding and 

treatment options aims to attain better control and hopefully eradicate cancer. 

Multimodal therapy and theranostic DDS are highly attractive in biomedical applications, 

particularly in cancer treatment, due to their potential to address multiple challenges in cancer 

management. Theranostic DDS refer to nanoscale carriers that not only deliver therapeutic 

agents to specific sites but also enable simultaneous diagnostic imaging, allowing real-time 

monitoring of treatment efficacy. By integrating therapy and diagnostics in one platform, 

theranostic systems offer personalized treatment strategies, improved targeting of cancer cells, 

and reduced off-target effects [41]. This holds a promise of better patient outcomes and 

minimized side effects compared to traditional treatments [41].  

Polymeric nanoparticles play an important role in research on novel therapies based on 

the theranostic concept. They serve as carriers for therapeutic agents, including drugs, genes, 

and imaging agents, enabling controlled release, improved bioavailability, and targeted delivery 

to specific cells or tissues [42]. Polymeric nanoparticles can encapsulate hydrophobic and 

hydrophilic drugs, protecting them from degradation, improving their stability, and enhancing 

their therapeutic efficacy [12]. Additionally, the nanoparticles can be functionalized to enhance 
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their interactions with biological systems, improve stability, and facilitate specific targeting 

mechanisms [43]. 

Polydopamine is an attractive material for multimodal therapy and theranostic approach due to 

its unique properties (Figure 4) [44]. PDA is biocompatible, biodegradable, and exhibits 

excellent photothermal conversion ability, enabling photothermal therapy [45]. PTT uses laser 

irradiation to heat and ablate tumor cells locally, leading to cancer cell death while sparing 

healthy tissue [46]. PDA can also be a versatile coating material, allowing easy 

functionalization with various therapeutic agents, imaging probes, and targeting ligands for 

specific cancer cell recognition [18]. Furthermore, PDA possesses intrinsic fluorescence, 

making it suitable for imaging and tracking the distribution of nanoparticles in vitro [47]. 

The abundance of aromatic rings favors an ability to chelate metal ions, such as Zn2+, Fe2+/3+, 

Gd3+, Mn2+, and 64Cu, which enables the synthesis of PDA-based probes for various bioimaging 

techniques, including positron emission tomography (PET) [48], computed tomography (CT), 

and MRI [49,50]. 

 

 

Figure 4. Elements of PDA-based nanotheranostic systems. Created with BioRender.com. Based 

on [51]. 
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As stated earlier, PDA serves not only as an effective drug carrier but also as a proficient 

photothermal agent. This enables the potential for simultaneous implementation of PTT and 

chemotherapy by integrating chemotherapeutics with nanoformulations containing PDA. 

Examples of PDA-based combined therapy include PEG-modified cisplatin (CP)-loaded PDA 

(PDA-PEG-CP) NPs for combined PTT and chemotherapy [52]. A similar system but loaded 

with DOX or SN38 was proposed by Wang et al. [53]. Li and co-workers reported on PDA-

arginine-glycine-aspartic-cysteine acid/doxorubicin (PDA-RGDC/DOX) for photoacoustic 

imaging-guided targeted PTT and chemotherapy [54]. Other examples include simultaneous 

PTT and photodynamic therapy (PDT) achieved using nanoformulations incorporating PDA 

with photosensitizers (PSs) such as Ce6 [55,56]. Other multimodal systems include nuclear-

imaging-guided combined radioisotope therapy (RIT) and chemotherapy [57] or PTT and 

immunotherapy with dual-mode fluorescence and multispectral optoacoustic tomography 

(MSOT) imaging [58]. Whan and co-workers proposed an exciting strategy for anticancer 

treatment by combining PTT, immunotherapy, and chemodynamic therapy within a single DDS 

[59]. Additionally, the polydopamine-multiprotein conjugates (DmPCs) enabled fluorescence-

based real-time tumor imaging. 

Overall, polydopamine's adhesive nature, biocompatibility, surface functionalization 

capabilities, and straightforward synthesis make it a promising material for various biomedical 

applications, including novel cancer treatment strategies. Its beneficial properties offer exciting 

avenues for biomedical research and technology advancements. 

 

Delivery of nanoparticles to cancer cells 

The efficient delivery of nanoparticles to cancer cells is critical for achieving therapeutic 

efficacy and minimizing off-target effects. Several strategies have been developed to enhance 

the delivery of NPs to tumors, including the enhanced permeability and retention (EPR) effect, 

targeted delivery, and biomimetic approach. 

Passive targeting to the tumor sites relies on the EPR effect - a phenomenon observed in solid 

tumors characterized by leaky blood vessels and impaired lymphatic drainage [60]. 

The abnormal tumor vasculature allows nanoparticles to passively extravasate and accumulate 

within the tumor tissue, driven by enhanced permeability and reduced clearance [60]. The EPR 

effect is influenced by factors such as tumor type, stage, and vascular permeability [61]. 

Nanoparticles with sizes of 50-300 nm are considered optimal for EPR-based tumor 
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accumulation. EPR offers several advantages for nanoparticle delivery to cancer cells [43]. 

It can increase the local concentration of therapeutic agents while reducing their systemic 

distribution [61]. Long-term blood circulation is essential for effective passive targeting [43]. 

Modifications of the nanoparticle surface to avoid preliminary clearance by 

the reticuloendothelial system (RES) include anti-fouling and/or stabilizing agents [61]. Surface 

functionalization with PEG is one of the most common methods for prolonging blood 

circulation [43]. However, there have been reports about the unexpected clearance of 

PEGylated materials in vivo after repeated administration [62]. Moreover, it is important to note 

that the extent of the EPR effect can vary among different tumors and patients, emphasizing the 

need for personalized medicine approaches [43]. 

Actively targeted delivery aims to guide nanoparticles to cancer cells by exploiting specific 

interactions between the nanoparticles and cancer cell receptors or antigens. This approach 

enhances the specificity of nanoparticle accumulation in cancer cells, increasing therapeutic 

efficacy while minimizing side effects [43]. Targeted delivery can be achieved through various 

strategies: 

• Ligand-based targeting: Nanoparticles can be functionalized with targeting ligands 

such as antibodies, peptides, or aptamers with high affinity and selectivity for cancer 

cell markers [61]. These ligands recognize and bind to specific receptors or antigens 

overexpressed on the surface of cancer cells, enabling specific nanoparticle-cell 

interactions [43]. Ligand-based targeting enhances the cellular uptake of nanoparticles 

by cancer cells and improves their therapeutic efficacy [51]. 

• Magnetic targeting: Magnetic nanoparticles can be guided to the tumor site using 

an external magnetic field [63]. This approach enables the precise localization of 

nanoparticles to the tumor, increasing their accumulation and contact with cancer cells.  

• Biomimetic approach: Biomimetic nanoparticles represent a promising strategy 

inspired by the natural cell structures and behaviors [64]. These nanoparticles mimic 

the surface characteristics, functionalities, and interactions of biological entities, 

including cells, to enhance their delivery to tumors [65]. Biomimetic nanoparticles offer 

several advantages for cancer cell targeting and delivery. They can improve nanoparticle 

stability, enhance cellular uptake, and enable specific interactions with cancer cells [66]. 

By mimicking the natural characteristics of cells, biomimetic nanoparticles show 

improved selectivity and efficiency in delivering therapeutic agents [65]. 
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Cell membrane-coating technology 

 The fusion of biomimicry and advanced nanotechnology has sparked revolutionary 

advancements in the field of biomedicine. Among the trends shaping this field, membrane 

coating technology plays a pivotal role. This innovative approach leverages the intrinsic 

properties of cellular membranes to enhance the functionality of synthetic nanoparticles, 

promising breakthroughs in precision-targeted and personalized therapeutic strategies. 

The choice of cellular membranes as coating materials for nanoparticles is essential in 

engineering biomimetic nanosystems. Different sources of cellular membranes offer distinct 

attributes that contribute to the multifunctionality and therapeutic potential of the resulting 

nanocomplexes. The most common membrane sources for biomimetic anticancer systems 

include: 

• Red blood cells (RBC) – the inherent biocompatibility of RBC membranes, coupled 

with their stealth-like characteristics, enables coated nanoparticles to navigate 

the bloodstream and prolong the circulation with minimal immune recognition [67]. 

The inherent RBC membrane protein can prevent the nanocarrier from phagocytosis 

[68]. 

• Cancer cells - these membranes harbor tumor-specific antigens and receptors, 

facilitating the homing of coated nanoparticles to cancerous tissues. Cancer cell 

membranes can enhance site-specific drug delivery, reduce off-target effects, and hold 

potential for early cancer detection through biomarker recognition [69]. 

• Platelet cells - platelet membrane-coated nanoparticles can exploit the natural tendency 

of platelets to accumulate at sites of injury, including tumor sites. This biomimetic 

approach can enhance the specific delivery of therapeutics to tumors, leading to 

increased therapeutic efficacy and reduced off-target effects [70]. 

• Stem cells - Stem cells have the ability to migrate toward areas of inflammation, which 

is often a characteristic of tumor microenvironments [71]. Stem cell membrane-coated 

nanoparticles can leverage this property to improve targeted drug delivery [72]. 

• White blood cells (WBC) – WBC, including macrophages, leukocytes, lymphocytes, 

and neutrophils, possess immunomodulatory and antigen-presenting capabilities [65]. 

When applied as DDS coating, WBC membranes enhance tumor targeting of 

the nanoformulations [73,74]. 

• Hybrid membranes - created by fusing membranes from different cell types. 

The hybrid membrane-coated nanoparticles can combine the advantageous properties 
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of multiple cell types for enhanced cancer treatment [75]. For instance, combining 

cancer cell and macrophage cell membranes can potentially increase drug delivery 

efficiency by combining the macrophage cells' ability to follow inflammation sites and 

the homologous targeting properties of cancer cells [76].  

In the field of cancer treatment, utilizing membranes from different cell sources for coating 

nanoparticles offers a biomimetic approach that enhances targeting, drug delivery, and 

therapeutic efficacy (Figure 5). By mimicking the natural properties of these cells, membrane-

coated nanoparticles hold promise for improving the precision and success of cancer therapies. 

 

 

Figure 5. Selected aspects of different membrane sources for polymer-based membrane-coated 

anticancer drug delivery systems. [65] 

 

The process of isolating cellular membranes plays a crucial role in the development of cell 

membrane-coated nanoparticles. The method employed depends on the cell type under 

consideration. For akaryote cells like erythrocytes and platelets, differential centrifugation is 

commonly utilized to separate these cells from blood samples [77,78]. Subsequently, the cells 

are lysed, and the membrane fraction is purified. On the other hand, karyocyte cells, such as 
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cancer cells, require a preliminary lysis step before isolating the membranes. This is often 

accomplished through techniques such as hypotonic buffer treatment or extrusion. Purification 

of the membrane fraction can be achieved using discontinuous sucrose gradient centrifugation, 

facilitating the separation of various fractions of cellular biomacromolecules [79]. 

Commercially available membrane protein extraction kits are also employed for this purpose. 

Careful handling of the isolation procedure is paramount to maintaining the membranes' 

biological functionality. The addition of protease inhibitors is recommended to prevent 

enzymatic degradation. 

 

 

Figure 6. Standard techniques used in membrane-coating technology. A) Mini-extruder, B) Bath 

sonicator, C) High power sonicator with two sonication setups: head with a water tank (top right) and 

tip sonicator (bottom right), D) A chip used in a microfluidics technique. 
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Various techniques are employed to coat nanoparticles with isolated cellular membranes, each 

with advantages and limitations. The most commonly used methods are co-extrusion, 

sonication, and microfluidic systems with electroporation (Figure 6). Co-extrusion involves 

the sequential passage of the membrane vesicles and the nanoparticles through a porous 

polycarbonate membrane [80]. This creates fused structures through mechanical adsorption 

forces between the membrane vesicles and the nanoparticle surface. Although efficient, 

sonication requires careful sonication power control to prevent the temperature-induced 

denaturation of functional receptors on the cell membrane vesicles [81]. Microfluidic systems 

coupled with electroporation offer a high degree of control and flexibility in the coating process, 

allowing for the optimization of the membrane coating procedure in terms of uniformity, fusion 

efficacy, and minimal protein denaturation [82]. 

Integrating cellular membranes onto nanoparticles has significantly enhanced their colloidal 

stability [62]. Research indicates that these coated formulations can be stored for up to 15 days 

in aqueous media, such as phosphate-buffered saline (PBS) buffer. It has been suggested that 

the lyophilization process could further extend the shelf-life of cell membrane-coated 

nanoparticles, contributing to their long-term stability during storage [83]. 

The properties of nanoparticles significantly impact the success and quality of cellular 

membrane coating. Recent investigations into nanoparticle size (ranging from 80 to 200 nm) 

have revealed that while macrophage uptake remains unaffected, larger particles tend to 

accumulate more in the liver and exhibit accelerated clearance from the bloodstream [84]. 

An exploration of the interaction between polymeric cores and RBC membrane coatings 

showcased that successful coating occurs within a size range of 65 to 340 nm [85]. Notably, it 

was shown that the negative charge of the nanostructures was necessary for the proper 

translocation of the cell membrane onto their surface. Coating of positively charged NPs may 

result in unfavorable interactions between the coating and the core, leading to particle 

aggregation. The shape is another essential factor influencing cell membrane coating. Despite 

their increased curvature, anisotropic nanoparticles can be coated successfully with cell 

membrane vesicles, similarly to their spherical counterparts [86]. However, the geometry of 

nanoparticles influences biodistribution, therapeutic efficacy, and interactions with cells, 

presenting a complex relationship between shape and functional outcomes. Nanoparticles with 

a discoidal shape exhibit heightened resistance to non-specific cellular elimination upon 

systemic administration compared to their spherical counterparts [87]. Diverse morphologies 

can influence cellular interactions by virtue of variations in surface area-to-volume ratios, 
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potentially activating numerous intracellular signaling pathways [88,89]. Additionally, 

the membrane coating's integrity emerges as a pivotal factor in this context. Investigations 

reveal that approximately 10% of coated nanoparticles exhibit complete encapsulation, while 

roughly 40% exhibit a coating degree surpassing 20% [90]. Nevertheless, even partially coated 

nanoparticles can still harness the benefits of the membrane fragments on their surface, 

facilitating cancer cell targeting and evading immune surveillance. 

Characterizing the successful coating of nanoparticles with cellular membranes requires 

a combination of physicochemical and biological techniques. Transmission electron 

microscopy (TEM) imaging confirms the core-shell structure of the coated nanoparticles. DLS 

measurements provide insights into particle size distribution and stability. Zeta potential 

measurements assess surface charge, which can influence particle interactions. Sodium 

dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis and western blotting 

are employed to analyze the protein content of the coated nanoparticles. While these techniques 

confirm protein presence, they cannot quantify encapsulation efficiency accurately [65]. 

Numerous studies have previously explored the integration of PDA NPs into cell-coating 

technologies for cancer treatment. However, this area was not extensively exploited at the start 

of this project (October 2019). In 2018, Mu and co-workers developed Fe3O4@PDA NPs coated 

with mesenchymal stem cells, serving as siRNA carriers gene and photothermal therapy [91]. 

In the same year, Liu et al. introduced hemoglobin-bearing PDA NPs coated with RBC 

membranes for combating hypoxia-mediated tumor resistance to photodynamic therapy [92]. 

In 2019, Pan et al. developed aspirin-loaded PDA nanocapsules coated with 4T1 cancer cell 

membrane – an anti-inflammatory DDS for tumor-targeted PTT [93]. In 2020, Zhang and 

collaborators proposed a novel DDS composed of umbilical cord mesenchymal stem cell 

membrane-coated polydopamine nanoparticles encapsulating SN38, designed for the treatment 

of malignant bone tumors [94]. Another system was proposed in 2021 by Cao et al., who 

reported on a two-photon excited PDA-Mn2+ coated with cancer cell (HeLa) membrane to 

create a targeted antitumor therapy system [95]. In the same year, Mu et al. developed stem cell 

membrane-camouflaged PDA NPs carrying DOX and PD-L1 siRNA for targeted 

chemoimmunotherapy of prostate cancer bone metastases [72]. Moving forward to 2022, 

Guo et al. published a notable study on PDA-based DDS coated with MNNG/HOS cell 

(osteosarcoma) membranes for the purpose of targeted therapy in hypoxic tumors, aiming to 

remodel the tumor microenvironment [96]. In the same year, Ren and co-workers reported on 

DOX-loaded mesoporous PDA NPs coated with platelet cell membranes for combined 
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chemotherapy and PTT of human breast cancer [97]. An interesting approach was proposed by 

Xiao et al. in 2023. The researchers developed a DDS composed of PDA-modified gold 

nanostar NPs coated with cell membrane isolated from anti-PD-L1 single-chain variable 

fragment (scFv) over-expressing cells for enhanced colorectal cancer immunotherapy [98]. 

Table 3 shows representative examples of membrane-coated PDA-based DDS for cancer 

treatment. This research seeks to approach this topic from a novel perspective, offering fresh 

insights and innovative contributions to the field. 

 

Table 3. Representative examples of membrane-coated PDA NPs for anticancer treatment. [99] 

Membrane 

source 

Tumor Targeting Application Ref. 

stem cells prostate cancer 

bone metastases 

active cancer cells 

targeting by stem cell 

membrane 

chemoimmuno-/ gene 

therapy (DOX, PD-L1-

targeting siRNA) 

[72] 

cancer cells  

(HeLa) 

cervical carcinoma homologous targeting chemodynamic/phototherma

l therapy, two-

photon/photoacoustic/magne

tic resonance imaging 

(Mn2+) 

[95] 

platelet cells breast cancer specific targeting of tumor 

cells by platelet membrane 

chemo-/photothermal 

therapy (DOX) 

[97] 

umbilical cord 

mesenchymal 

stem cells 

malignant bone 

tumor 

tumor-specific targeting of 

stem cell membrane 

chemo-/photothermal 

therapy (SN38) 

[94] 

red blood cells triple-negative 

mouse breast 

cancer 

passive targeting photodynamic therapy, 

photoacoustic imaging (Hb, 

MB) 

[92] 

cancer cells  

(4T1) 

triple-negative 

mouse breast 

cancer 

homologous targeting photothermal treatment, 

drug delivery (Aspirin) 

[93] 

 

Overall, in the realm of cancer treatment, the evolution of membrane-coated nanoparticle 

systems stands as a promising stride toward precision therapy. By harnessing the biomimetic 

properties of diverse cellular sources, these systems hold the potential to redefine therapeutic 

approaches, offering enhanced targeting, reduced immunogenicity, and synergistic multimodal 

therapies for more effective and personalized cancer interventions. 
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2 
AIM OF THE STUDY 

 

his chapter outlines the primary objectives established for this research, driven by a deliberate 

interdisciplinary approach aimed at harnessing the collective expertise and insights from diverse 

fields. These objectives were formulated to leverage the multifaceted knowledge acquired 

throughout the study, contributing to a comprehensive and holistic understanding of the research 

landscape. 

 

 The primary objective of this study was the development of a biomimetic drug 

delivery system coated with membranes designed for precise tumor targeting while 

enabling multimodal therapy and real-time imaging. Porous polydopamine NPs were 

judiciously chosen as the core material for the nanocarriers, given their inherent photothermal 

properties and remarkable drug-loading capacity. At the outset of this project, the realm of 

membrane-coated PDA-based nanoformulations remained relatively uncharted, presenting 

an opportune research niche. As previously discussed, the spectrum of membrane sources 

encompasses various origins. In this study, cancer cells were selected as the primary source for 

membrane coating due to their remarkable homologous targeting potential. Liver cancer was 

selected as a model cancer type for the study. Hence, the hepatocellular carcinoma cell line 

(HepG2) was used as the membrane source. The development of this theranostic system was 

meticulously pursued with keen attention to the following aspects: 

• Synthesis of PDAFe Nanoparticles: Developing a one-pot synthesis method to 

fabricate Fe-modified porous PDA nanoparticles with desirable properties, including 

controlled size and paramagnetic characteristics. 

• Membrane Coating: Investigating the process of coating the PDAFe nanoparticles 

with membranes extracted from HepG2 cancer cells, ensuring successful integration 

and stability of the biomimetic nanoparticles. 

• Drug Loading and Release: Developing a drug delivery system by loading 

the nanoparticles with doxorubicin (DOX) and characterizing the drug release profiles 

under different biological conditions to optimize therapeutic efficacy. 

• In Vitro Studies: Conducting comprehensive in vitro studies to evaluate the cellular 

internalization, cytotoxicity, and therapeutic effectiveness of the membrane-coated 

T 
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DOX-loaded nanoparticles on liver cancer cells (HepG2) compared to non-coated 

nanoparticles. 

• Combined Therapy: Assessing the potential for combined photothermal therapy and 

chemotherapy by exploiting the photothermal properties of the nanoparticles and 

evaluating their efficacy in eradicating liver cancer cells. 

• MRI Imaging: Investigating the nanoparticles' suitability for magnetic resonance 

imaging (MRI) as a dual-function theranostic agent, providing real-time monitoring and 

imaging capabilities during treatment. 

• Characterization and Analysis: Performing extensive physico-chemical and 

biological analyses to characterize the nanoparticles, assess their stability, and gain 

insights into their interactions with biological systems. 

• Targeted Liver Cancer Treatment: Evaluating the potential of the developed drug 

delivery system for targeted treatment and imaging of liver cancer, with a focus on 

enhancing therapeutic outcomes while minimizing off-target effects. 

• Contribution to Nanomedicine: Contributing to the field of nanomedicine by 

addressing the gap in the literature regarding the synthesis and application of membrane-

coated PDA-based nanoparticles for liver cancer therapy and imaging.  
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3 
MATERIALS AND METHODS 

 

his chapter summarizes all of the reagents, techniques, and methods that were applied to achieve 

the goals of my doctoral thesis. The methods and techniques used for nanoparticle synthesis, 

characterization, and in vitro and in vivo examination are concisely introduced to justify their use and 

assure that the presented analyses were carried out reliably. 

 

Materials 

Citric acid (≥99.5%), (Gadolinium(III) chloride hexahydrate (99%), Iron (III) chloride 

hexahydrate (98.0-102%), L-Glutathione reduced (GSH, ≥98.0%), Mesitylene (1,3,5-

trimethylbenzene, TMB, 97%), Pluronic® F-127, Trizma® base 

(Tris(hydroxymethyl)aminomethane), ≥99.9%, Hank’s Balanced Salt Solution (HBSS) buffer, 

Fetal Bovine Serum (FBS), phosphate-buffered saline (PBS) buffer (with or without Ca2+ and 

Mg2+), SDS Gel Preparation kit, antibiotic antimycotic solution (10000 units penicillin, 

10 mg/ml streptomycin, 25 μg/ml amphotericin B), Menadione, Sodium citrate tribasic 

dihydrate  ≥99.0%, Sodium dodecyl sulfate (SDS), Glycine, Tween® 20, Muse® Oxidative 

Stress Kit, Muse® Count&Viability Assay Kit, primary antibodies (Anti-Glypican 3, Anti-

Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH), Anti-Na+/K+ ATPase α1), and 

secondary antibody: Anti-Rabbit IgG (H+L), CF™ 488A produced in F(ab’) fragment of goat 

were purchased from Sigma-Aldrich. Methanol (r.g.) was purchased from P.P.H. “STANLAB” 

Sp. z o.o. Dopamine hydrochloride (99%) was purchased from Alfa Aesar. Ethanol (99.6%) 

and acetone (r.g.) were purchased from Avantor Performance Materials Poland S.A. (formerly 

POCH S.A.). ATTO 550 was purchased from ATTO-TEC GmbH. RED-NHS was purchased 

from NanoTemper Technologies GmbH. Fluorescent dyes (calcein AM, ethidium homodimer1, 

Hoechst 33342, concanavalin A AlexaFlour 647 conjugate, SYTOX Green), 

16% formaldehyde solution, trypsin-EDTA (0.25%) solution, cell media Dulbecco's Modified 

Eagle Medium (DMEM 4.5 g/l glucose, L-glutamine and 3.7 g/l sodium bicarbonate, w/o 

sodium pyruvate), Minimum Essential Medium Eagle (MEM 4.5 g/l glucose, L-glutamine and 

3.7 g/l sodium bicarbonate, w/o sodium pyruvate), sodium pyruvate (100 mM), non-essential 

amino acids solution (100X), Dulbecco’s Phosphate Buffered Saline (DPBS), secondary 

antibody: Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed (Alexa Fluor™ Plus 488), 

T 
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Mem-PER™ Plus Membrane Protein Extraction Kit, Pierce BCA Protein Assay Kit, 

and Click-iT™ Plus EdU Cell Proliferation Kit for Imaging, Alexa Fluor™ 488 dye were 

purchased from Thermo Fisher Scientific Inc. WST-1 Cell Proliferation Reagent was purchased 

from Takara Bio. Doxorubicin (DOX), Hydrochloride Salt, >99%, was purchased from LC 

Laboratories. Manganese (II) chloride tetrahydrate, 98%, was purchased from ROTH. Uranyl 

acetate, 98%, was purchased from Polysciences. 

Slide-A-Lyzer™ Dialysis Cassettes, 3.5K MWCO and 8-well Nunc Lab-Tek II Chambered 

Coverglass were purchased from Thermo Fisher Scientific Inc. Avanti® mini-extruder and 

extruder polycarbonate membranes were purchased from Avanti Polar Lipids. TEM grids 

(Lacey Formvar/Carbon, 300 mesh, Copper approx. grid hole size: 63µm) were purchased from 

Ted Pella Inc. Disposable folded capillary cells were purchased from Malvern Panalyical Ltd. 

Polystyrene cuvetted (10x10x45 mm) were purchased from SARSTEDT AG & Co. KG. 

Cell lines: HepG2, MRC-5, and U-118 MG cells were purchased from the American Type 

Culture Collection (Manassas, VA, USA). 

 

Methods 
 

Preparation of membrane-coated nanoparticles 

Synthesis of porous PDAMe nanoparticles 

The synthesis method was based on a previously established protocol [100]. Briefly, 

Pluronic® F-127 (0.36 g, 0.03 mmol) was dissolved in 60 mL ethanol and 65 mL water. 

Subsequently, TMB (0.36 g, 2.99 mmol) was added to the solution and stirred for 30 min. Then, 

Trizma® base (90 mg, 0.74 mmol) in 10 mL of water was added to the reaction, followed by 

dopamine hydrochloride (60 mg, 0.32 mmol). The reaction solution was stirred at RT for 24 h. 

A metal source was added at a chosen time point to obtain metal-PDA nanoparticles. The metal 

sources used include FeCl3·6H2O (72 – 150 mg, 1.29 – 2.69 mmol of metal), GdCl3·6H20 

(72 – 150 mg, 0.46 – 0.95 mmol of metal), and MnCl2·4H20 (72 – 150 mg, 1.31 – 2.73 mmol 

of metal). The tested addition time points were between 1 and 21 h after the synthesis was 

started. The obtained nanoparticles were purified by four series of 30-min bath sonication 

followed by high-speed centrifugation (22 000 rpm, 15 min) with a mixture of ethanol and 

acetone (2:1 v/v%, 40 mL). The nanoparticles were stored in ethanol in cold conditions. 
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Fluorescent staining 

Several biological assays required the use of fluorescently stained nanoparticles. Hence, 

2 mL of NPs solution in water (1 mg/mL) was mixed with 995 µL borate buffer pH 8.5 and 

5 µL of ATTO 550 or RED NHS dye. The solution was stirred in darkness for 24 h (300 rpm) 

and then dialyzed for 72 h against water using Slide-A-Lyzer™ Dialysis Cassettes, 3.5K 

MWCO. 

 

Drug loading and release 

The MPDAFe NPs were loaded with a doxorubicin drug. Briefly, a DOX stock solution 

(1 mg/mL) was prepared by dissolving doxorubicin·HCL powder in PBS buffer (10 mM, pH 

7.4) and then sonicating until a clear solution was obtained. Then, 1 mL of diluted stock DOX 

solution (0.5 mg/mL) was added to 1 mg of NPs and left overnight under shaking (550 rpm). 

Next, the free drug and physically absorbed DOX were removed by several series of washing 

with pH 7.4 PBS buffer, followed by centrifuging the drug-loaded NPs until no DOX signal 

was observed in the supernatant. The supernatant was collected and subsequently measured 

using UV-Vis spectroscopy to evaluate the amount of unloaded DOX. The following formulas 

were applied to calculate the drug loading and encapsulation efficiency: 

 

% 𝑑𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 =   𝑚𝑑/𝑚𝑁𝑃𝑠  ∙ 100%      (1) 

% 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =   (𝑚0 − 𝑚𝑓)/𝑚0  ∙ 100%   (2) 

 

where md is the amount of the drug entrapped in NPs, mNPs is the total weight of the NPs, m0 is 

the initial amount of the drug, and mf is the amount of the free (not loaded) drug. 

The drug release was examined using buffers mimicking different physiological conditions and 

with and without 808 nm NIR laser irradiation. Briefly, 1 mg of MPDAFe@DOX was mixed 

with 1 mL of appropriate buffer (citric buffer (10 mM, pH = 4.5); citric buffer (10 mM, 

pH = 4.5) with 10 mM GSH; PBS buffer (10 mM, pH = 7.4); PBS buffer (10 mM, pH = 7.4) 

with 10 mM GSH) at 37 °C under shaking (550 rpm) to determine the effect of pH and laser 

irradiation on the character of drug release. The samples were collected at various time intervals 

(1 h, 2 h, 4 h, 6 h, 24 h, 48 h, and 72 h). The collected supernatant was evaluated for the DOX 

content using a standard curve method, based on which the release curve was prepared. 

The experiment involving laser irradiation began with irradiating the samples for 5 min with 

an 808 nm laser (6 W/cm2). The first control of the release was collected immediately after 
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the irradiation (time = 0 h), and then the experiment was carried on in the same manner 

described above. Three repetitions of each experiment were performed, and the mean value 

with standard deviation was used to express the results of active ingredient release. Following 

this, the data were fitted into five different mathematical models: zero-order, first-order, 

Higuchi's, Korsmeyer-Peppas, and Hixson-Crowell [101]. This analysis aimed to study 

the kinetics and the mechanism of the process. The correlation coefficient (R2) was calculated 

to determine each model's fit. 

 

Membrane isolation  

The cancer cell membranes were sourced from HepG2 cells. A Mem-PER™ Plus 

Membrane Protein Extraction Kit was used to isolate the cell membranes containing the natural 

membrane proteins. The cells were grown in MEM medium supplemented with 10% FBS, 

1% antibiotics, non-essential amino acids, and sodium pyruvate. The experimental procedure 

involved a series of sequential steps to prepare and isolate cells. Initially, the cells were 

resuspended in the growth media by gently scraping them off the plate surface using a cell 

scraper, resulting in a suspension of 5 × 106 cells. This suspension was then centrifuged at 

300 × g for 5 min to form a cell pellet. To eliminate potential contaminants, the cell pellet was 

washed with 3 mL of Cell Wash Solution and centrifuged at 300 × g for 5 min. Following 

the removal of the supernatant, the cells were resuspended in 1.5 mL of Cell Wash Solution and 

transferred to a 2 mL centrifuge tube. Another centrifugation step at 300 × g for 5 min was 

performed, and the resulting supernatant was discarded. For permeabilization, the cell pellet 

was treated with 0.75 mL of Permeabilization Buffer, briefly vortexed to ensure a uniform cell 

suspension, and incubated at 4 °C with continuous mixing for 10 min. Subsequently, 

the permeabilized cells were centrifuged at 16 000 × g for 15 min, and the supernatant, 

containing cytosolic proteins, was cautiously collected and transferred to a new tube. 

To solubilize the pellet, 0.5 mL of Solubilization Buffer was added, and the mixture was 

resuspended by gentle pipetting. The tubes were then incubated at 4 °C for 30 min with 

continuous mixing. Finally, the tubes underwent centrifugation at 16 000 g for 15 min at 4 °C, 

and the resulting supernatant, containing solubilized membrane and membrane-associated 

proteins, was carefully transferred to a fresh tube. After isolating the membranes, the protein 

content was determined using a BCA assay, and the membrane isolates were lyophilized and 

stored at – 80 °C until used. 
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Nanoparticle coating with cell membranes 

Membrane fragments obtained from the membrane isolation described above were used 

to coat the nanoparticles in order to develop a membrane-coated drug delivery system and 

benefit from the inherent properties of natural cell membranes. Before use, the membrane 

isolates were reconstituted in water and sonicated using a bath sonicator for 10 min. 

The membrane vesicles were then obtained by extruding the membrane solution 20 times 

through polycarbonate filters (0.8 µm) using an Avanti® mini-extruder equipped with gas-tight 

syringes. MPDAFe or MPDAFe@DOX nanoparticles (1 mg/mL in water) were mixed with 

the membrane vesicles (1 mg of protein/mL in water). The mixture was sonicated with a high 

power sonicator with a water-tank head (Figure 6C), and then the solution was extruded 

10 times through polycarbonate filters (0.8 µm). The coated nanoparticles (MPDAFe@Mem or 

MPDAFe@DOX@Mem) were lyophilized and stored at -80 °C if not used immediately. 

 

Physicochemical characterization of nanoparticles 

Transmission Electron Microscopy and Energy-dispersive X-ray spectroscopy 

TEM is a powerful technique that allows obtaining high-resolution images and detailed 

structural information of materials at the atomic scale. The electron beam used in TEM has 

a significantly shorter wavelength than photons in visible light, making it possible to achieve 

subnanometer resolution. In fact, TEM can achieve resolutions under 1 nm, well below 

the capabilities of even the highest-resolution light microscopes, which typically have 

a resolution of around 200 nm [102]. In a typical TEM setup, a beam of high-energy electrons 

is focused onto a thin sample. The electrons that pass through the sample are collected and 

projected onto a screen or detector to form an image [103]. The interaction between the electron 

beam and the sample can reveal information about the sample's composition, crystal structure, 

defects, and other properties. By manipulating the electron beam and sample position, it is 

possible to perform various analytical techniques, such as diffraction, imaging, and 

spectroscopy, to study the material's properties in detail [9].  

Although TEM is a powerful tool for studying materials at the atomic scale, there are also some 

limitations to this technique. It is unsuitable for studying bulk materials, as the electron beam 

can only penetrate a few hundred nanometers into the sample. Additionally, TEM samples must 

be under vacuum, which limits the study of certain biological or hydrated samples [102]. TEM 

is also limited in its ability to provide information about the sample's chemical composition. 

Energy-dispersive X-ray spectroscopy (EDS) can be used in conjunction with TEM to obtain 

chemical information. EDS works by detecting the X-rays emitted when electrons in the sample 
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are excited by the electron beam used in TEM. When the electron beam interacts with 

the sample, it can cause the electrons in the sample to move to higher energy levels. When these 

electrons return to their original energy levels, they release energy in the form of X-rays [104]. 

The energy of these X-rays is characteristic of the element from which they were emitted. EDS 

detects and measures these X-rays, allowing the sample’s composition to be determined. 

To perform EDS in TEM, a detector is positioned behind the sample, and the X-rays emitted 

from the specimen pass through a thin window and into the detector. The detector measures 

the energy of the X-rays, and the resulting spectrum can be used to identify the elements present 

in the sample [104]. 

Limitations to EDS include sensitivity and spatial resolution. Although virtually all elements 

(apart from hydrogen and helium) can be detected by modern EDS systems, some, such as 

beryllium and lithium, require dedicated analysis conditions. Moreover, reliable EDS analysis 

requires a certain amount of material to obtain a detectable signal. It has been estimated that 

the minimum detectable concentration in EDS when using a standard specimen is 1 at% 

[104,105]. Additionally, the spatial resolution of EDS is typically lower than that of TEM 

imaging, meaning that the elemental information obtained may not be as precise in terms of 

identifying the location of specific elements within the sample. Overall, TEM and EDS are 

essential tools for materials science, nanotechnology, and other fields where understanding 

the atomic-level structure and properties of materials is crucial. 

The samples for the TEM imaging were prepared using drop-casting: A tiny droplet of 

the nanoparticle solution is placed onto a TEM grid Lacey Formvar/Carbon, 300 mesh, Copper 

approx. grid hole size: 63µm), which is a small, thin piece of material with a mesh structure 

that allows the electron beam to pass through. The solvent in the droplet is then allowed to 

evaporate, leaving behind a thin film of nanoparticles on the grid. To visualize the membrane 

coating, a drop of 1% uranyl acetate was added to the grid with an MPDAFe@Mem sample. 

The access of the uranyl acetate solution was removed, and the grid was further proceeded to 

drying. The images were obtained using a Transmission Electron Microscope Jeol 1400 (JEOL 

Ltd., Tokyo, Japan) with a maximum accelerating voltage of 120 kV and a maximum resolution 

of 0.2 nm. EDS analysis was performed using a High-Resolution Transmission Electron 

Microscope HRTEM Jeol ARM 200F (JEOL Ltd., Tokyo, Japan) with a maximum accelerating 
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voltage of 200 kV and a maximum resolution of 0.63 Å equipped with energy-dispersive X-ray 

(EDX) detector. 

 

Dynamic Light Scattering 

DLS is used to measure the size and charge of particles in a solution. It is based on 

the principle that when a light beam hits a particle, the light will be scattered in all directions. 

The scattered light intensity is then measured and analyzed to determine the particle properties 

[106]. 

Hydrodynamic diameter: In DLS, the hydrodynamic diameter of a particle is measured, which 

is the diameter of a sphere that diffuses at the same rate as the particle. The Brownian motion 

of the particles in solution causes them to move randomly, and this movement can be detected 

by monitoring the fluctuations in the scattered light intensity. The particle size is then 

determined by analyzing the intensity fluctuations using the Stokes-Einstein equation [106]. 

Polydispersity: Polydispersity is an indicator of the distribution of particle sizes in a sample. 

DLS can measure polydispersity by analyzing the intensity of light scattered by various 

fractions of the particles differing in size and is calculated by (width/mean)2 for each peak [107]. 

Therefore, a sample with a narrow distribution of particle sizes has a low polydispersity index 

(PDI). In contrast, a sample with a wide distribution of particle sizes has a high polydispersity 

index [106]. 

Zeta potential: The zeta potential is the electrical potential difference between the surface of 

a particle and the surrounding fluid. Zeta potential measurements are based on 

the electrophoretic mobility of particles in a solution under an applied electric field [107]. 

The mobility is related to the zeta potential by the Henry equation [108]. The software can 

calculate the zeta potential by measuring the velocity of the particles in the electric field. 

The size distribution of the obtained nanoparticles, polydispersity, and zeta potential were 

investigated using the Zetasizer Nano ZS (Malvern Panalytical Ltd) dynamic light scattering 

(173 ° detector) and electrophoretic mobility measurements. Solutions of 5 µl NPs (1 mg/mL) 

in 1.45 mL deionized water were used for the analysis. The results are presented as 

the arithmetic mean ± standard deviation of three measurements.  
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Colloidal stability 

The colloidal stability of the MPDAFe@DOX@Mem NPs in water was examined using 

the DLS. The sample (0.25 mg/mL) was stored at RT, and the hydrodynamic diameter, PDI, 

and zeta potential measurements were performed for 15 days. The colloidal stability of 

the lyophilized MPDAFe@Mem and MPDAFe@DOX@Mem samples resuspended in 10 mM 

pH 7.4 PBS buffer was examined for 13 days. The measurements were performed daily for 

the given period. The results are presented as the arithmetic mean ± standard deviation of three 

measurements.  

 

Metal content evaluation 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) is a widely 

used analytical technique for determining elemental concentrations in various samples. ICP-

OES enables rapid analysis of multiple elements with a detection limit of 1-10 ppm [109]. 

A sample is introduced into an inductively coupled plasma, which is generated by applying 

a high-frequency electric field to a gas such as argon. The plasma heats the sample to 

a temperature of several thousand degrees Celsius, causing the sample to vaporize and ionize. 

The excited ions and atoms emit characteristic light at specific wavelengths, which are detected 

and analyzed by an optical spectrometer. The intensity of the emitted light at each wavelength 

is proportional to the concentration of the corresponding element in the sample, allowing for 

the determination of the sample's elemental composition [110].  

To ensure accurate and precise measurements, the sample must be appropriately prepared. 

Liquid samples are typically acidified to minimize interferences from other elements and to 

prevent the precipitation of dissolved species. Solid samples must be first dissolved in acid to 

extract the analytes, and then the solution is filtered to remove any particulate matter that could 

block the plasma torch. The sample must also be sufficiently homogeneous to ensure that 

a representative portion is analyzed. The accuracy and precision of ICP-OES measurements can 

be affected by various factors, including the matrix effects and spectral interferences [109]. 

To minimize these effects, it is crucial to use appropriate calibration standards and analytical 

techniques and to perform quality control checks on the instrument and sample preparation 

procedures. 

ICP-OES measurements were performed to determine the metal content of the MPDAMe 

nanoparticles, where Me = Fe, Gd, or Mn. The initial MPDAMe NPs solutions were dried and 

subsequently dissolved in 65% nitric acid to a concentration of 1 mg/mL. The acidified solution 



- 45 - 

 

was then heated overnight at 80 °C to ensure the complete dissolution of the nanoparticles. 

The measurements were conducted at the Faculty of Chemistry, Adam Mickiewicz University 

in Poznań, using a Varian ICP-OES VISTA-MPX instrument with a wavelength range of 165-

845 nm. The instrumental parameters included a detection limit of 0.1 µg/mL, an integration 

time of 2 seconds, and a plasma flow rate of 15 L/min. The metal content of the MPDAMe 

nanoparticles was determined based on the intensity of the emitted light at specific wavelengths, 

which was proportional to the concentration of the corresponding metal element in the sample. 

 

Thermal analysis 

TGA coupled with FTIR (Simultaneous thermal analysis and Fourier-transform 

spectroscopy, STA/FTIR) is a powerful analytical technique for investigating the thermal 

behavior and chemical composition of complex materials. STA/FTIR enables simultaneous 

control of the weight change of a sample under heating and collecting infrared spectra 

of the atmosphere in the measurement chamber (hence, the product of sample decomposition) 

[111,112]. The technique is particularly useful for characterizing polymeric materials, as it can 

provide information on their thermal properties, such as glass transition temperature, 

decomposition temperature, and thermal stability. It can also be used to monitor 

the decomposition of polymers and biomass as well as ceramic and inorganic samples [111].  

30 mg of MPDA NPs was dried prior to the measurements. The heating was performed 

at 10 °C/min in the range from 26 to 970 °C in a nitrogen atmosphere. The measurements were 

performed using Simultaneous Thermal Analyzer (STA) 6000 (Perkin Elmer) at the Centre for 

Advanced Technologies, Adam Mickiewicz University in Poznań. 

 

Gas adsorption/desorption measurements  

Gas adsorption/desorption measurements and BET analysis are essential techniques for 

the characterization of porous materials and provide valuable information about the surface area 

and pore size distribution of a wide range of materials. Nitrogen adsorption/desorption 

measurements are typically performed using a surface area or gas adsorption analyzer. 

The sample material is first outgassed at an elevated temperature under a vacuum to remove 

adsorbed gases. Then, the sample is placed in the analyzer, and nitrogen gas flow is introduced 

at a controlled pressure and temperature. Nitrogen adsorbs onto the surface of the porous 

material, filling the available pore space. As the pressure gradually increases, more nitrogen 

gas is adsorbed until the pores become saturated. The pressure gradually decreases, causing 
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nitrogen to desorb from the material. The amount of nitrogen adsorbed or desorbed at each 

pressure step is measured, and this data is used to construct an adsorption/desorption isotherm 

[113]. 

The BET analysis is a mathematical model based on the theory proposed by Brunauer, Emmett, 

and Teller and is widely used to calculate the surface area of porous materials from 

the adsorption isotherm data [114]. The model is based on the adsorption of monolayers of gas 

molecules onto the material's surface, and it considers the forces of attraction between the gas 

molecules and the material's surface [113]. The BET model is widely used in the analysis of 

porous materials because it provides a simple and reliable way to calculate the surface area of 

the material. 

BET analysis of N2 adsorption/desorption isotherm was performed to evaluate the surface area 

and pore volume of MPDA NPs. Before the measurements, the particles were analyzed with 

STA-FT-IR to establish the temperature limit of the outgassing phase. N2 adsorption/desorption 

measurements were performed using 200 mg of dry MPDA NPs sample. The measurements 

were performed using ASAP 2420 (Micromeritics Instrument Corporation) at the Centre for 

Advanced Technologies, Adam Mickiewicz University in Poznań. 

 

Magnetic properties 

Magnetic Property Measurement System (MPMS) is a type of magnetometer using 

a Superconducting Quantum Interference Device (SQUID) as the magnetic field sensor. 

The system allows for measuring the magnetic properties of materials as a function of 

temperature and magnetic field. SQUID is a highly sensitive detector consisting of two 

superconducting electrical contacts separated by a very thin insulating layer known as 

a Josephson junction, allowing for the flow of Cooper pairs of electrons [115]. When a voltage 

is applied across the junction, a supercurrent can flow, which is a result of quantum tunneling. 

The supercurrent is highly sensitive to magnetic fields, which makes SQUID an excellent 

device for detecting small changes in magnetic fields. The device is capable of detecting 

magnetic fields as small as 10-15 Tesla, which is approximately 1 000 times weaker than 

the magnetic field of the Earth [115]. The MPMS measurements are used in various 

applications, including biomagnetism, geophysics, and materials science. By observing how 

the magnetization (degree of magnetism) varies in response to changes in temperature and 

the intensity of the magnetic field, we can identify the type of magnetism and other significant 

associated factors. The MPMS measurements can be divided into two categories: measurements 
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of magnetization as a function of applied magnetic field or measurements of magnetization as 

a function of temperature [115].  Magnetization (M) is a quantity that indicates the degree to 

which a material can be magnetized. Magnetic susceptibility (χ) is a measure of how much 

material is affected by an applied magnetic field (H). It is commonly used to study magnetic 

materials and is often expressed as a function of temperature and magnetic field strength. 

In MPMS, susceptibility can be measured by applying a small alternating magnetic field and 

measuring the resulting response of the material in the range of temperatures. The susceptibility 

measurements can provide valuable information about the magnetic properties of a material, 

including its magnetic ordering and magnetic anisotropy [115]. The information obtained from 

the susceptibility and magnetization measurements (χ(T) and M(H), respectively) allows for 

the determination of the magnetic nature of the tested sample. 

 

Figure 7. Sample preparation for the SQUID measurements. A) Leak-proofed polycarbonate capsule, 

B) Capsule fixed in an upright position in an Eppendorf tube for centrifugation. 

 

In preparation for the measurements, 100 µL of MPDAMe (Me = Fe, Gd, or Mn) or MPDA 

NPs in water (1 mg/mL) was placed in a polycarbonate measurement capsule. A dedicated 

centrifugation technique was developed due to the small size of the capsules. First, the sample 
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solution in water was placed in the capsule. Then, the capsule was tightly wrapped with parafilm 

sealing film to avoid leakage during centrifugation (Figure 7A). The leak-proofed capsule was 

then placed in a 1.5 mL Eppendorf tube filled with cotton wool to fix the capsule in an upright 

position (Figure 7B). The solution was centrifuged, the supernatant removed, and the pellet 

was left to dry. Magnetic susceptibility was investigated by measuring changes in the magnetic 

moment of the sample in the temperature range from 2 to 300 K in the field of 1 kOe. 

Magnetization was measured for the changing magnetic field from -70 kOe to 70 kOe at two 

temperatures: 2 and 300 K. 

 

Relaxivity studies 

NMR is a technique that investigates the behavior of atomic nuclei in a magnetic field 

and provides insights into the structure, dynamics, and composition of molecules. It relies on 

the phenomenon of nuclear spin, which arises from the intrinsic property of atomic nuclei to 

possess angular momentum.  

In an NMR experiment, a sample is placed in a strong and uniform magnetic field. The magnetic 

field causes the nuclear spins to align either parallel (low energy state) or antiparallel (high 

energy state) to the magnetic field direction. By applying a precisely tuned radiofrequency (RF) 

pulse, the energy levels of the nuclear spins can be manipulated. This pulse causes a transition 

between the energy states, wherein the spins absorb or emit energy, which is detected by 

specialized RF coils. 

Upon completion of the RF pulse, the nuclear spins return to their original alignment, a process 

known as relaxation. During relaxation, the spins release the absorbed energy, which is detected 

and recorded as a signal by the NMR instrument. Relaxation times T1 and T2 are fundamental 

properties of nuclear spin systems and are important parameters for characterizing the behavior 

of paramagnetic materials in solution. T1 describes the rate at which the net magnetization of 

the sample returns to its equilibrium value along the direction of the applied magnetic field after 

being perturbed by the RF pulse. T2 describes the rate at which the magnetization transverse to 

the magnetic field decays due to spin-spin interactions, which causes the phase of the signal to 

change and ultimately decay. In the presence of a paramagnetic species, T1 and T2 can be 

shortened due to the interaction between the nuclear spins and the unpaired electrons in 

the paramagnetic species. The extent to which T1 and T2 are shortened is proportional to 

the concentration of the paramagnetic species and is described by relaxivity, which is 

an indicator of the ability of the paramagnetic species to induce relaxation in the surrounding 
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protons. Relaxivity can be determined by measuring T1 and T2 at different concentrations of 

the paramagnetic species. 

Relaxivity measurements were performed on MPDAMe NPs (Me = Fe, Gd, or Mn) using NMR 

spectrometers with a working frequency of 16.5 MHz or 200 MHz for protons to investigate 

the effect of the paramagnetic NPs on the relaxation behavior of protons in surrounding water 

molecules. The MPDAMe NPs were prepared by dissolving them in water at concentrations 

ranging from 0.1 to 1 mg/mL, which corresponds to 0.2-1.0 mM of Fe for MPDAFe NPs, 

0.3 - 1.7 mM of Fe for Ferritis NPs, 0.67-1.34 mM of Gd for Gadolinis NPs, and 0.39-1.56 mM 

of Mn for Manganis NPs. Pure water was used as a control. The measurements were performed 

at RT and 37 °C. The T1 times were measured using the inversion-recovery method 

(180 ° – τ – 90 °), based on inverting the spin magnetization and subsequent observation of its 

recovery to the equilibrium state. The NMR T1 relaxation rate (R1) was then determined, and 

relaxivity values were determined by fitting the relaxation rate data to the following equation 

using GraphPad Prism 7 software: 

 𝑅1 = 𝑟1 ∙ 𝐶𝑀𝑒 + 𝑅𝑤𝑎𝑡𝑒𝑟     (3) 

where R1 is the T1 relaxation rate of the sample, r1 is relaxivity, CMe is the molar concentration 

of metal, and Rwater is the T1 relaxation rate of pure solvent (water). 

 

Magnetic Resonance Imaging in vitro 

MRI is an imaging technique that utilizes the principles of nuclear magnetic resonance 

to create detailed and high-resolution images of the internal structures of the human body. 

It provides valuable diagnostic information about various anatomical and physiological 

characteristics, aiding in detecting and evaluating numerous diseases and conditions. 

At its core, MRI relies on the behavior of atomic nuclei, particularly those of hydrogen, when 

subjected to a strong magnetic field and specific RF pulses. Within the human body, these 

protons (1H) are abundant in water and fat molecules, which are prevalent in biological tissues.  

A strong and uniform magnetic field is applied when a subject is positioned inside the MRI 

scanner. This field aligns the spinning axes of the protons within the subject along the direction 

of the magnetic field. Subsequently, RF pulses are emitted, causing the protons to absorb energy 

and deviate from their aligned state. Once the RF pulse is ceased, the protons gradually return 

to their aligned state, releasing the absorbed energy. This energy emission is detected by 
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specialized RF coils positioned around the subject. To spatially encode the MRI signals and 

generate detailed images, gradient magnetic fields are applied along three orthogonal axes (x, 

y, and z), which alter the main magnetic field in a spatially specific pattern [116]. These 

gradients vary in strength across the imaging volume. By changing the strength and timing of 

these gradients, specific locations within the body can be selected for imaging. The gradients 

affect the resonant frequency of protons, allowing the MRI system to distinguish where 

the signals are coming from. The slice selection gradient is used to select a specific slice or 

cross-section of the body for imaging along the z-axis. Different slices can be imaged by 

varying the strength and duration of this gradient. Phase encoding gradient encodes spatial 

information along the y-axis by varying the phase of the MRI signals to distinguish positions 

along this axis. Finally, the frequency encoding gradient encodes spatial information along 

the x-axis [117]. A computer then processes the emitted signals to generate detailed images. 

Different tissues within the body have distinct relaxation times, which refer to the time it takes 

for the protons to return to their aligned state. MRI can differentiate between various types of 

tissues by analyzing the differences in relaxation times, creating contrast in the resulting 

images. The generated MRI images display cross-sectional slices of the body with exceptional 

clarity and anatomical detail. To visualize different tissues and organs with MRI, contrasting 

agents are used. Paramagnetic sample solutions are one type of contrasting agent that can be 

used to enhance the contrast between tissues. The contrasting potential of such samples can be 

initially examined in solution to evaluate the nanoformulations’ behavior when exposed to 

a high magnetic field. 

The Single-echo multi-slice (SEMS) technique is used to acquire multiple image slices in 

a single excitation pulse, thereby reducing imaging time and improving efficiency. This 

technique utilizes a single RF pulse designed to excite a specific slice thickness and position 

within the imaged volume. After the excitation pulse, the signal from each slice is spatially 

encoded and acquired using the appropriate gradient fields. By obtaining multiple slices with 

a single excitation pulse, SEMS significantly reduces the total imaging time compared to 

acquiring each slice individually. Multi-echo multi-slice (MEMS) is an MRI technique that 

enables the acquisition of multiple images with different echo times and slice positions in 

a single scan. This technique is particularly useful in the measurement of paramagnetic samples 

because it allows for the detection of subtle changes in signal intensity that can be missed with 

conventional MRI techniques. Multiple echoes are acquired within a single repetition time (TR) 

for each excitation pulse. This is achieved by applying a series of spin echoes with different 
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times of echo (TEs) during the same TR. In both MEMS and SEMS techniques, multiple images 

are acquired with different slice positions. The images are then combined to create a composite 

image that highlights areas with short T1 relaxation times or long T2 relaxation times. 

The contrasting potential of MPDAFe@Mem NPs was evaluated using a 9.4 T (400 MHz for 

protons) Agilent MRI scanner. Six concentrations of the NPs solutions in water (between 1 and 

0.1 mg/mL, 0.2-1.0 mM of Fe) with water as a control were measured in both T1-weighted 

(inversion-recovery) and T2-weighted (MEMS) modes. The experimental parameters are 

presented in Table 4. T2 maps were created out of the obtained images using ImageJ software. 

 

Table 4. Experimental parameters applied to acquire T1- and T2-weighted images of paramagnetic 

nanoformulations using an MRI scanner. 

Parameter Inversion-recovery (T1- weighted) MEMS (T2-weighted) 

TR 12.5 s 15 s 

TE 8 ms 14.28 ms 

Field of view 25x25 mm 25x25 mm 

Matrix 256x256 points 128x128 points 

Slice width 1 mm 1 mm 

 

Photothermal measurements 

The photothermal properties of nanoparticles can be measured using various techniques. 

One standard method involves irradiating the nanoparticle solution with a laser of a specific 

wavelength and power and monitoring the temperature increase of the solution using 

a thermocouple or a thermal camera.  

The photothermal properties of MPDAMe (where Me = Fe, Gd, or Mn) NPs were measured by 

irradiating 1 mL of nanoparticle solution in water (concentrations of 10, 25, or 50 µg/mL) in 

a quartz cuvette with an 808 nm NIR laser (Changchun New Industries Optoelectronics Tech. 

Co., Ltd.) placed at a distance of 5 cm from the cuvette at various power levels (between 2 and 

6 W/cm2) for 5 min. The temperature changes were monitored using a thermocouple or a KT-

650 thermal camera (SONEL S.A.). The solution was stirred during the experiment to prevent 

nanoparticle sedimentation and ensure an even heat distribution within the solution. Water was 

measured as a control. The thermal stability of the nanoformulations  (1 mL, 50 µg/mL) was 
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evaluated by performing five cycles of heating and cooling of the nanoparticle solution under 

constant temperature control. All measurements were performed in triplicates. 

 

Biological characterization of nanoparticles 

Gel electrophoresis 

The sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) protein 

separation was performed to compare the protein composition of the three fractions isolated 

from living cells: whole cell, cytosol, and membrane fraction. SDS-PAGE is a widely used 

technique for separating proteins based on their size. SDS denatures and binds to the protein, 

giving it a negative charge proportional to its molecular weight. This allows for separation 

based on size alone when subjected to an electric field [118]. The protein separation was also 

performed as the pre-step for the Western blotting analysis. The gel was prepared using the 

SDS Gel Preparation Kit according to the manufacturer's instructions. Briefly, the kit 

components, including acrylamide (30%)/bisacrylamide(0.8%) stock solution (PAA), 

separation gel concentrate, stocking gel concentrate, 10% N,N,N’,N’ -

Tetramethylethylenediamine (TEMED) solution, and ammonium persulfate (APS) were mixed 

in specific proportions to obtain a 10% separation gel and a 3% stacking gel (Table 5). The pre-

casted gels were stored wet at 4 °C for up to 7 days. Prior to gel separation, the protein samples 

were diluted to a concentration of 5 µg/mL and mixed with loading buffer at a 3:1 

(sample:loading buffer) ratio. The samples were then heated at 95 °C for 5 min and cooled on 

ice for 2 min. A total of 8 µL of protein marker and 10 µL of the sample were loaded onto the 

wells of the stacking gel. The gels were placed in a Mini-PROTEAN Tetra Vertical 

Electrophoresis Cell tank equipped with PowerPac™ Basic Power Supply (BioRad 

Laboratiories, Inc.) filled with a running buffer (Table 6). The initial voltage applied was 80 V 

until the samples reached the stacking gel, followed by an increase to 120 V until separation 

was completed over 1.5 h. The gels were either transferred to a membrane for Western blotting 

or stained with a Coomassie blue solution (preceded by gel fixing in 15% ethanol and 1% citric 

acid for 1 h each) to visualize the protein bands. 
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Table 5. Quantities used to prepare separation gel (15 mL) and stacking gel (5 mL) for SDS-PAGE 

electrophoresis. 

Gel type Separation gel (10%) Stacking gel (3%) 

PAA stock solution/mL 5 0.5 

Separation (stacking) gel  

Concentrate/mL 

5 (1.0) 

Ultrapure water/mL 4.75 3.4 

TEMED solution/mL 0.25 0.1 

APS solution*/mL 0.1 0.03 

*10% (w/v) APS solution in ultrapure water was prepared in advance 

Western blotting 

Western blotting analysis was performed to prove the successful separation of cytosolic 

and membrane fractions by detecting the fraction-specific proteins. Western blotting, also 

known as protein blotting or immunoblotting, is a widely used technique in molecular biology 

for detecting and quantifying a specific protein within a complex mixture. This method is based 

on the principle of antibody-antigen recognition, where a specific antibody is used to recognize 

and bind to the target protein. Western blotting involves three significant steps: separation of 

proteins using electrophoresis, transfer of proteins onto a membrane, and detection of the target 

protein using a specific antibody [119]. 

 

Table 6. Composition of electrophoresis buffer and transfer buffer in ultrapure water. 

Buffer component Running buffer Transfer buffer 

Tris 25 mM  25 mM 

Glycine 190 mM 190 mM 

SDS 0.1% - 

Methanol - 20% 

 

The electrophoretic protein separation was performed as described above. After the separation, 

the gels were preceded to the transfer of the proteins to PVDF membranes. Before the transfer, 

the PVDF membranes were activated in methanol (2 min) and then washed with deionized 

water (10 min) and the transfer buffer (Table 6). The transfer sandwich was prepared as 

follows: a sponge, 3x Whatman® gel blotting paper (3 MM), gel, PVDF membranes, 
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3x Whatman® gel blotting paper (3 MM), and a sponge. All of the sandwich elements were 

soaked with the transfer buffer before assembling, and the absence of bubbles between 

the layers was ensured. The transfer was performed at a constant power of 130 A from 30 min 

to 1 h 30 min (depending on the size of the proteins of interest) in a Mini-PROTEAN Tetra 

Vertical Electrophoresis Cell equipped with PowerPac™ Basic Power Supply. After the 

transfer, the gels were fixed with 15% ethanol and 1% citric acid and stained with a Coomassie 

blue solution overnight. The membranes were blocked with 5% skimmed milk solution in 

10 mM pH 7.4 PBS + 0.1% Tween® 20 for 1 h under rotation. Then, the membranes were 

washed three times with 10 mM pH 7.4 PBS + 0.1% Tween® 20, and the primary antibodies 

were added (Table 7). The antibodies were incubated with the membranes overnight at 4 ºC 

under rotation. 

 

Table 7. Primary antibodies and the dilutions used in the Western blotting experiments. 

Antibody Origin Target protein location Dilutions tested 

Anti-Glypican 3 Rabbit Membrane 1:500, 1:1000, 1:2000 1:10 000 

Anti-GAPDH Mouse Membrane 1:1000, 1:10 000 

Anti-Na+/K+ 

ATP-ase α-1 

Rabbit Membrane 1:1000 

Anti-Glypican 3 Rabbit Membrane 1:500, 1:1000, 1:2000 1:10 000 

 

Subsequently, the membranes were washed two times with 10 mM pH 7.4 PBS buffer and one 

time with 10 mM pH 7.4 PBS + 0.1% Tween® 20 prior to incubation with the fluorescently 

labeled secondary antibody (Table 8) under rotation for 1 h. Eventually, the membranes were 

washed three times with PBS buffer and imaged using the Molecular Imager® PharosFX™ 

Systems (BioRad Laboratories Inc.). 
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Table 8. Primary antibodies and the dilutions used in the Western blotting experiments. 

Antibody Origin Excitation/emission 

wavelength 

Dilutions tested 

Anti-Rabbit IgG conjugated 

with CF™ 488A 

F(ab’)2 fragment 

of goat 

490 nm/515 nm 1:2000 

Anti-Mouse IgG conjugated 

with Alexa Fluor™ Plus 488 

Goat 499 nm/520 nm 1:100, 1:200 

 

Biological studies in vitro 

Cell lines 

HepG2 hepatocellular carcinoma cell line isolated from the human liver, U-118 MG 

glioblastoma cell line derived from a glioblastoma multiform, and MRC-5 cell line isolated 

from the human lung tissue were maintained at 37 °C in a 5% CO2 humidified environment. 

HepG2 cells were cultured in MEM medium supplemented with 10% FBS, 1% antibiotics 

(penicillin 100 μg/mL, streptomycin 100 μg/mL), non-essential amino acids, and sodium 

pyruvate. U-118, MRC-5 cells were cultured in DMEM medium supplemented with 10% FBS 

and 1% penicillin-streptomycin antibiotic. The cell lines were stored in liquid nitrogen in 

the NBMC AMU cell culture bank. 

Cytotoxicity assays 

A series of robust and reliable assays were conducted to assess the potential cytotoxicity 

of nanoparticles. These assays aimed to provide practical insights into the impact of 

nanoparticles on cellular systems and determine their potential risks. The following 

methodology outlines the experimental procedures employed to evaluate nanoparticle 

cytotoxicity: 

Nanoparticle concentrations: Before the experimental procedures, a series of dilutions in 

water was prepared for each type of nanoparticles of interest. The final NPs concentrations used 

for the cytotoxicity evaluation included 40, 20, 10, 5, 2.5, and 1.25 µg/mL. 

Cell Viability Assays: Cells were seeded in 96-well plates at a specified density according to 

the cell type (HepG2: 2 x 104 cells/well, MRC-5: 5x103 cells/well, U-118: 5 x 103 cells/well) 

and allowed to adhere overnight. The range concentrations of nanoparticles were added to 

the wells, and the cells were incubated for a predetermined period. Cell viability was then 

assessed using colorimetric or fluorometric assays following the manufacturer's instructions. 



- 56 - 

 

To investigate photothermal therapy potential, each well was irradiated with an 808 nm NIR 

laser for 5 min with the power of 3 or 6 W/cm2 4 h after the addition of nanoparticles. 

Data Analysis: All experimental data were analyzed using appropriate statistical methods. 

Statistical significance was determined using GraphPad Prism software. 

 

WST-1 assay 

The WST-1 assay is a colorimetric assay commonly used to measure cell viability and 

proliferation. This assay is based on the reduction of a tetrazolium salt, WST-1, to a soluble 

formazan dye by mitochondrial dehydrogenase enzymes in the presence of an intermediate 

electron acceptor in viable cells [120]. The formazan dye is then quantified using 

a spectrophotometer, with the amount of dye formed being proportional to the number of viable 

cells. 

To perform the WST-1 assay, HepG2, MRC-5, and U-118 cells were seeded on a 96-well flat 

bottom plate. 24 h after the seeding, nanoparticle solutions of various concentrations in water 

were added (50 µL/well). Following another 48 h, 10 µL of the WST-1 Cell Proliferation 

Reagent was added to the culture medium, and the UV-Vis measurement was performed after 

4 h. The absorbance at 450 nm (reference wavelength 620 nm) was recorded against 

the background control using a multi-well plate reader (Anthos Zenyth 340rt, Biochrom). 

The cell viability was expressed as the respiration activity normalized to untreated cells. 

 

EdU cell proliferation assay 

The cell proliferation evaluation using the EdU cell proliferation assay relies on High-

Content Analysis (HCA). This sophisticated imaging-based technique combines automated 

microscopy with advanced image analysis algorithms to quantitatively analyze cellular features 

and processes at a high throughput level. 

In HCA, cells or biological samples are typically cultured and treated with various 

perturbations, such as drugs, nanoparticles, or genetic manipulations. Fluorescently labeled 

probes or dyes selectively stain specific cellular components, allowing for the visualization of 

cellular structures or molecular targets of interest [121]. The imaging process involves 

capturing multiple images of cells or regions of interest using high-resolution microscopy 
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systems. Once the images are obtained, sophisticated image analysis algorithms are applied to 

extract quantitative data from the images [121].  

To perform the EdU cell proliferation assay, the Click-iT™ Plus EdU Cell Proliferation Kit 

was used. This kit is based on the incorporation of 5-ethynyl-2'-deoxyuridine (EdU), 

a nucleoside analog to thymidine, into newly synthesized DNA during the S-phase of the cell 

cycle. The EdU is subsequently detected via a copper-catalyzed click reaction with an azide-

containing fluorophore, allowing for easy visualization and quantification of proliferating cells 

[122]. 

To perform the EdU assay, HepG2 and MRC5 cells were seeded on a black 96-well flat bottom 

plate with transparent bottom. 24 h after the seeding, nanoparticle solutions of various 

concentrations in water were added (50 µL/well). Following 24 h incubation with 

the nanoparticles, cells were labeled with 1x EdU solution for 24 h at 37 °C. The cells were then 

fixed using 4% formaldehyde in PBS (fixation solution) and permeabilized using 0.5% Triton® 

X-100 in PBS (permeabilization solution), allowing the EdU to access the DNA. The click 

reaction is then performed with the fluorophore, which can be visualized using a fluorescence 

microscope or flow cytometer. For EdU detection, the cells were incubated with a reaction 

cocktail containing 10 mM dye azide. Subsequently, the cells were imaged using the IN Cell 

Analyzer 2000 (GE Healthcare Life Sciences, Pittsburgh, PA, USA). All cells (proliferating 

and non-proliferating) were imaged using the DAPI/DAPI excitation/emission filters, while 

the Cy5/Cy5 ex/em filters were applied for the proliferating cells. 20 fields of view were taken 

per well with a 20x magnification. 

 

Live/Dead assay 

Live/Dead assay is another example of cell viability evaluation based on 

the abovementioned HCA technique. It is a commonly used method for distinguishing between 

live and dead cells in a population. The assay utilizes two fluorescent dyes, one of which stains 

live cells and the other stains dead cells [123]. To perform the assay, cells are first treated with 

the dyes and then visualized under a fluorescence microscope or analyzed using flow cytometry. 

Live cells will fluoresce green due to esterase activity, which converts the non-fluorescent 

calcein-AM to a green fluorescent calcein [123]. Simultaneously, dead cells are labeled with 
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red fluoresce due to ethidium homodimer-1 uptake, which only enters cells with damaged 

membranes and binds to nucleic acids, emitting a red fluorescence signal [123]. 

To perform a Live/Dead cell viability assay, HepG2 and MRC5 cells were seeded on a black 

96-well flat bottom plate with transparent bottom. 24 h after the seeding, nanoparticle solutions 

of various concentrations in water were added (50 µL/well). Following 48 h incubation with 

the nanoparticles, cells were labeled with 2 µM calcein AM and 2 µM ethidium homodimer-1 

in Dulbecco’s phosphate-buffered saline (DPBS) (100 µL/well) for 30 min at 37 °C. 

Subsequently, the cells were imaged using the IN Cell Analyzer 2000. Living cells were imaged 

using the FITC/FITC excitation/emission filters, while the TexasRed/TexasRed ex/em filters 

were applied for the dead cells. 20 fields of view were taken per well with a 20x magnification.  

 

Count and viability assay 

Cell count and viability dependence on nanoparticle exposure were investigated using 

a flow-cytometry-based device. Flow cytometry is a powerful technique for analyzing and 

characterizing individual cells or particles within a heterogeneous population. It involves 

detecting and quantifying fluorescently labeled cells or particles as they pass through a focused 

laser beam. The sample is prepared by labeling cells or particles with specific fluorescent probes 

or dyes that selectively bind to cellular targets or molecules of interest, allowing for 

the identification and quantification of specific cell populations or markers. Once the sample is 

prepared, it is introduced into a fluidic system that transports the sample in a controlled manner 

to the flow cell, where the cells or particles pass through the laser beam one at a time. 

As the passing cells traverse the laser beam, they scatter and emit fluorescence. Fluorescence 

emission signals are detected in specific wavelength ranges corresponding to the fluorochromes 

used in the labeling process. The Muse® Cell Analyzer (Luminex Corporation, USA) is a flow 

cytometry-based device designed for simplified and rapid analysis of samples.  

The Muse® Count & Viability Reagent is a tool that can differentiate between viable and non-

viable cells based on their permeability to two DNA-binding dyes present in the reagent. 

The Muse® Count & Viability Software Module is then used to perform calculations 

automatically and present the data in two dot plots. The reagent contains a DNA-binding dye 

that stains the nucleus of dead and dying cells and a membrane-permeant DNA staining dye 

that stains all cells with a nucleus. These parameters are displayed as viability and nucleated 

cells, respectively. Viability is used to distinguish between viable and non-viable cells, while 
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nucleated cells are used to differentiate cells with a nucleus from debris and non-nucleated 

cells. The Muse® System relies on flow cytometry to count the stained nucleated events 

accurately and uses cellular size properties to distinguish free nuclei and cellular debris from 

cells, providing an accurate total cell count. 

To perform a Count and viability assay, HepG2 cells were seeded on a 96-well flat bottom 

plate. 24 h after the seeding, nanoparticle solutions of various concentrations in water were 

added (50 µL/well). Following 24 h incubation with the nanoparticles, the cell preparation 

process included several steps, such as washing and detachment of the cells. Eventually, 10 μL 

of cells were combined with 190 μL of Muse® Count&Viability Reagent, and 

the measurements were conducted after 5 min of incubation at RT in the dark. Negative and 

positive controls were also utilized: non-treated cells (without nanoparticles) and cells treated 

with 200 µM Menadione, respectively. The Muse® Cell Analyzer was used to determine 

the results.  

 

Oxidative stress assay 

Investigation of the nanoparticle-induced oxidative stress in cells was performed using 

a Muse® flow cytometer. HepG2 cells were exposed to nanoparticles to evaluate the cellular 

populations experiencing oxidative stress by detecting Reactive Oxygen Species (ROS). ROS 

are reactive radicals and non-radical molecules derived from molecular oxygen, including 

superoxide, singlet oxygen, and peroxide, which play a role in several cellular processes, 

including apoptosis and alternate death pathways. The Muse® Oxidative Stress Kit was used 

to determine the relative percentage of ROS-negative and ROS-positive cells by detecting 

intracellular superoxide radicals. The kit utilizes the Muse® Oxidative Stress Reagent, which 

is based on dihydroethidium (DHE), a well-established compound used for detecting reactive 

oxidative species in cellular populations. The cell-permeable DHE reacts with superoxide 

anions, undergoing oxidation to form a DNA-binding fluorophore, such as ethidium bromide, 

which intercalates with DNA and emits red fluorescence. The assay distinguishes two cell 

populations: ROS(-) represents live cells, while ROS(+) indicates cells exhibiting ROS-induced 

oxidative stress. 

The experimental procedure involved seeding HepG2 cells on a 96-well plate, adding 50 μL of 

NPs solutions of varying concentrations in water to the cell-seeded wells after 24 h incubation, 

and performing measurements after 24 h incubation with the NPs. The sample preparation 
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process included several steps, such as washing and detachment of the cells. To perform a Count 

and viability assay, HepG2 cells were seeded on a 96-well flat bottom plate. 24 h after 

the seeding, nanoparticle solutions of various concentrations in water were added (50 µL/well). 

Following 24 h incubation with the nanoparticles, the cell preparation process included several 

steps, such as washing and detachment of the cells. Eventually, 10 μL of cells were combined 

with 190 μL of Muse® Oxidative Stress working solution, and the measurements were 

conducted after 30 min of incubation at room temperature in the dark. Negative and positive 

controls were also utilized, consisting of non-treated cells (without nanoparticles) and cells 

treated with 200 µM Menadione, respectively. The Muse® Cell Analyzer was used to determine 

the results. 

 

Internalization of nanoparticles  

The uptake of the nanoformulations by HepG2 cancer cells was evaluated using imaging 

flow cytometry and confocal laser scanning microscopy (CLSM). 

Imaging flow cytometry (IFC) is a powerful analytical technique used in biological and 

medical research to assess and characterize cells and particles. It integrates the advantages of 

traditional flow cytometry, such as its ability to handle multiple parameters rapidly, with the 

added benefits of capturing detailed information about cell shape and location at the single-cell 

level [124,125]. It can quickly generate multi-channel digital images of numerous individual 

cells, which encompass various fluorescence channels, as well as bright field (transmitted light) 

and dark field (scattered light) data. It involves passing a suspension of the subject of the study, 

such as cells, through a laser beam one at a time. As each cell passes through the laser beam, it 

scatters light in various directions and emits fluorescence if labeled with fluorescent dyes or 

markers. Detectors capture these scattered and emitted signals, providing information about 

each cell. This technique has the capability to measure various characteristics of specific 

components, like proteins, nucleic acids, and glycolipids, within different subcellular regions 

such as the nucleus or mitochondria [124]. This wealth of data makes imaging flow cytometry 

well-suited for in-depth analysis of nanoparticle interactions with living cells.  

Nanoparticle uptake by HepG2 cells was assessed employing an Amnis Flowsight Imaging 

Flow Cytometer (Luminex Corp., USA). Cells were seeded at a density of 6 × 105 cells/well in 

a 6-well plate and cultured for 24 h. Subsequently, 500 μL of RED-NHS labeled NPs at 

a concentration of 20 μg/mL per well were added, and cells were incubated for 1 and 4 h. 
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Afterward, cells were trypsinized and fixed with 4% formaldehyde for 15 min. SYTOX Green 

was used to stain cell nuclei at a concentration of 167 nM. To ensure the analysis exclusively 

considered internalized NPs, cells underwent PBS buffer washing and centrifugation (1200 rpm 

for 5 min) between each step. During data collection, a flow rate setting with the slowest speed 

was employed to capture high-quality images. DNA and nanoparticle dyes were activated using 

488 nm and 642 nm lasers. Each sample measurement involved four repetitions, each consisting 

of 250 events. A gating strategy was employed to identify individual cells while minimizing 

the presence of dead cells and debris, focusing on "size" and "aspect ratio." Only in-focus cells 

were analyzed by selecting those with high "Gradient RMS" values. Compensation controls 

were established using the "compensation wizard" option in the instrument's acquisition 

software. IDEAS® 6.3 Software (EMD Millipore, USA) was utilized to generate histograms 

and determine the fluorescence signal from nanoparticles using the "Set Range to Pixel Data" 

function, with a consistent template for gating and compensating fluorescence signals applied 

across all data sets. 

CLSM and fluorescent imaging have revolutionized the field of microscopy by enabling 

scientists to visualize and study biological samples in unprecedented detail. The principles of 

CLSM are based on the ability to selectively focus on a thin section of a sample using a pinhole, 

which eliminates out-of-focus light and allows for improved resolution and contrast [126]. 

The procedure involves illuminating the sample with a laser beam and scanning the sample 

point-by-point to generate a three-dimensional image. Fluorescent imaging utilizes fluorescent 

molecules that emit light when excited by a specific wavelength of light. This allows for 

the visualization of specific structures or molecules within a sample. The experimental 

procedure for fluorescent imaging involves labeling the target molecules with fluorescent dyes 

or using genetically encoded fluorescent proteins. The sample is then excited with a specific 

wavelength of light, and the emitted light is captured using a detector [127]. Together, CLSM 

and fluorescent imaging have provided researchers with powerful tools to study cellular and 

molecular processes in a non-invasive and high-resolution manner [126]. 

The cell internalization of DOX-loaded nanoparticles was established using 8-well Nunc 

Lab-Tek II Chambered Coverglass. Briefly, HepG2 cells were seeded in each well (5 x 104 

cells/well in 500 µL of cell medium). On the following day, the nanoparticle solutions were 

added. After 4 h of incubation, the cells were fixed using 4% formaldehyde. The nuclei were 

stained with DRAQ5, whereas the cell membranes were stained with Concanavalin A 
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AlexaFlour 647 dye. The preparations were imaged using a Leica TCS SP5 high-resolution 

confocal microscope (Leica Microsystems SAS, France). 

 

Biological studies in vivo  

The following studies were performed in consortium with the Department of 

Toxicology, Poznań University of Medical Sciences, under the supervision of Prof. Ewa Florek. 

Animal experiments were performed in accordance with the EU Directive 2010/63/EU for 

animal experiments and respective local regulations. Animal research followed internationally 

accepted guidelines for the care and use of laboratory animals, including the National Institute 

of Public Health – National Institute of Hygiene (NIPH – NIH) guidelines, and was approved 

by the respective Local Ethical Committee for Animal Experimentation (Uchwała nr 5/2020). 

All animal experiments were performed in accordance with relevant policies and regulations.  

 

Animal model 

Balb/c nude mice are a strain of laboratory mice that lack T and B lymphocytes and 

have a compromised immune system, making them suitable for studies that require 

the implantation of human cancer cells without rejection by the immune system. Subcutaneous 

tumor models involve the injection of tumor cells into the subcutaneous tissue of the mouse, 

allowing the tumor to grow and develop in a controlled environment. The subcutaneous tumor 

model was established by inoculating 2 x 106 HepG2 cells in 10 mM pH 7.4 PBS buffer into 

the left leg of each mouse. The mice were then monitored, including body weight and tumor 

measurements, every 2 days. 

 

Therapeutic potential 

In vivo studies are conducted to investigate the effectiveness of novel therapeutics and 

drug delivery systems as potential anticancer therapy. Subcutaneous tumor models are 

relatively easy to establish, and tumors can be monitored and measured non-invasively over 

time [128]. Immunodeficient mice like Balb/c nude mice reduce the likelihood of an immune 

response to the tumor, providing a more accurate representation of the efficacy of the applied 

treatment [129]. There are certain limitations to using xenograft subcutaneous tumor models in 

mice. One of the main limitations is that subcutaneous xenografts do not recapitulate 

the complexity of the human tumor microenvironment, including the interactions between 
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tumor cells and other cells, such as stromal cells and vasculature. Additionally, xenograft 

tumors lack the capacity to metastasize, which is a critical aspect of many human cancers [129]. 

Nevertheless, the xenograft mice models are commonly used in biomedical studies, especially 

for carcinogenesis and response to therapeutics [129]. 

For the in vivo evaluation of anticancer potential, the Balb/c nude female mice were divided 

into 8 groups: I) PBS (vehicle, control group), n=8; II) PBS + laser irradiation (phototherapy), 

n=8; III) anticancer drug DOX (chemotherapy), n=8; IV) MPDAFe@Mem NPs, n=8; V) 

MPDAFe@DOX@Mem NPs (chemotherapy), n=8; VI) MPDAFe@Mem NPs + laser 

irradiation (phototherapy), n=8; VII) anticancer drug DOX + laser irradiation 

(chemo- + phototherapy), n=8; VIII) MPDAFe@DOX@Mem NPs + laser irradiation 

(chemo- + phototherapy), n=8. When the tumor reached 5-10 mm in size, the animals were 

intravenously injected with a solution specific to their experimental group. The concentration 

of DOX was 2 mg/mL, resulting in a concentration of NPs of 4.44 mg/kg. In the groups that 

involved photothermal therapy, the tumors were irradiated with an 808 nm laser (6 W/cm2) for 

5 min on the day after the administration of the nanoformulations/buffer. The local temperature 

after irradiation was measured with a photothermal camera. The animals were monitored for 

38 days, including body weight and tumor measurements.  

 

Magnetic Resonance Imaging in vivo 

MRI is widely used in preclinical research to study the anatomy, function, and pathology 

of various organs and tissues in small animals, including mice. In a typical MRI experiment, 

a mouse is anesthetized and placed inside a dedicated MRI scanner with an RF coil positioned 

around the region of interest. The generated strong magnetic field aligns the magnetic moments 

of protons in the body's water molecules. Subsequently, the applied RF waves cause the protons 

to rotate out of alignment. When the protons return to their original alignment, they release 

energy that is detected by the RF coil. The scanner can create high-resolution images of 

the mouse's anatomy and physiology by analyzing the signal generated by the protons. MRI 

imaging can be used to study a wide range of biological phenomena, including tissue 

morphology, blood flow, and metabolic activity. The technique is particularly useful for 

studying diseases such as cancer, neurological disorders, and cardiovascular diseases, where 

changes in tissue morphology and function are important diagnostic and prognostic indicators.  



- 64 - 

 

MPDAFe@Mem nanoparticles were evaluated for their contrasting potential and 

biodistribution in vivo in Balb/c nude female mice using MRI imaging. When the tumor reached 

5-10 mm in size, the animals were intravenously injected with MPDAFe@Mem nanoparticles. 

The mice were anesthetized with the volatile anesthetic agent isoflurane and imaged at various 

time points post-injection (pre-administration, immediately after administration, 20 min, 24 h, 

and 7 days) using an MRI tomograph with a magnetic field strength of 9.4 T (400 MHz for 

protons) to acquire T1-weighted images using fSEMS sequence with the following parameters: 

TR = 0.5 s, TE = 8 ms, ETL = 2, number of slices = 10. To evaluate the contrasting effect, 

the first image was taken before the administration of the nanoparticle solution, which was 

subsequently injected into the mice via the tail vein at a concentration of 4.44 mg/kg in 

a 10 mM pH 7.4 PBS buffer. The injection was performed using a catheter.  

 

Statistical analysis 

Appropriate statistical tests were employed to determine the significance of observed 

differences between experimental groups. The two-sample t-test or analysis of variance (one-

way ANOVA) followed by post-hoc Turkey analysis was utilized for parametric data, such as 

normally distributed continuous variables. The significance level was set at p < 0.05 to 

determine statistical significance. All statistical analyses were performed using GraphPad Prism 

software. 
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4 
RESULTS AND DISCUSSION 

 

he following chapter provides a thorough overview of the data obtained from my research. The 

results were divided into sections. Each section presents the selected aspects of the conducted 

research and a careful analysis and discussion of the presented data. 

 

Nomenclature of the nanoformulations 

For the sake of clarity as to the subjects of subsequent analyses, Table 9 defines 

the nomenclature used to describe the individual nano-formulations discussed in the chapter. 

Table 9. Nomenclature of the investigated nanoformulations. 

Sample name Description 

MPDA Porous PDA NPs without iron 

MPDA@Fe Porous PDA NPs modified with Fe post-synthesis 

MPDAFe Porous PDAFe NPs obtained in a one-pot synthesis with 75 

ug Fe3+ added (MPDAFe(L) in Table 12) 

MPDAFe@DOX MPDAFe NPs loaded with DOX 

MPDAFe@Mem Membrane-coated MPDAFe NPs 

MPDAFe@DOX@Mem Membrane-coated MPDAFe@DOX NPs 

Ferritis Porous PDAFe NPs obtained in a one-pot synthesis with 150 

ug Fe3+ added (MPDAFe(H) in Table 12) 

Gadolinis Porous PDAFe NPs obtained in a one-pot synthesis with 150 

ug Gd3+ added (MPDAGd (H) in Table 12) 

Manganis Porous PDAFe NPs obtained in a one-pot synthesis with 150 

ug Mn2+ added (MPDAMn(H) in Table 12) 

 

Synthesis and characterization of porous PDA nanoparticles 

PDA attracts a growing interest as a multifunctional material suitable for biomedical 

applications due to its beneficial characteristics, such as inherent biocompatibility, low toxicity, 

near-infrared absorption, efficient photothermal conversion, and metal ion chelation [130]. 

The properties presented in the literature review section and the wide application of 

polydopamine nanoparticles in drug delivery influenced the use of this material in this study as 

T 
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the basis for creating a functional liver cancer treatment system. The main idea of the formation 

and functionalization of the PDA-based nanoparticles and their goal application is presented in 

Figure 8. 

PDA nanoparticles are synthesized through an oxidative polymerization method. In this 

process, dopamine, typically in the form of a dopamine hydrochloride salt, is dissolved in 

a buffered alkaline solution, commonly using Tris or phosphate buffers [27,29]. The alkaline 

pH (typically around 8-9) is crucial for the initiation of polymerization. The oxidative 

polymerization is triggered by the presence of oxygen in the air or by the addition of an oxidant, 

such as ammonium persulfate or hydrogen peroxide [27,29]. These oxidants facilitate 

the oxidation of dopamine to dopamine quinone, which then undergoes self-polymerization to 

form the PDA nanoparticles [27]. The reaction is typically carried out at room temperature 

under gentle stirring for several hours to allow sufficient polymerization and particle growth. 

During this time, the color of the solution changes to dark brown or black due to the formation 

of PDA nanoparticles [29]. The synthesis of PDA nanoparticles has several inherent 

advantages, including simplicity, scalability, and versatility. The process can be easily adapted 

to different substrates and particle sizes. Moreover, the PDA nanoparticles' surface can be 

further modified through various functionalization strategies, including covalent conjugation or 

non-covalent interactions, to introduce specific functionalities or improve their compatibility 

with targeted biomedical applications [131]. 

According to the previous research focused on PDA-based materials, the formation of porous 

PDA nanoparticles proceeds through several stages. Initially, small PDA nanoparticles with 

diameters in the 2-5 nm range are observed after a certain reaction time. These nanoparticles 

can interconnect with each other, leading to the formation of larger aggregates. As the reaction 

progresses, porous PDA structures start to emerge, characterized by the presence of spherical 

particles with sizes larger than the primary nanoparticles [100]. The interaction between 

the PDA nanostructures and the surrounding environment facilitates the formation of MPDA. 

In particular, a strong affinity between the primary PDA nanoparticles and π-electron rich TMB 

leads to the emulsion-templated self-assembly. The adsorption of PDA nanoparticles onto 

the emulsion droplets stabilizes the emulsion and prevents droplet coalescence. 
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Figure 8. Schematic illustration of the main research idea of the study. A) Soft-template synthesis of 

MPDAMe NPs, Me = Fe, Gd, or Mn (upper row, based on [100]) and cell membrane isolation (bottom 

row). B) Functionalization and coating of the NPs results in formation of biomimetic nanoparticles 

which anticancer potential was evaluated in vitro and in vivo. Created with BioRender.com. 
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This stabilization is attributed to the formation of a protective layer comprising PDA 

nanoparticles and Pluronic® F-127 at the interface between the continuous and dispersed 

phases of the emulsion [100]. As the reaction proceeds, the primary PDA nanoparticles continue 

to grow in size, and the proportion of porous PDA (MPDA) particles increases. The growth and 

organization of PDA nanoparticles within the emulsion droplets lead to the formation of 

the porous structure.  

A previously established synthesis protocol was used as the starting point for the synthesis of 

MPDA NPs [100]. Representative examples of the different synthesis conditions tested and 

the resulting NPs characteristics measured with DLS are presented in Table 10. The constant 

conditions for the presented syntheses were: 0.36 g of Pluronic® F-127, 65 mL of Mili-Q water, 

60 mL of 99 % ethanol, 90 mg of Trizma base in 10 mL Mili-Q water, and 60 mg of dopamine 

chloride. TEM images are presented in Figure 9. 

 

Table 10. Selected conditions tested for the synthesis of MPDA NPs and corresponding DLS 

characterization of the obtained nanostructures. 

Sample 

number 
Synthesis conditions 

DLS 

Z-average/d.nm PDI 
Zeta 

potential/mV 

1 0.36 g TMB, RT, 100 rpm 1793.0±71.6 0.86±0.12 -14. ±0.4 

2 0.4 g TMB, RT, 300 rpm 323.3±6.9 0.24±0.01 -9.43±0.6 

3 3.2 g TMB, RT, 300 rpm 275.3±3.9 0.11±0.05 -32.5±0.4 

4 0.36 g TMB, 50 oC, 300 rpm 380.2±6.8 0.29±0.03 -9.8±0.6 

5 0.37 g TMB, RT, 350 rpm 253.9±6.6 0.22±0.04 -15.4±0.6 

6 0.36 g TMB, RT, 1000 rpm 777.5±25.2 0.43±0.03 -9.3±0.2 
 RT – room temperature, rpm – rounds per minute (stirring speed) 

 

The results of the DLS measurements and the structures observed on the TEM images indicate 

the importance of the selection of reaction parameters and the exact amounts of reagents used, 

and even the reaction mixing speed, in order to obtain nanoparticles with appropriate properties. 

The decisive features were the spherical shape, porosity, and homogeneity of the resulting 

nanoformulations. All of the obtained nanoparticles were of spherical shape and had negative 

zeta potential; however, in some cases (e.g., Sample 5 in Table 10/Figure 9D), the particles 

were interconnected. In other cases, much larger structures were received together with small 
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nanoparticles (Sample 1 in Table 10/Figure 9A) or even additional structures (Sample 6 in 

Table 10/Figure 9F). The following conditions were selected as optimal for the expected 

outcome based on the negative zeta potential, preferred sample size, and polydispersity: 0.37 g 

of TMB, RT, mixing speed: 350 rpm (Sample 5 in Table 10). The MPDA NPs obtained using 

those conditions were further characterized for their thermal stability, pore volume, and surface 

area. 

 

Figure 9. TEM images of MPDA NPs synthesized using different conditions. The images correspond 

to samples listed in Table 10: A) Sample 1, B) Sample 2, C) Sample 3, D) Sample 4, E) Sample 5, 

F) Sample 6. 
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Figure 10. N2 adsorption/desorption isotherms of MPDA NPs. 

 

BET surface analysis 

 The N2 adsorption/desorption measurements and subsequent BET analysis provided 

valuable insights into the porosity and surface area of the porous PDA nanoparticles 

(Figure 10). The MPDA NPs, obtained using the synthesis conditions described above, 

exhibited a specific surface area of 50.3 m2/g and total pore volume of 0.23 cm3/g, which is in 

line with a previously reported surface area (45 m2/g) and pore volume (0.17 cm3/g) of porous 

PDA NPs obtained using a similar protocol [100]. It was shown that increased surface area 

resulted in a significantly higher drug loading capacity of porous PDA NPs compared to their 

nonporous counterparts [132]. The N2 adsorption/desorption isotherm analysis revealed a wide 

capillary condensation step with a type-IV isotherm according to IUPAC nomenclature with 

a type-H4 hysteresis loop. These types of loops are typically associated with adsorption-

desorption processes occurring in narrow slit-like pores and confirm the presence of 

mesoporous structure [133–135]. This behavior was observed in the P/P0 range of 0.45–0.9, 

indicating a relatively broad pore size distribution. Indeed, the pore volume analysis revealed 

the pore diameter ranging from 4 to 30 nm (not shown). The peak pore size was determined to 

be around 19 nm. The determination of a total pore volume of 0.23 cm3/g further indicates 

the presence of substantial pore space within the MPDA NPs. The existence of such pores 
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suggests the potential for efficient loading and encapsulation of therapeutic agents. Pores can 

also facilitate improved diffusion of substances into and out of the nanoparticles, which is 

critical for effective drug release and interactions with target sites. Based on the established 

surface area and pore size, the MPDA nanoparticles hold promise as carriers for a wide range 

of drug sizes, including small molecule chemotherapeutics such as doxorubicin [136,137]. 

The versatility of these nanoparticles in accommodating different drug sizes makes them 

attractive candidates for targeted drug delivery and controlled release applications. 

In conclusion, the N2 adsorption/desorption measurements and BET analysis of the porous PDA 

nanoparticles revealed a high surface area and significant pore volume, highlighting their 

potential for various biomedical applications. These nanoparticles possess favorable 

characteristics for efficient drug delivery, adsorption, and other related processes. 

 

Thermal stability 

Understanding the thermal behavior of materials for biomedical applications provides 

valuable insights into their stability, integrity, and potential for application in controlled drug 

release. Thermal stability studies, such as STA-FTIR, enable the investigation of the material's 

response to temperature changes and the identification of any thermal degradation or 

decomposition processes. This information is vital for ensuring the efficacy, safety, and long-

term stability of drug delivery systems, as it helps to optimize formulation parameters and select 

suitable materials with the desired thermal properties. The thermal stability and decomposition 

behavior of the MPDA NPs were investigated using the STA-FTIR system, which combines 

TGA with FTIR analysis. The experiment involved heating the sample from about 26 to 970 °C 

at a rate of 10 °C/min under N2 atmosphere. The aim of this study was to evaluate the thermal 

stability and degradation behavior of the MPDA NPs and identify the products of their 

decomposition.  

In the weight change curves (Figure 11A), a peak was observed at around 60 °C, indicating 

the occurrence of an initial thermal event. At this temperature, any residual moisture or volatile 

components adsorbed onto the surface of the polydopamine nanoparticles may start to evaporate 

or desorb, resulting in a weight loss [138]. This could explain the initial decrease in weight 

observed in the derivative weight change (red curve in Figure 11A). As the temperature 

increased further, a gradual decrease in weight was observed, starting around 270 °C. This 

weight loss can be attributed to the decomposition and oxidation of the polydopamine structure.  
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Figure 11. STA/FTIR analysis of MPDA NPs. A) Weight change curves between about 26 and 600 ºC; 

B) 3D map of FTIR spectra during the entire combustion process; C) FTIR spectrum at t = 4.5 min 

(marked as ①), D) FTIR spectrum at t = 25 min (marked as ②). 
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The 3D map of FTIR spectra (Figure 11B) provides additional information about the chemical 

changes occurring during the combustion process. Two representative FTIR spectra at different 

time points were analyzed to gain insights into the molecular transformations. Figure 11C 

shows the FTIR spectrum at t = 4.5 min (marked as ① Figure 11), corresponding to the initial 

stage of the combustion process and the weight loss peak observed at 60 °C. The spectrum does 

not exhibit any distinctive peaks, confirming that the weight loss could be attributed to residual 

moisture evaporation from the porous structure. In contrast, the FTIR spectrum at t = 25 min 

(marked as ② Figure 11), representing a later stage of the combustion process, reveals several 

characteristic peaks. The presence of low-intensity peaks at around 3700 cm-1 and between 

1200-100 cm-1 could be associated with the stretching vibration of N-H bonds or C-N bonds. 

These bonds are present in amine or amide functional groups. Additionally, two major peaks 

are observed at 2358 cm-1 and 2320 cm-1, which could be attributed to carbon dioxide (CO2) or 

carbon monoxide (CO) gas evolution during the decomposition process. The peak at around 

2358 cm-1 is characteristic of the asymmetric stretching vibration of CO2, however, the presence 

of CO cannot be ruled out [139–142]. The presence of CO2 is commonly observed in thermal 

analysis or combustion processes, where carbon-containing materials undergo oxidation. 

Therefore, the presence of CO2 peaks would be expected during the thermal treatment of the 

PDA sample. On the other hand, the presence of CO could also contribute to the observed peaks. 

CO is a colorless and odorless gas that can form as a byproduct of incomplete combustion or 

thermal degradation processes. To conclusively distinguish between CO and CO2 contributions 

to the observed peaks in the FTIR spectrum, additional analysis is necessary. The appearance 

of these peaks indicates the release of gaseous byproducts as the polydopamine structure 

undergoes thermal decomposition. Furthermore, additional peaks in the range of 1200-1000 

cm-1 may be observed, which could correspond to various functional groups or molecular 

fragments formed during the combustion process. 

The presence of these specific peaks in the FTIR spectrum at t = 25 min provides insights into 

the chemical changes occurring as the polydopamine nanoparticles undergo thermal 

decomposition. The observed release of carbon dioxide/monoxide gas indicates the breakdown 

of the polydopamine structure and the generation of volatile byproducts. Overall, the TGA 

experiment and FTIR analysis suggest the thermal stability of MPDA nanostructures up to 

270 ºC. 
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Synthesis and characterization of porous MPDAMe nanoparticles 

The introduction of metal ions into PDA nanoparticles serves as a pivotal strategy to 

impart them with unique and desirable properties. In particular, the incorporation of specific 

metal ions can result in obtaining paramagnetic PDA-based NPs, thereby rendering them highly 

suitable for MRI applications. This deliberate modification enhances their versatility and opens 

up new paths for non-invasive imaging, diagnostics, and therapeutic interventions in the field 

of nanomedicine. Thus, the next step of this study involved modification of the MPDA NPs 

with iron using FeCl3·6H2O as the Fe source, GdCl3·6H2O, and MnCl2·4H2O as the Mn source. 

PDA has a high affinity towards various metals, including noble metals. Incorporating metals 

such as Gd, Mn, or Fe into PDA nanoparticles can enhance their magnetic properties and 

increase their multimodality by adding contrasting properties, which could be useful for MRI 

imaging. Initially, the modification was performed as a post-synthesis step on purified MPDA 

NPs. Different NPs:Fe ratios were investigated. The results are summarized in Table 11. 

Table 11. DLS measurements of MPDA@Fe NPs obtained using different MPDA:Fe mass ratios. 

MPDA:Fe* Z-average/d.nm PDI Zeta potential/mV 

1:3 452.1±5.8 0.26±0.01 23.4±0.8 

1:3 328.6±4.1 0.15±0.02 25.4±0.6 

1:1 924.4±90.8 0.62±0.07 -8.4±0.4 

1:0.5 741.2±75.1 0.055±0.01 -16.1±0.7 

1:0.25 2506.0±559.2 0.89±0.14 -17.5±7.1 

1:2 327.2±1.2 0.12±0.03 3.9±1.4 

1:1 430.8±13.6 0.26±0.04 2.8±1.1 

1:0.5 485.0±7.8 0.28±0.05 2.2±0.2 

*mass ratio 

 

The presented results varied between batches and repetitions in both size and zeta potential 

parameters. Moreover, the nanoparticles with a negative zeta potential experienced extensive 

aggregation, which would impede the further modification steps, namely coating with cancer 

cell membranes. Thus, I decided to explore the possibility of incorporating metal ions directly 

at the synthesis stage. A one-pot synthesis of porous PDAMe nanoparticles has not been 
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extensively explored. Below, I report my attempts at synthesizing porous PDAMe nanoparticles 

(Me = Gd, Mn, or Fe) and optimizing the synthesis conditions.  

A high abundance of catecholic moieties in the PDA structure enables the chelation of the metal 

ions, however, the addition of a metal source could disturb the previously established 

polymerization process [143]. Hence, conditions such as the time point of the metal source 

introduction and its concentration needed to be designed carefully. Various amounts of 

the metal source and the time points of its addition were tested. The resulting NPs morphology 

was evaluated to establish optimal conditions for metal-MPDA NPs synthesis. Examples of 

such evaluation are presented in Figure 12. The details of the source type and amount, as well 

as DLS physicochemical characterization of the selected examples of MPDAMe synthesis, are 

summarized in Table 12. 

TEM images of the selected MPDAMe samples show that all of the selected nanoparticles were 

of spherical shape and visible porosity. In all investigated examples, nanoparticles with empty 

cavities of various sizes were observed. Additionally, all of the MPDAMe NPs were of similar 

size, roughly below 200 nm. However, it was observed that MPDAFe NPs (both (L) and (H)) 

were of spherical shape without additional structures, whereas both MPDAGd and MPDAMn 

NPs had additional structures attached to spherical NPs, which could not be washed off even 

after several additional cycles of sonication-centrifugation steps. The DLS measurements of 

the hydrodynamic diameter confirmed the comparable sizes of all of the presented structures. 

However, the zeta potential differed between the metals. The lowest values were registered for 

MPDAMn, whereas MPDAGd presented the highest zeta potential among the samples. 

Interestingly, for MPDAFe and MPDAGd, there was a trend that the samples with a higher 

amount of metal added (denoted with (H)) had higher zeta potential values than the samples 

with a lower amount of metal (denoted with (L)). However, this was not the case for 

the MPDAMn samples, which both showed similar zeta potential values. 
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Figure 12. TEM images of selected examples of the MPDAMe synthesis using various concentrations 

of the metal sources (listed in Table 12) at a single addition timepoint of t = 19 h. A) MPDAFe(L), 

B) MPDAFe(H), C) MPDAGd(L), D) MPDAGd(H), E) MPDAMn(L), F) MPDAMn(H). 
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The selection of the nanoformulations most suitable for further steps according to the design of 

the desired drug delivery system was based on the morphology and the DLS physical 

characterization of the obtained structures. Coating with biological membranes was reported to 

require a negative zeta potential of the optimal results [85]. Moreover, additional structures 

attached to the spherical nanoparticles could physically disturb the membrane coating. Potential 

cytotoxicity was also considered, as the requirements for an ideal DDS highlight 

biocompatibility and low toxicity of the drug carriers. A comparative study on biosafety Mn-, 

Gd-, and Fe-based contrast agents revealed the latest to exhibit a considerably more stable 

safety profile compared to Gd- and Mn-based nanoformulations [144]. Moreover, studies on 

synthetic melanin NPs containing Fe3+ ions for MRI imaging did not show any acute 

cytotoxicity or morphological changes resulting from the NPs incubation with cells [145]. 

Considering the above factors, the iron source was chosen as the most suitable for further 

experiments. However, MPD NPs modified with Gd and Mn were further investigated for their 

magnetic properties and MRI contrasting potential. 

In order to further explore the synthesis conditions, several time points and amounts of the iron 

source addition were analyzed. TEM images of the examples of this investigation are shown in 

Figure 13. The DLS characterization of those particles is summarized in Table 13. 

Analysis of the TEM images of MPDAFe NPs synthesized at various conditions shows that 

generally, the later the addition, the more distinct the shape of the resulting nanoformulations. 

The early addition times resulted in more of a polymer conglomerate rather than separate 

spherical nanoparticles.  

Previous studies show that the presence of a transition metal in a one-pot synthesis influences 

the polymerization of dopamine. The work by Yang et al. suggests that transition metal ions 

could mediate the polymerization reaction by interacting with dopamine oligomers [146]. 

The researchers suggest that such ions can act as a ‘catalyst’, accelerating the PDA formation 

even when introduced several hours after the initiation of the polymerization process. 

The presence of transition metal ions, especially Fe(III) cations, is known to have a significant 

impact on polydopamine synthesis by interfering with the oxidation of dopamine through 

the formation of metal-catecholate complexes [147–149]. However, it has been observed that 

in the neutral and basic pH conditions (the latter was employed in the synthesis described in 

this study), the interaction between metals and polydopamine PDA is facilitated through metal-

oxygen coordination bonds [149,150]. Unambiguous determination of the metal-PDA 
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coordination environment is difficult due to the high complexity and structural disorder of this 

unique polymer. The oxidation of dopamine is a crucial step in polydopamine synthesis, as it 

generates reactive intermediates that undergo nucleophilic addition reactions to form the 

polymer backbone [151]. The influence of transition metals on the polymerization of dopamine 

into polydopamine nanoparticles is attributed to the catalytic role of their ions in the oxidation 

of dopamine to dopaquinone [147].  

 

Figure 13. TEM images of selected examples of the MPDAFe synthesis at various conditions (different 

time points of addition and amount of the Fe source summarized in Table 13). A) MPDAFe1, 

B) MPDAFe2, C) MPDAFe3, D) MPDAFe4/MPDAFe(L), E) MPDAFe5, F) MPDAFe6. 
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These results align well with those presented in this study. It was observed that the early 

addition of a metal source led to disrupted morphology of the MPDA structures compared to 

the bare nanoparticles. This suggests that, in the case of porous particles, it is crucial to add 

the metal source when the porous structure is already established. It is plausible to hypothesize 

that the metal ions may not only react with dopamine oligomers but also with the template, 

potentially destabilizing the matrix structure and/or interfering with the interaction between 

polydopamine structures and emulsion droplets. Consequently, this disruption could hinder 

the formation of desired porous nanoparticles. On the other hand, if the metal source is added 

later in the synthesis process, after the PDA polymer has already formed, it can be easily 

incorporated into the PDA matrix, resulting in the formation of distinct spherical nanoparticles. 

The delayed addition of the metal source can also prevent the high concentration of metal ions 

from interfering with the polymerization process. 

It is worth noting that the exact mechanism of PDA polymerization and the role of Fe ions, as 

well as Gd and Mn ions, may depend on the specific synthesis conditions used. For example, 

the presence of other ions or chemicals, such as oxygen or hydrogen peroxide, can also affect 

the polymerization process and the resulting MPDA NPs [147]. Different synthesis conditions, 

such as pH or temperature, may also result in differences in properties and morphology 

[148,152]. Therefore, a detailed understanding of the molecular-level interactions between 

dopamine, transition metal ions, and other components of the synthesis system is important for 

optimizing PDA synthesis and controlling the properties of the resulting nanoparticles. 

However, in general, the timing and concentration of the metal source addition can play 

an important role in determining the morphology of the resulting MPDAMe nanoparticles. 

 

Evaluation of metal content 

 The evaluation of metal content played a crucial role in characterizing the investigated 

nanoformulations for several reasons. Firstly, it confirms the successful incorporation of metals 

within the nanoparticles, validating the synthesis process. Secondly, quantification of the metal 

content was essential for subsequent investigations, such as relaxivity measurements and MRI 

imaging, where accurate metal concentrations were needed. The metal content assessment was 

carried out using two complementary techniques: ICP-OES for quantitative analysis and 

HR-TEM with EDS for visualizing the distribution of metals within the nanoparticles. 
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The ICP-OES results, summarized in Table 14, demonstrated the successful incorporation of 

iron, gadolinium, and manganese in the respective nanoformulations (MPDAFe, Ferritis, 

Gadolinis, and Manganis NPs). Interestingly, among the three metals, gadolinium exhibited 

the highest yield of incorporation into the nanoparticles. 

Table 14. Metal content of the four nanoformulations obtained from the ICP-OES analysis. 

Sample Metal content/(µg/mgNPs) 

MPDAFe 44.3 

Ferritis 96.4 

Gadolinis 264 

Manganis 107 

 

Figure 14. HR-TEM EDS elemental mapping of different nanoformulations. The elements considered 

in the analysis were: C, Fe/Gd/Mn, and O.  
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Furthermore, the HR-TEM images with EDS elemental mapping (Figure 14) provided visual 

evidence that all the samples contained metals distributed throughout the entire structure of 

the nanoparticles rather than being confined only to the surface. This finding confirmed that the 

chosen time point for the addition of the metal source during the synthesis process was optimal 

for achieving the incorporation of metal ions within the PDA nanoparticles. 

In conclusion, the combined results from ICP-OES and HR-TEM with EDS confirmed 

the successful and uniform incorporation of metals into the nanoparticles, validating the 

suitability of the synthesized nanoformulations for further investigation. 

 

Drug loading and release 

Investigation of drug release from nanoparticles within diverse buffer solutions, each 

simulating distinct biological conditions, is an indispensable aspect of studying drug 

nanocarriers. By replicating various physiological environments, I aimed to comprehensively 

evaluate the nanoparticles’ performance, shedding light on their potential as precise drug 

delivery systems.  

The intracellular pH of healthy cells typically ranges from 7.2 to 7.4 [153]. Cancer tissues tend 

to have a lower extracellular pH, which is partially connected to a high metabolic rate of tumor 

cells and reliance on glycolysis for energy production. Additionally, the acidic environment in 

tumors can be attributed to the accumulation of lactic acid produced by cancer cells as well as 

the pentose pathway, sodium–hydrogen exchanges, carbonic acid anhydrase activity, and 

dysfunctional vasculature [154]. Acidic pH between 6.5 and 4.5 is also maintained in 

endosomes and lysosomes – the intercellular structures through which most drug delivery 

systems pass when entering a cell [155,156]. This acidity is related to the activity of ATP-

dependent proton pumps located in the membranes of endosomes and lysosomes [157]. This 

difference in pH between healthy and cancer cells can be exploited in DDS by designing drug 

carriers that are sensitive to changes in pH, allowing for targeted drug delivery to cancer cells 

while minimizing harm to healthy cells [154]. 

Glutathione (GSH) is a tripeptide molecule that plays an important role in protecting cells from 

oxidative stress [158]. It is found at higher concentrations in cancer cells compared to healthy 

cells, where it helps to maintain the reduced state of the intracellular environment [159]. This 

higher concentration of GSH in cancer cells can also be exploited in drug delivery systems. 

Drug carriers can be designed to be responsive to GSH levels, allowing for targeted drug release 
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in cancer cells where GSH levels are high. Both pH and GSH levels can be designed to trigger 

drug release from nanocarriers [54,160].  

For the drug loading experiments, freshly prepared DOX solution in pH 7.4 PBS buffer was 

mixed with MPDAFe NPs (0.5:1 w/w of DOX:NPs). After 24 incubation under shaking, 

the unloaded drug was removed by several cycles of centrifugation. The collected supernatant 

was then measured using UV-Vis, and the DOX content was evaluated using a standard curve 

method. The calculated drug loading of DOX into MPDAFe NPs was about 90%, whereas 

the encapsulation efficiency was around 46%. The drug release from MPDAFe@DOX and NPs 

in various buffers with and without initial irradiation (808 nm NIR laser with the power of 

6 W/cm2 for 5 min) was evaluated for 72 h. Figure 15 shows the release of DOX in the tested 

buffers. The results indicate that the DOX release is the most efficient at pH 4.5+GSH (10 mM), 

which reflects the tumor microenvironment condition, with the additional stimuli of laser 

irradiation. The lowest release was observed in pH 7.4, which corresponds to healthy cells. 

The release of doxorubicin from nanocarriers is higher at lower pH because of the protonation 

of the amine groups present in the drug molecule, which results in weaker electrostatic 

interactions between the drug and the carrier matrix [161,162]. Taking advantage of this 

phenomenon is a common strategy to achieve controlled and targeted release of the drug. 

 

 

Figure 15. The DOX release from A) non-irradiated and B) NIR laser-irradiated MPDAFe NPs in 

various buffers ((citric buffer (10 mM, pH = 4.5); citric buffer (10 mM, pH = 4.5) with 10 mM GSH; 

PBS buffer (10 mM, pH = 7.4); PBS buffer (10 mM, pH = 7.4) with 10 mM GSH) at 37 °C under 

shaking (550 rpm). The measurements were performed at chosen time points for 72 h in triplicates. All 

dashed lines connecting data points on the graphs are guide to the eye of the viewers only. 
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The obtained release data shows that the presence of GSH also increases the amount of 

the released active agent. The observed enhancement in drug release can be attributed to 

the disruption of noncovalent hydrophobic interactions and π–π stacking between the aromatic 

regions of the PDAFe nanoparticles and DOX. Similar phenomena have been observed in 

graphene oxide systems [132,163]. Moreover, the findings revealed a substantial increase in 

the release of DOX from MPDAFe nanoparticles upon NIR laser irradiation, as compared to 

the release outcomes without laser irradiation. Overall, the presence of glutathione in 

the biological environment, combined with the lower pH of cancer cells and laser irradiation of 

the selected region, may stimulate the release of therapeutic agents from MPDAFe 

nanoparticles, offering a promising approach for controlled drug release and targeted cancer 

therapy. 

 

Drug release kinetics 

Drug delivery systems are designed to control the rate and extent of drug release, which 

can influence therapeutic efficacy and patient safety. Sustained and controlled release of 

therapeutic agents is essential for achieving optimal therapeutic outcomes. Mathematical 

models are useful for describing and predicting drug release kinetics from different types of 

drug delivery systems. Five commonly used mathematical models of drug release: zero-order 

model, first-order model, Higuchi’s model, Korsmeyer-Peppas model, and Hixson-Crowell 

model were chosen for the analysis of the obtained release data.  

The zero-order model assumes that the rate of drug release is independent of drug 

concentration and follows a constant release rate over time. This model describes drug 

dissolution from dosage forms that do not disaggregate and release the drug slowly [164]. 

The equation for zero-order release is: 

𝑄 =  𝑘0𝑡    (4) 

where Q is the amount of the drug released at time t, k0 is the release rate constant, and t is time. 

The slope of the release curve is equal to the release rate constant, which can be determined 

experimentally. The main advantage of the zero-order model is its simplicity and ease of 

interpretation. However, it may not accurately describe drug release from systems with finite 

drug solubility or diffusion-limited release [165]. 

The first-order model assumes that drug release is proportional to the amount of drug 

remaining in the nanocarrier, resulting in an exponential decay in drug release over time. This 
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model is commonly used to describe drug release from porous systems containing water-soluble 

drugs [164]. The equation for first-order release is: 

𝑙𝑛 (
𝐶

𝐶0
)  =  −𝑘𝑡                   (5) 

where C is the drug concentration at time t, C0 is the initial drug concentration, k is the release 

rate constant, and t is time. The slope of the release curve is equal to the release rate constant, 

which can be determined experimentally. The first-order model can provide insight into 

the mechanisms of drug release, however, it may not accurately describe drug release from 

systems with complex drug-polymer interactions or non-linear release kinetics. 

Another popular model is Higuchi's model, which describes drug release from a matrix system 

and assumes that drug release is proportional to the square root of time and is based on Fick’s 

law of diffusion. This model is commonly used to describe drug release from polymeric 

matrices or gels. The equation for Higuchi’s model is: 

𝑄 =  𝑘𝐻𝑡1/2    (6) 

where Q is the amount of the drug released at time t, kH is the release rate constant, and t is 

time. The slope of the release curve is proportional to the square root of time and is equal to 

the release rate constant, which can be determined experimentally. Higuchi’s model assumes 

that drug release occurs by diffusion through a homogeneous matrix and does not account for 

other mechanisms, such as erosion or swelling [166]. It may not accurately describe drug release 

from systems with complex polymer structures or drug-polymer interactions. 

The Korsmeyer-Peppas model is a semi-empirical model that assumes that drug release occurs 

by a non-Fickian mechanism combined with more than one type of drug release phenomenon, 

such as swelling or erosion [165]. This model is commonly used to describe drug release from 

polymeric matrices, nanoparticles, or hydrogels and assumes that drug release follows a power-

law relationship with time. The equation for Korsmeyer-Peppas release is: 

𝑀

𝑀∞
 =  𝑘𝑡𝑛    (7) 

where M is the amount of drug released at time t, M∞ is the total amount of the drug in 

the nanoparticle, k is the release rate constant, n is the release exponent, and the release 

mechanism is determined by the value of n. For example, if n = 0.5, the release mechanism is 

Fickian diffusion, whereas if n > 0.5, the release mechanism is non-Fickian and can be attributed 

to swelling, erosion, or relaxation of the polymer matrix. 
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The Hixson-Crowell model describes drug release from systems in which the rate-limiting step 

is the erosion or dissolution of the nanocarrier. This model assumes that the rate of drug release 

is proportional to the cube root of the amount of drug remaining in the nanoparticle. 

The mathematical equation for the Hixson-Crowell model is: 

(𝑀0  −  𝑀𝑡)
1

3  =  𝑘𝑡    (8) 

where M0 is the initial mass of the drug in the formulation, Mt is the mass of the drug remaining 

in the formulation at time t, and k is a constant that depends on the properties of the drug and 

the formulation, as well as the conditions of the dissolution test. 

This equation describes a cubic root relationship between the mass of the drug remaining and 

time. It assumes that the drug release rate is proportional to the surface area of drug particles, 

which decreases as the particles dissolve [164]. Therefore, the cubic root term reflects 

the reduction in surface area as drug particles dissolve over time. The equation is often used to 

estimate the release kinetics of poorly water-soluble drugs from solid dosage forms, such as 

tablets and capsules [164].  

The model fitting was performed using an Excel add-in program, DD Solver 1.0, developed by 

Zhang et al. [167]. The R2 values established for all of the release conditions are presented in 

Table 15. Representative fitting curves of MPDAFe@DOX in pH.45+GSH release with and 

without laser irradiation are shown in Figure 16. 

Table 15. R2 values calculated for each of the analyzed models. 

Sample Buffer 

Zero-

order 

R2 

First- 

order 

R2 

Higuchi 

 

R2 

Korsmeyer-

Peppas 

Hixson-

Crowell 

R2  R2 n 

MPDAFe@DOX 

pH 4.5 0.1702 0.2421 0.8298 0.9374 0.341 0.2184 

pH 4,5+GSH 0.3003 0.3965 0.8947 0.9738 0.359 0.3653 

pH 7,4 0.6653 0.6887 0.9603 0.9670 0.448 0.6811 

pH 7,4+GSH 0,8277 0.8626 0.9933 0.9951 0.532 0.8516 

MPDAFe@DOX+laser 

pH 4.5 -0.9287 -0.7189 0.3348 0.9118 0.216 -0.7888 

pH 4,5+GSH -0.7407 -0.4591 0.4190 0.9510 0.228 -0.5518 

pH 7,4 0.0999 0.1727 0.7967 0.9636 0.228 0.1487 

pH 7,4+GSH -0.1317 -0.0203 0.6906 0.9554 0.268 -0.0570 
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Figure 16. Representative model fitting of five drug release models: Zero-order, first-order, Higuchi, Korsmeyer-Peppas, and Hixson-Crowell, fitted to two 

release data samples: MPDAFe@DOX NPs in pH 4.5+GSH buffer with and without the laser irradiation. R2 values are presented on each graph.
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Among the tested models, the Korsmeyer-Peppas model demonstrated the best fit for all tested 

scenarios, exhibiting the highest R-squared (R2) values. The n values, which indicate the release 

mechanism, ranged from 0.341 to 0.532 for the samples without laser irradiation and from 0.216 

to 0.268 for the samples with laser irradiation. 

The Korsmeyer-Peppas model is commonly used to analyze drug release from polymeric 

matrices, and it describes the release behavior by considering both Fickian and non-Fickian 

diffusion processes. When the release mechanism follows Fickian diffusion, the value of 

the release exponent n is equal to 0.5 [164]. On the other hand, if the value of n is lower or 

higher than 0.5, it indicates a non-Fickian or anomalous transport mechanism, where factors 

like swelling, erosion, or polymer relaxation contribute significantly to the drug release process 

[164]. However, several studies showed the interpretation of the n values below 0.5 

(the reported values oscillate between 0.057 and 0.45) as Fickian diffusion [164,168–170] or 

even ‘quasi-Fickian’ [171]. Hence, the definite determination of the diffusion mechanism of 

DOX from MPDAFe nanoparticles is highly difficult.  

Interestingly, the Higuchi model also displayed a high R2, especially for the samples without 

laser irradiation. However, the other models, including zero-order and first-order, exhibited 

poor fitting results, with some cases even displaying negative values. The good fit of 

the Higuchi model for drug release data indicates that the drug release from the nanoparticles 

follows a diffusion-controlled mechanism [166]. The observation that the Higuchi model does 

not fit well for the laser-irradiated samples indicates a change in the drug release mechanism 

compared to the non-irradiated samples. When the Higuchi model fails to provide a good fit, it 

suggests that factors other than pure diffusion may be influencing the drug release behavior. 

The deviation from the Higuchi model for the laser-irradiated samples could indicate that drug 

release is now affected by multiple factors, such as photothermal-induced drug release or 

nanoparticle degradation, in addition to diffusion [172]. This complexity could lead to drug 

release profiles that do not conform to the simple diffusion-based Higuchi model. 

In summary, the results indicate that the drug release from MPDAFe@DOX NPs is governed 

by non-Fickian diffusion and that laser irradiation further enhances this behavior. 

Understanding the release mechanism and the effect of laser irradiation is essential for 

optimizing the drug delivery system's therapeutic efficacy and tailoring it to specific 

applications, such as targeted cancer therapy. These findings suggest that the drug release from 

MPDAFe@DOX NPs follows a diffusion process, indicating a controlled and sustained release 
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pattern. The laser irradiation seemed to slightly alter the release mechanism, as evidenced by 

the variations in the n values of the Korsmeyer-Peppas model and the decreased fitting of 

the Higuchi model. Overall, the results demonstrate the importance of considering the release 

kinetics when designing drug delivery systems, and the Korsmeyer-Peppas model appears to 

be the most suitable for predicting drug release from the investigated NPs under different 

conditions. However, it is worth noting that in drug delivery studies, there is no universal 

mathematical model that covers all of the issues or that would fit to every drug delivery system. 

 

Membrane coating 

Over the past years, membrane coating of the drug nanocarriers has been gaining 

growing attention due to the relative simplicity, versatility, and wide range of beneficial 

properties that the natural membrane can offer to artificial nanostructures in drug delivery. 

Strategies for coating nanoparticles with cell membranes include using sonication or 

coextrusion to fuse the membranes onto the surface of the NPs. Sonication involves subjecting 

the NPs and cell membranes to high-frequency sound waves, which disrupt the membranes and 

create transient pores in their surfaces [18]. When the NPs and membranes are mixed together, 

the pores allow the membranes to fuse onto the surface of the NPs and form a stable coating. 

Coextrusion, on the other hand, involves passing a mixture of NPs and cell membrane vesicles 

through a small pore size filter, which causes the membranes to fuse onto the surface of the NPs 

as they pass through the filter.   

As mentioned earlier, liver cancer was selected as a model cancer type for this project. Hence, 

the HepG2 cell line of hepatocellular carcinoma was used as a source for the membrane coating. 

The successful separation of the cell fractions was investigated by performing SDS-PAGE 

electrophoresis (Figure 17). The distinct protein patterns of each fraction (WC – whole cell, 

Cyt – cytosol, Mem – membrane) confirm the successful isolation of both cytosolic and 

membrane proteins. 

The membrane vesicles were formed using an extrusion technique. The membrane solution in 

water (1 mg/mL) was mechanically passed 15-20 times through a Mini Extruder with 

polycarbonate filters with a pore size of 400 nm, followed by 15-20 passes through filters with 

pores of 200 nm. The size and zeta potential of the resulting vesicles were measured using DLS. 

At the early stage of the research, just before coating, a solution of MPDA@Fe, MPDAFe, or 

MPDAFe@DOX in water or PBS buffer was sonicated for 5 min using the bath sonicator. 
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Subsequently, the solutions of nanoparticles and membranes were mixed at different mass 

ratios: 1:2 and 1:3 (mNPs:mmembranes). At first, two methods of coating were examined. 

For the coextrusion method, the procedure was similar to the formation of membrane vesicles. 

The mixture of nanoparticles and membrane vesicles was passed through polycarbonate filters 

with specific pore sizes (400 and 200 nm) for a total of 10 repetitions. The second method 

involved placing the mixture of nanoparticles and membrane vesicles in the bath sonicator for 

2, 5, 6, 8, and 10 min. The resulting solutions were examined using DLS for hydrodynamic 

diameter and zeta potential measurements, and TEM microscopy was used for imaging. 

 

 

Figure 17. SDS-PAGE electrophoresis of three cell fractions: WC (whole cell), Cyt (cytosol), and Mem 

(membrane) on 10% polyacrylamide gel. A pre-stained protein market of a broad range (7-175 kDa) 

was used for size reference. 

 

The initial attempt at coating using the coextrusion method was carried out in PBS buffer, but 

it failed, possibly due to the buffer-induced aggregation of the nanoformulations. Consequently, 

the material remaining on the filters blocked the pores of the polycarbonate filters, preventing 

the coating of nanoparticles. Subsequent tests were conducted in aqueous solutions. The bath 

sonication method did not yield satisfactory results (data not shown), as the DLS measurements 

exceeded the reliability limit of the technique (> 1 µm), indicating its inefficiency. Slightly 
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better results were achieved by coextrusion of aqueous solutions of nanoparticles and 

membrane vesicles. The DLS measurements are presented in Figure 18. Importantly, the data 

shown on the graph was obtained for nanoparticles modified with iron post-synthesis 

(MPDA@Fe) loaded with DOX. 

  

Figure 18. Results of the DLS measurements of MPDA@Fe@DOX nanoparticles coated with HepG2 

cell membranes. In the graph from the left: Nanoparticles - uncoated PDA nanoparticles functionalized 

with iron and loaded with doxorubicin (MPDA@Fe@DOX NPs), Vesicles - vesicles of cell membranes 

of HepG2 cells, consecutive numbers indicate the mass ratio of NPs:membrane during co-extrusion 

(1:3/1:2) and the size of the polycarbonate filter (400/200nm). 

 

The sizes of the coated structures obtained were similar to the size of the vesicles, while 

the zeta potentials were lower than those of the particles but much higher than the potentials of 

the vesicles themselves. This may indicate incomplete coverage of the particles and 

the presence of uncoated nanoparticles in the solution. Moreover, extensive clogging of 

the filters was observed, hence, it was decided to switch to 800 nm filters to avoid material loss. 

Further investigation focused on negatively charged nanoparticles synthesized with the one-pot 

methods (MPDAFe). Additionally to the previously mentioned coating techniques, a high 
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power sonication was included in the investigation. The experimental procedure consisted of 

two steps: at first, the nanoparticles alone were sonicated using a pulse sequence (1 s on, 2 s off) 

for a total pulse duration of 1.5 min at the power of 160 W. Next, the nanoparticles were mixed 

with pre-made using membrane vesicles and sonicated using a similar pulse sequence but at 

the power of 125 W. The tube containing the sonicated samples was immersed in water during 

the duration of the procedure. The data obtained from all three methods and two different 

NPs:membrane protein mass ratios (1:1 and 1:0.1) are summarized in Figure 19.  

 

Figure 19. Results of the DLS measurements of MPDAFe nanoparticles coated with HepG2 cell 

membranes. In the graph from the left: nanoparticles - uncoated MPDAFe nanoparticles, 

Vesicles - vesicles of cell membranes of HepG2 cells, consecutive numbers indicate the mass ratio of 

NPs:membrane protein during extrusion, bath sonication, and tip sonication (1:1/1:0.1 w/w). 

 

To understand the composition and stability of membrane-coated nanoparticles, I conducted 

an SDS-PAGE analysis, which separates proteins based on their molecular weight. This 
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approach allows for verification of the successful integration of the biomimetic membrane onto 

the nanoparticle surface and assessment of any potential alterations in protein composition 

during the coating process. SDS-PAGE electrophoresis was performed to compare the protein 

composition on the surface of nanoparticles coated with different techniques (Figure 20). 

The samples were centrifuged before the procedure to ensure that the visualized proteins were 

attached to the surface of nanoformulations. Representative supernatant of the centrifuged 

samples was also included in the experiment. The obtained results confirmed the presence of 

proteins on the MPDAFe@Mem NPs obtained using all of the tested methods. The patterns 

visible in Figure 20 correspond to the protein pattern of the isolated membrane fraction (Mem). 

The separation of the Supernatant fraction revealed a similar protein pattern, however, certain 

bands are missing compared to membrane coated-nanoparticles and pure membrane samples. 

 

Figure 20. SDS-PAGE electrophoresis of MPDAFe@Mem NPs obtained using different coating 

techniques. WC – whole cell lysate, Mem – isolated cell membrane fraction, EX1 – extrusion with 

800 nm filters, EX2 – extrusion with 400 nm filters, SON – high power sonication, Supernat. – 

supernatant of the centrifuged MPDAFe@Mem samples. Separation was performed on 

10% polyacrylamide gel. Size reference: mPAGE™ Color Protein Standard, 10 to 203 kDa. 

 

Further assessment of the membrane-coated nanoformulations was based on the TEM images 

(not shown) and was predominantly focused on the extent of the coated particles observed, as 

well as the coating degree. Careful analysis of the obtained data resulted in selecting extrusion 
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and high power sonication as the most effective techniques, and the ratio of 1:1 NPs:membrane 

protein as the most beneficial for the process. The evaluation was based on the increase of the 

MPDAFe NPs’ Z-average after the coating, which matched the theoretical width of the cell 

membrane [173,174]. Although the zeta potential of the coated nanoformulations in all cases 

decreased accordingly with the value of the membrane vesicles, the PDI values suggested high 

polydispersity of the majority of the testes variants except for the extrusion 1:1 and sonication 

1:1. Thus, it was decided to combine the two methods: co-extrusion and high power sonication. 

Importantly, by pre-sonicating the samples, I was able to eliminate the issue of clogging 

the extrusion filters by the nanoparticles, which increased the efficiency of the process and 

limited mass loss during the coating procedure. The results of the coating using the final 

procedure are presented in Table 16. The TEM images of the representative MPDAFe@Mem 

NPs are shown in Figure 21. Uracyl acetate staining was used to visualize the membrane 

coatings on the images. 

 

Table 16. DLS evaluation of the coating efficacy of MPDAFe NPs using combined high power 

sonication and co-extrusion method. 

Sample Z-average/d.nm PDI Zeta potential/mV 

MPDAFe 227.6±1.6 0.11±0.01 -17.7±0.7 

Vesicles 214.9±71.1 0.47±0.15 -45.5±8.4 

MPDAFe@Mem 242.2±0.7 0.05±0.03 -38.4±0.3 

 

 

Figure 21. TEM images of MPDAFe@Mem NPs coated using combined high power sonication and 

co-extrusion technique. The membrane of the MPDAFe@Mem was stained with uranyl acetate. 
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The final nanoformulations were further examined using SDS-PAGE electrophoresis and 

Western blotting analysis (Figure 22). The SDS-PAGE protein patterns observed in 

the membrane isolate (Mem), membrane vesicles (Ves), and membrane-coated MPDAFe 

(NP@Mem) exhibited a significant level of similarity, indicating the successful translocation 

of membrane proteins onto the nanoparticles (Figure 22A). Furthermore, specific proteins that 

are exclusively present in cell membranes, namely Glypican 3 and Na+/K+ ATPase, were 

identified in the membrane isolate fractions (Figure 22B). These results further confirm 

the integrity of the membrane proteins and their successful integration into the membrane-

coated nanoparticles. Conversely, the cytosolic protein GAPDH was solely detected in 

the cytosol isolate fraction. This differential distribution reinforces the specificity of 

the membrane protein isolation process and highlights the selective translocation of membrane 

proteins onto the nanoparticles. 

 

 

Figure 22. Protein analysis of MPDAFe@Mem NPs. A) SDS-PAGE gel separation of membrane 

fraction (Mem), membrane vesicles (Ves), and membrane-coated NPs (NP@Mam), B) Western blotting 

identification of selected membrane proteins; in whole cell lysate (WC), membrane fraction (Mem) and 

cytosolic fraction (Cyt) – membrane proteins Na+/K- ATP-ase (110 kDa), Glypican 3 (66 kDa), and 

a cytosolic protein GAPDH (36 kDa). 
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The successful preservation and translocation of membrane proteins onto the membrane-coated 

nanoparticles hold great significance for targeted drug delivery systems. Membrane proteins 

play key roles in cellular signaling, transport, and recognition processes, making them attractive 

targets for therapeutic interventions [65]. By incorporating these membrane proteins into 

the drug delivery system, it becomes possible to enhance the specificity and efficacy of the drug 

delivery system [65]. 

Eventually, the stability of the coated nanoparticles over time was evaluated. The results of the 

DLS measurements are summarized in Figure 23, comparing the stability of 

MPDAFe@DOX@Mem NPs in water and two re-suspended lyophilized nanoformulations: 

MPDAFe@Mem and MPDAFe@DOX@Mem NPs. For the freshly prepared 

MPDAFe@DOX@Mem NPs in water, no significant changes were observed in 

the hydrodynamic diameter, polydispersity, or zeta potential, indicating their excellent stability 

as membrane-coated nanocarriers. However, in the case of lyophilized nanoparticles 

re- suspended in water, changes, especially in the hydrodynamic diameter, were detected. These 

observations suggest that the stability of the coated nanoformulations may decrease after 

the lyophilization process. Further investigation is necessary to understand the underlying 

factors contributing to the observed changes in size, providing insights for the optimization of 

formulation and storage conditions to maintain the stability of these promising nanostructures. 
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Figure 23. DLS evaluation of the stability of MPDAFe@DOX@Mem NPs in water and re-suspended 

lyophilized MPDAFe@Mem and MPDAFe@DOX@Mem NPs for the course of two weeks. All 

solutions were stored at 4 ºC. 
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Photothermal properties 

Photothermal therapy is based on converting near-infrared (650-900 nm) light into heat 

by a photothermal agent (PTA). The photothermal effect is associated with the energy transition 

performed by the irradiated PTA, resulting in a local temperature increase that may lead to 

the thermal ablation of tumor cells. Polymeric PTAs are often superior to inorganic PTAs in 

various aspects, including low toxicity and biocompatibility [46]. It is often employed as a non-

invasive therapeutic modality in cancer treatment owing to its efficiency and spatial 

targetability [175]. 

PDA exhibits strong photothermal properties due to the absorption of light in the near-infrared 

(NIR) region, which is a tissue-penetrating wavelength range in the so-called first biological 

window [176]. When exposed to NIR light, PDA NPs absorb the energy and convert it into heat 

through a process known as non-radiative relaxation [176]. This localized heating effect causes 

the temperature of the surrounding environment to increase, resulting in a photothermal 

response. The extent of the photothermal response depends on the concentration of PDA 

nanoparticles, the power of the NIR light, and the duration of the exposure. The photothermal 

response of MPDAMe NPs (Me = Fe, Gd, or Mn) was examined by irradiating the nanoparticle 

solutions placed in a quartz cuvette by an 808 nm laser for 5 min. The distance between 

the laser and the cuvette was 5 cm. The temperature was controlled either by a thermocouple 

(measurement every 10 s) or by a thermal camera (pictures taken every 30 s).  

The investigation into the photothermal properties of MPDAFe nanoparticles commenced with 

an assessment of the impact of laser power on temperature elevation, as depicted in Figure 24. 

The graphs present a comparison of three MPDAFe NP concentrations: 10, 25, and 50 µg/mL, 

alongside a water control, subjected to three distinct laser powers: 6, 3, and 2 W/cm2 

(Figure 24A,B, and C, respectively). The results revealed a direct correlation between 

concentration and temperature increase upon irradiation, with higher concentrations leading to 

greater temperature elevations. Moreover, the highest temperatures were achieved with 

the application of the strongest laser power. For instance, at a concentration of 50 µg/mL, 

the temperature rose by 30 ºC, while the same concentration experienced temperature increases 

of 15 ºC and 10 ºC under 3 and 2 W/cm2, respectively. These observations underscore 

the photothermal efficacy of the MPDAFe nanoparticles and their potential for thermal 

applications. 

To assess the impact of membrane coating on the photothermal properties of the nanoparticles, 

three different concentrations of MPDAFe@Mem NPs were subjected to two laser powers, and 
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the outcomes were measured using a thermocouple, as shown in Figure 25 (A – 3 W/cm2, 

B – 6 W/cm2). The data indicates that the membrane coating had minimal influence on 

the temperature elevation caused by laser irradiation. This result was further corroborated by 

thermal camera measurements (Figure 26), which confirmed that the membrane coating hardly 

affected the temperature response during irradiation. These compelling findings suggest that 

the membrane-coated nanoparticles retain their photothermal efficiency, making them 

promising candidates for targeted photothermal therapy applications. 

 

Figure 24. Influence of laser power on temperature increase of various concentrations of MPDAFe 

solution in water. A) 6 W/cm2, B) 3 W/cm2, C) 2 W/cm2.  

 

Figure 25. Photothermal properties of MPDAMe@Mem – temperature change of 3 different 

concentrations (10, 25, and 50 µg/mL) of the nanoformulations under 5 min irradiation with 808 nm 

laser at the power of A) 3 W/cm2 and B) 6 W/cm2. Temperature change was registered using 

a thermocouple. Measurements were performed in triplicates. The results are presented as mean±SD. 

The majority of the error bars are too small to be visible on the graph. 
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Figure 26. Photothermal properties of MPDAFe@Mem – temperature change of 3 different concentrations (10, 25, and 50 µg/mL) of the nanoformulations under 5 min 

irradiation with 808 nm laser at the power of 3 and 6 W/cm2. Temperature change was registered using a thermal camera.  
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Eventually, the stability of the thermal response was evaluated. Five irradiation cycles of 

nanoparticle solutions with continuous temperature measurement were carried out. Two laser 

powers were compared. Moreover, the influence of membrane coating was included in the 

investigation. The results are presented in Figure 27. The temperature increase upon each 

irradiation repetition was constant in all cases. Moreover, the membrane coating did not cause 

any visible changes in the thermal stability of the tested materials. The obtained results are 

significant for the possibility of using the tested materials in photothermal therapy. The constant 

temperature response ensures the stability of the potential treatment and the reproducibility of 

the results, which can increase the therapeutic effect of the system. 

 

Figure 27. Thermal stability of A,B) MPDAFe and C,D) MPDAFe@Mem NPs. Five repetitions of laser 

irradiation-cooling cycle at two different laser powers – 3 and 6 W/cm2 (808 nm laser, 5 min irradiation 

from 10 cm distance). 

 

A comparative analysis of photothermal properties was conducted for nanoparticles containing 

three different metals: Fe, Gd, and Mn (Ferritis, Gadolinis, and Manganis NPs, respectively). 

The results, presented in Figure 28, indicate that all three nanoformulations exhibited a 

temperature increase of approximately 20 ºC at a concentration of 200 µg/mL and around 10 ºC 

at 50 µg/mL. Despite slightly lower temperature elevation observed for Gadolinis NPs compared 
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to the other two formulations, the data suggests that the type of metal had a negligible effect on 

the photothermal properties of MPDAMe NPs. However, when comparing the thermocouple and 

thermal camera measurements (Figure 29), it is worth noting that the thermal camera data 

showed a few degrees lower temperature increase. This difference may be attributed to the 

measurement setup and the possibility of nanoparticle aggregation during irradiation. 

The thermocouple measurements were performed under stirring, which prevented nanoparticle 

sedimentation, whereas with the thermal camera, sedimentation of nanoparticles could have 

occurred, potentially influencing the observed thermal effect. Despite this discrepancy, 

the overall results underscore the promising photothermal properties of the investigated 

nanoparticles, highlighting their potential for future applications in photothermal therapy. 

 

Figure 28. Photothermal properties of A) Ferritis, B) Gadolinis, and C) Manganis NPs – temperature 

change of 3 concentrations (50, 100, and 200 µg/mL) under 5 min irradiation with 808 nm laser at the 

power of 3 W/cm2. Temperature change was registered using a thermocouple.  

 

The impact of metal chelation on the photothermal properties of PDA NPs has been vaguely 

debated in the literature. Some studies have suggested that the addition of metals may have 

a neutral or even a negative effect on temperature elevation. For instance, Miao et al. reported 

that Mn-chelated PDA NPs exhibited a slight decrease in temperature change compared to pure 

PDA NPs [177]. Similarly, Guo et al. found negligible differences in the thermal response 

between their MPDA-Fe(III)-DOX-HA NPs and bare PDA NPs [161]. On the other hand, 

Xu et al. synthesized Fe-PDA NPs with a higher heating rate and stronger heating capacity 

compared to PDA [178]. Moreover, Hu and co-workers proposed PDA-Fe3+-ICG NPs that 

exhibited a 14 ºC elevation in photothermal effect compared to PDA NPs, although this effect 

could be attributed to the presence of indocyanine green (ICG), which enhanced 

the nanoformulations' adsorption in the UV-Vis NIR region [179]. 
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Figure 29. Photothermal properties of Ferritis, Gadolinis, and Manganis NPs – temperature change of 3 different concentrations (50, 100, and 200 µg/mL) under 5 min 

irradiation with 808 nm laser at the power of 3 W/cm2. Temperature change was registered using a thermal camera. The measurements were performed in triplicates, but only 

one representative repetition is presented. 
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To the best of my knowledge, a direct comparison of various metals chelated with PDA NPs 

and their influence on photothermal activity has not been reported. The studies on Ferritis, 

Gadolinis, and Manganis NPs show that the type of metal appears to have a negligible impact 

on the heating outcome. Further investigation and systematic studies are needed to fully 

understand the complex relationship between metal chelation and photothermal properties in 

PDA NPs. Nevertheless, the results from this study, as well as those from previous research, 

collectively underscore the potential of these metal-chelated PDA NPs as versatile and 

promising candidates for various biomedical applications, including photothermal therapy. 

 

Magnetic properties of MPDAMe NPs 

Magnetic properties of materials can be classified into three main types: diamagnetism, 

paramagnetism, and ferromagnetism. The macroscopic magnetic characteristics of materials 

result from the magnetic moments that individual electrons possess [180]. Moving elementary 

particles inside atoms, such as electrons, generate a magnetic field. The vector of magnetization 

is described as a sum of the atomic dipole moments within the given volume of a material [181]. 

For the diamagnetic materials, in the absence of an external magnetic field, the average value 

of the dipole moments is considered zero as at least a part of them undergoes random motion, 

which might cause canceling each other by those dipoles. Consequently, in this situation, both 

the magnetic moment and the vector of magnetization are equal to zero. When an alternating 

external magnetic field is applied, the electromagnetic induction causes electron movement 

around the nucleus, resulting in a magnetic dipole of inductive origin. The law of 

electromagnetic induction determines that the direction of the moment of this magnetic dipole 

is opposite to the ambient magnetic field [181]. This phenomenon lays the basis for one of the 

main characteristics observed in materials with diamagnetic properties, namely the negative 

magnetic susceptibility. This type of magnetism is relatively weak, nonpermanent, and exists 

only in the presence of an external field [180]. Since the currents in diamagnetic materials are 

of induced origin and depend on the mobility of atoms only to a small extent, the dependence 

of diamagnetism on temperature is considered negligible [181]. Although diamagnetism is 

present in all materials, it is so faint that it can only be detected when other forms of magnetism 

are entirely absent [180]. 

On the contrary, atoms of paramagnetic materials possess a permanent dipole moment that 

results from an incomplete cancellation of either the electron spin or orbital magnetic moments 

(or both) [180]. The random orientation of those magnetic moments in the absence of 
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an external magnetic field originates from the thermal motion of atoms [181]. After an ambient 

external field is applied, the dipoles line up accordingly. Thus, the vector of magnetization is 

aligned with the applied field, resulting in a positive susceptibility of the paramagnetic materials 

[181]. However, similarly to the diamagnetic materials, the paramagnetic materials exhibit 

magnetization only when an external field is applied [180]. 

Ferromagnetic materials possess unique properties that set them apart from other substances. 

One of the most significant characteristics of these materials is their ability to exhibit 

spontaneous magnetization, which means they can become permanent magnets even without 

an external magnetic field [180]. This phenomenon occurs due to the strong interaction between 

the atoms of the material - coupling interactions prompt adjacent atoms' net spin magnetic 

moments to align with each other, even without an external field [180]. Ferromagnetic materials 

have a high magnetic susceptibility, which means they are easily magnetized by an external 

magnetic field and retain their magnetic properties even after the external magnetic field 

disappears [181].  

An MPMS equipped with SQUID was used to establish the magnetic nature of MPDAMe NPs 

(Me = Fe, Gd, or Mn). MPDA NPs were measured to evaluate if the magnetic properties of 

MPDAMe NPs resulted from the addition of metal to the material. The graphs in Figure 30 

summarize the results of the susceptibility and magnetization measurements. Fitting of 

the magnetic susceptibility data was performed using Origin software.  

 

Figure 30. SQUID measurements of A) magnetic susceptibility measured in the field of 1 kOe and 

magnetization at B) 2 K and C) 300 K of MPDA NPs, MPDAFe NPs, Ferritis NPs, Gadolinis NPs, and 

Manganis NPs. 
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The results obtained for MPDAFe, Ferritis, Gadolinis, and Manganis NPs clearly show 

the paramagnetic nature of the materials. Figure 30A shows a plot of χ(T). As temperature 

increases, the magnetic susceptibility decreases, indicating that the magnetic moment is 

becoming less aligned with the external magnetic field. The fitting curve (red) follows the Curie 

law throughout the whole temperature range, suggesting that the measured material is a Curie-

type paramagnet, a type of magnetism resulting from atoms with unpaired electrons [115]. 

The magnetization curves in Figure 30B and C also confirm the paramagnetic behavior of all 

of the nanoformulations. The magnetization of the samples increases with the increasing 

strength of the applied magnetic field. This effect is better observed at lower temperatures, 

which is also typical for this type of magnetic material. The magnetization of paramagnetic 

materials is directly proportional to the strength of the magnetic field. This phenomenon is 

known as the Curie law, which states that the magnetic susceptibility of a paramagnetic material 

is inversely proportional to the temperature and directly proportional to the magnetic field 

strength [181]. In other words, as the strength of the magnetic field increases, the magnetic 

moment of the atoms in the paramagnetic material becomes more aligned with the external 

field, increasing magnetization. However, as the temperature of the material increases, 

the thermal energy begins to disrupt the alignment of the magnetic moments, causing 

the magnetic susceptibility to decrease. 

On the contrary, the measurements of MPDA NPs revealed the diamagnetic behavior of this 

sample. The χ(T) fitting curve follows the Curie law only at higher temperatures. Moreover, 

the susceptibility of MPDA NPs is negative, which is a clear sign of diamagnetism. 

The magnetization plots of MPDA NPs are also fundamentally different from the plots of 

paramagnetic MPDAMe NPs due to an opposing alignment of the magnetic moments compared 

to the direction of the applied external magnetic field, which is typical for diamagnets. Those 

results indicate that the paramagnetic nature of MPDAFe, Ferritis, Gadolnis, and Manganis NPs 

was induced by the addition of metal to the material and could not be observed otherwise.  

The assessment of the magnetic properties of PDA materials is challenging due to their 

complicated and ambiguous structure. However, several attempts have been made to analyze 

the magnetic behavior of those fascinating structures. In 1964, Blois and co-workers performed 

detailed electron spin resonance (ESR) studies on natural, synthetic, and Cu-dopped melanins 

[182]. The researchers suggested a radical-originated paramagnetism of the investigated 

materials. However, the proposed mechanism was not exclusive – the alternatives of the origin 

of paramagnetic properties included interference of contaminations of transition metal ions or 
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the semiconducting behavior of melanins. Moreover, the researchers claim that the investigated 

materials followed the Curie law from 500 to 4.2 K. However, the susceptibility contribution 

of MPDA NPs observed in this study was negligible. It could be explained by the physical 

properties of the investigated materials. Here, the dry sample of nanoparticles was measured. 

Blois and co-workers did not provide the morphology of the analyzed samples. However, 

the synthesis of synthetic melanins was performed for 4 days, which might suggest a more 

bulky form of the material.  

Overall, among all the tested materials, similar paramagnetic properties were observed, which 

were introduced by the addition of metal to PDA NPs. Gadolinis NPs exhibited the highest 

magnetization among the samples, although the differences in magnetization between 

the various nanoparticles were insignificant. These results suggest that all the investigated 

materials possess comparable magnetic characteristics, making them promising candidates for 

further development in biomedical applications that require magnetic responsiveness. 

 

Relaxivity and contrasting properties 

In the field of biomedical imaging, MRI has emerged as a powerful tool for non-invasive 

visualization and characterization of anatomical structures and physiological processes. 

The efficiency of MRI largely depends on the use of contrast agents that enhance the image 

contrast between different tissues or pathological areas. Paramagnetic nanoparticles have 

gained significant attention as promising MRI contrasting agents due to their unique magnetic 

properties and tunable relaxivity. 

Relaxivity is a critical parameter that quantifies the ability of a contrast agent to alter 

the longitudinal (T1) or transverse (T2) relaxation times of nearby water protons, thus enhancing 

the signal intensity and providing clearer image contrast. By systematically investigating 

the relaxivity of the nanoparticles, I aimed to elucidate their potential as effective MRI 

contrasting agents. In this study, the r1 relaxivity of the nanoformulations was investigated at 

two different temperatures, namely 22 ºC and 37 ºC, using T1 relaxation measurements 

(inversion-recovery) on NMR spectrometers operating at 16.5 MHz (0.4 T) and 200 MHz 

(4.7 T). 

For the inversion-recovery experiment, a series of NMR pulse sequences were employed. 

The MPDAFe@Mem, Ferritis, Gadolinis, and Manganis NPs were dispersed in water at various 

metal concentrations. Each sample underwent an inversion pulse, followed by a variable 
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recovery time (TR) before acquiring the NMR signal. The resulting T1 recovery data exhibited 

mono-exponential behavior, allowing to fit the data using Equation (9): 

𝑀(0)  =  𝑀0  ·  (1 –  2 ·  𝑒𝑥𝑝(−𝑡/𝑇1))    (9) 

Here, M0 represents the magnetization at thermodynamic equilibrium, M is the magnetization 

at time t, and T1 denotes the spin-lattice relaxation time.  

A summary of the obtained relaxation values for both positive (T1-weighted) and negative (T2-

weighted) contrasting is provided in Table 17. 

 

Table 17. Relaxation values calculated from the data obtained from the NMR measurements at 22 ºC 

and 37 ºC using 16.5 MHz and 200 MHz (T1-weighted), and MRI maps at 400 MHz (T2- weighted) of 

MPDAFe@Mem, Ferritis, Gadolinis, and Manganis NPs. 

Sample 

Metal 

concentration/ 

(mM) 

R1/(1/s) R2/(1/s) 

22 ºC 37 ºC 
400 

MHz 

(9.4 T) 

16.5 

MHz 

(0.4 T) 

200 

MHz 

(4.7 T) 

16.5 

MHz 

(0.4 T) 

200 

MHz 

(4.7 T) 

MPDAFe@Mem 

0 0.39 0.35 0.31 0.25 3.23 

0.2 1.14 1.01 0.97 0.91 6.67 

0.4 1.79 1.63 1.59 1.51 9.09 

0.6 2.43 2.20 2.18 2.06 10.00 

0.8 3.13 2.84 2.81 2.69 16.67 

1.0 3.72 3.41 3.28 3.25 20.00 

Ferritis 

0.0 0.39 - 0.31 - - 

0.3 1.17 - 1.02 - - 

0.7 1.76 - 1.68 - - 

1.0 2.63 - 2.56 - - 

1.4 3.55 - 3.50 - - 

1.7 4.30 - 4.24 - - 
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Gadolinis 

0 0.39 - 0.31 - - 

0.67 4.16 - 3.74 - - 

1.01 - - 4.72 - - 

1.34 5.92 - - - - 

Mangnis 

0 0.38 - 0.30 - - 

0.39 8.00 - 7.56 - - 

0.78 15.63 - 14.71 - - 

1.17 22.56 - 21.43 - - 

1.56 31.25 - 28.57 - - 

 

C(Me) = f(R1) graphs (Figure 31 and Figure 32) were plotted based on the acquired relaxation 

rate values (R1) and the corresponding molar concentrations of Me (Me = Fe, Fe, Gd, or Mn in 

the MPDAFe@Mem, Ferritis, Gadolinis, and Manganis NPs, respectively). To determine 

the relaxivity of the nanoformulations, we performed linear fitting using Equation (3) (p.42). 

The resulting linear fitting curve (shown in red) provided the best fit to the experimental data 

and allowed to determine the slope, which corresponds to the relaxivity of 

the nanoformulations. 

 

Figure 31. Relaxation times of increasing concentrations of MPDAFe@Mem NPs in water measured 

at A) 22 ºC and B) 37 ºC using 16.5 MHz and 200 MHz NMR spectrometers. The relaxivity values were 

calculated based on the linear fit of the data. 
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Figure 32. Relaxation times of increasing concentrations of A) Ferritis, B) Gadolinis, and C) Manganis 

NPs in water measured at 22 ºC and 37 ºC using a 16.5 MHz NMR spectrometer. The relaxivity values 

were calculated based on the linear fit of the data. 

 

To facilitate comparison with the obtained relaxivity values, Table 18 presents representative 

r1 values of commercially available contrast agents. It is noteworthy that the majority of these 

agents are based on gadolinium complexes, with the exception of TESLASCAN, which utilizes 

manganese. 

 

Table 18. Relaxivity (r1) values of selected clinically used contrasting agents measured in water at 40 ºC 

(at 0.47 T) and 37 ºC (at 4.7 T) [183]. 

Trade name r1 at 0.47 T/(s-1 mM-1) r1 at 4.7 T/(s-1 mM-1) 

MAGNEVIST 3.4 (3.2-3.6) 3.2 (3.0-3.4) 

GADOVIST 3.7 (3.5-3.9) 3.9 (3.6-4.2) 

PROHANCE 3.1 (2.9-3.3) 3.4 (3.1-3.7) 

MULTIHANCE 4.2 (3.9-4.4) 4.7 (4.4-5.0) 

DOTAREM 3.4 (3.2-3.6) 3.3 (3.0-3.6) 

OMNISCAN 3.5 (3.3-3.7) 3.8 (3.5-4.1) 

TESLASCAN 1.9 (1.8-2.0) 2.3 (2.0-2.6) 

OPTIMARK 4.2 (4.0-4.4) 4.5 (4.2-4.8) 

Gadomer 16.5 (15.7-17.3) 9.1 (8.6-9.6) 
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Notably, all the investigated nanoformulations (Figure 31, Figure 32) exhibited relaxivity 

values comparable to or higher than the commercially used agents presented in Table 18. This 

suggests that these nanoformulations have the potential to enhance image contrast and improve 

diagnostic accuracy. 

Among the tested nanoformulations, Manganis NPs demonstrated the highest relaxivity. 

However, it is important to note that the stability of Manganis NPs decreased significantly at 

the highest concentrations, leading to the exclusion of the corresponding data from 

the evaluation. This instability might limit the practical applicability of Manganis NPs in 

clinical settings. Gadolinis NPs exhibited overall instability, which affected the accuracy and 

reliability of the presented data. Therefore, the relaxation properties of Gadolinis NPs should 

be considered as a rough estimation based on the obtained results. In contrast, both Ferritis NPs 

and MPDAFe@Mem NPs demonstrated excellent stability across all tested concentrations and 

measurement conditions. This stability is crucial in ensuring consistent and reliable contrast 

enhancement in MRI imaging. However, it is worth noting that the relaxivity of Ferritis and 

MPDAFe@Mem NPs was approximately five times lower than that of Manganis NPs. This 

difference in relaxivity values should be taken into account when considering the specific 

application and desired imaging outcomes. Comparison with other studies on PDA-based MRI 

contrasting agents further reinforces the exceptional potential of the synthesized structures. 

Ding et al. introduced Mn-containing nanoparticles (Mn3O4@PDA) with a reported 

longitudinal relaxivity of 14.47 s-1 mM-1 at 1.2 T, which they described as 'ultra-high relaxivity' 

[184]. In light of our findings that Manganis nanoparticles exhibited an r1 value of 18.1/19.6 

s-1mM-1, it is justifiable to classify it also as ultra-high relaxivity. In another study, Wang et al. 

reported several Mn-based PDA NPs with r1 values between 4.7 and 8.3 s-1 mM-1 (measured at 

7 T) [148], whereas a series of Fe-based PDA NPs proposed by Li et al. were shown to have r1 

values between 1.2 and 4.6 s-1 mM-1 (measured at 7 T) [49]. However, examples with extremely 

high relaxivity were also reported, such as a series of Gd-containing PDA NPs with r1 values 

from 35.1 to 74.6 s-1 mM-1 (measured at 1.4 T) [185]. Nevertheless, the presented results 

highlight the contrast-enhancing capabilities of the presented nanoparticles and emphasize their 

potential for highly sensitive and accurate MRI imaging applications. 

To further evaluate the potential of MPDAFe@Mem NPs as MRI contrast agents, T2-weighted 

imaging was performed across a range of NPs concentrations (0.2 to 1 mM) using a 9.4 T MRI 

scanner operating at a proton resonance frequency of 400 MHz. A multi-echo sequence was 

applied for the imaging experiments. The resulting images and the calculated T2 values derived 
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from the MRI maps are presented in Figure 33. A summary of the obtained relaxation values 

is provided in Table 17. As evidenced by the changes observed in the images in Figure 33, 

the increasing concentration of NPs was connected with a gradual reduction in T2, resulting in 

a decrease in signal intensity. This reduction in image brightness signifies the enhanced T2 

relaxation effect induced by the presence of MPDAFe@Mem NPs, thus demonstrating their 

potential as effective contrast agents for targeted cancer imaging applications. 

 

Figure 33. MRI T2-weighted MRI images of MPDAFe@Mem NPs at concentrations from 

0.2 to 1 mM Fe. The T2 times were determined from the MRI maps. 

 

What is particularly remarkable is that even at the lowest tested concentration of 0.2 mM of Fe, 

the MPDAFe@Mem NPs exhibited a discernible darkening effect on the T2-weighted images. 

This finding highlights the high sensitivity and potential of these NPs for early cancer detection, 

suggesting that lower concentrations of NPs may be sufficient for successful imaging in such 

cases. 

These results provide valuable insights into the contrasting capabilities of MPDAFe@Mem 

NPs, emphasizing their ability to generate a negative T2 contrast. The observed darkening of 

the images with increasing NPs concentration further underscores their potential for precise and 

targeted cancer imaging. These findings contribute to the growing body of evidence supporting 

the use of PDA-based NPs as promising candidates for advancing cancer diagnosis and 

facilitating early detection, where the sensitivity and accuracy of imaging are of paramount 

importance. 

The stability of nanoparticles plays a crucial role in obtaining accurate and reliable imaging 

results. A comparative analysis between MPDAFe NPs and MPDAFe@Mem NPs under 

the same imaging conditions highlighted a distinct difference in their stability. Three-

dimensional colormaps (Figure 34), constructed based on T2 MRI maps, provided valuable 

insights into the behavior of the nanoparticles within the high magnetic field (9.4 T). 
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Figure 34. T2 times of MPDAFe (top) and MPDAFe@Mem (bottom) NPs extracted from the MRI 

maps. A) 3D colormap with a top plane projection of different concentrations of MPDAFe NPs, 

B) Corresponding MRI T2-weighted images, C) 3D colormap with a top plane projection of different 

concentrations of MPDAFe@Mem NPs, D) Corresponding MRI T2-weighted images. 

 

The colormaps clearly demonstrated that the MPDAFe NPs (Figure 34A) exhibited significant 

sedimentation, as indicated by less defined column shapes and the irregular distribution of 

colors in the top plane projections. In contrast, the colormaps of the MPDAFe@Mem NPs 

(Figure 34C) showed enhanced stability, characterized by less disturbed column shapes and 

more even colors on the top plane projections. The sharp increase in the column shape at 

the edges could be considered an artifact arising from the measurement tube. Regardless, these 

observations strongly suggest that the membrane coating of MPDAFe@Mem NPs confers 

improved stability during the T2-weighted MRI imaging. 
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The stability of MPDAFe@Mem NPs is of paramount importance for their potential 

applications in targeted cancer imaging. The consistent and uniform distribution of 

the nanoparticles ensures accurate contrast enhancement and reliable detection of cancerous 

tissues. In contrast, the instability of MPDAFe NPs may lead to suboptimal imaging results, 

hampering their efficacy in clinical applications. By employing the membrane-coating strategy, 

the MPDAFe@Mem NPs overcome the challenges associated with sedimentation and offer 

enhanced stability during T2-weighted MRI imaging. This stability enables the nanoparticles to 

maintain their optimal contrast-enhancing properties, facilitating their potential use in targeted 

cancer imaging and improving the accuracy of diagnosis and treatment monitoring. 

Overall, the evaluated paramagnetic nanoparticles exhibited promising characteristics for MRI 

contrasting. The findings presented in this chapter contribute to the development of efficient 

and tailored paramagnetic nanoparticles for MRI applications. By harnessing the unique 

properties of these contrast agents, we can improve imaging capabilities, enhance disease 

detection, and enable more accurate treatment monitoring in clinical settings. 

The comprehensive evaluation of relaxivity and MRI contrasting properties of the investigated 

paramagnetic nanoparticles advances the understanding of their potential as contrast agents. 

The investigations into the relaxivity and contrasting properties of MPDAFe@Mem NPs 

provided valuable insights into their suitability as MRI contrast agents (both positive and 

negative). This result highlights the high sensitivity and potential of the membrane-coated NPs 

for in vivo applications, where lower NPs concentrations may be required to be sufficient for 

successful imaging. 
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Biological studies in vitro 

Nanoparticles have emerged as promising tools in various fields within biomedical 

applications. However, before their widespread implementation, it is crucial to thoroughly 

investigate their safety profiles, particularly in terms of cytotoxicity. Cytotoxicity assays serve 

as fundamental tools for assessing the potential adverse effects of nanoparticles on cellular 

systems. Based on a detailed physicochemical analysis, MPDAFe NPs were selected as 

possessing the most beneficial properties for the established aims of the project. This chapter 

aims to explore the cytotoxicity of membrane-coated MPDAFe nanoparticles through 

a comprehensive evaluation of their impact on cell viability and function. Through a systematic 

investigation of the cytotoxic effects induced by nanoparticles, this chapter aims to contribute 

to understanding the potential hazards and challenges associated with exposing living cells to 

MPDAFe-based nanoformulations. 

 

Biosafety evaluation 

The study presented in this chapter focuses on the biosafety evaluation of porous PDAFe 

NPs coated with cancer cell membranes (MPDAFe@Mem NPs) using two cytotoxicity assays: 

the Live/Dead assay and the EdU assay. The Live/Dead assay is a fluorescence-based method 

used to distinguish live cells from dead cells in a population. It employs two fluorescent dyes: 

calcein AM, which labels live cells with green fluorescence, and EthD-1, which penetrates and 

labels dead cells with red fluorescence by binding to nucleic acids [186]. Therefore, live cells 

exhibit green fluorescence, while dead cells display red fluorescence, allowing for quick and 

reliable assessment of cell viability and cytotoxicity based on cell membrane integrity in various 

experimental settings. This assay was used to assess the impact of MPDAFe@Mem NPs on 

both normal cells (MRC5) and liver cancer cells (HepG2) and provide insights into their 

biosafety, which is a crucial aspect in targeted cancer therapy. Additionally, the EdU assay was 

employed to investigate the impact of MPDAFe@Mem NPs on cell proliferation. EdU, 

a thymidine analog, is incorporated into replicating DNA during active cell proliferation 

[122,187]. The assay enables the identification and quantification of actively proliferating cells, 

providing valuable data on the potential effects of the nanoformulations on cellular growth and 

replication. By employing these specific cytotoxicity assays, the study aims to comprehensively 

assess the biocompatibility and potential therapeutic efficacy of MPDAFe@Mem NPs. The use 

of both normal and cancer cells in the evaluation allows for a comparative analysis of 
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the nanoparticles' impact on different cell types, aiding in the development of targeted and safe 

therapeutic agents for cancer treatment. 

For the Live/Dead assay, MRC5 and HepG2 cells were seeded in culture plates and allowed to 

adhere overnight. The cells were then treated with varying concentrations (0-40 μg/mL) of 

MPDAFe and MPDAFe@Mem NPs for 48 h. After the treatment period, the cells were stained 

using a Live/Dead assay kit according to the manufacturer's instructions. The stained cells were 

imaged using an InCell Analyzer, capturing fluorescence images. The viability of the cells was 

determined by analyzing the fluorescence signals and quantifying the proportion of live and 

dead cells using image analysis software. 

Both the Live/Dead assay and EdU assay were performed in triplicates, and the results were 

presented as mean±SD. The InCell Analyzer, a high-content imaging system, provided 

the capability to capture and analyze multiple images, enabling accurate assessment of cell 

viability and proliferation in a quantitative manner.  

The cell viability evaluation using the Live/Dead assay revealed that the MPDAFe and 

MPDAFe@Mem NPs exhibited negligible cytotoxicity towards MRC5 cells, which are normal 

fibroblasts (Figure 35A,B). Even at the highest concentration (40 μg/mL), these NPs did not 

induce significant cell death in MRC5 cells. This finding suggests that the NPs are 

biocompatible and do not adversely affect the viability of normal cells. 

In contrast, a slight decrease in viability was observed in HepG2 cells, which are cancer cells, 

when treated with the MPDAFe@Mem NPs (Figure 35C,D). At the highest concentration 

(40 μg/mL) of MPDAFe@Mem NPs, the viability of HepG2 cells decreased by approximately 

10% compared to the control group. On the other hand, the MPDAFe NPs did not show any 

significant toxicity towards HepG2 cells. These results indicate that the MPDAFe@Mem NPs 

may have a minimal impact on the viability of cancer cells. Statistical analysis of the MRC5 

and HepG2 cell lines are summarized in Table 19 and Table 20, respectively. 
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Figure 35. Results of Live/Dead assay comparing biosafety of MPDAFe and MPDAFe@Mem NPs. 

A) Viability of MRC5 cells, B) Corresponding images (green – live cells, red – dead nuclei, blue – all 
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nuclei); the scale marks 70 µm, C) Viability of HepG2 cells, D) Corresponding images (green –live 

cells, red – dead nuclei, blue – all nuclei); the scale marks 70 µm. 

 

Table 19. Summary of the unpaired t-test analysis results of the normalized number of proliferating 

MRC5 cells (Live/Dead assay) incubated with MPDAFe or MPDAFe@Mem NPs (MPDAFe@Mem 

vs. MPDAFe). 

Concentration P value 
P value 

summary 
Significantly different? (P <  0.05) 

1.25 0.3236 ns no 

2.5 0.8515 ns no 

5 0.0312 * yes 

10 0.9687 ns no 

20 0.9546 ns no 

40 0.3590 ns no 

 

 

Table 20. Summary of the unpaired t-test analysis results of the normalized number of proliferating 

HepG2 cells (Live/Dead assay) incubated with MPDAFe or MPDAFe@Mem NPs (MPDAFe@Mem 

vs. MPDAFe). 

Concentration P value 
P value 

summary 
Significantly different? (P <  0.05) 

1.25 0.1619 ns no 

2.5 0.4260 ns no 

5 0.5195 ns no 

10 0.6986 ns no 

20 0.0273 * yes 

40 0.0017 ** yes 

 

  



- 120 - 

 

For the EdU assay, MRC5 and HepG2 cells were seeded in culture plates and allowed to adhere 

overnight. The cells were then treated with different concentrations (0-40 μg/mL) of MPDAFe 

and MPDAFe@Mem NPs for 24 h. After incubation, the cells were exposed to EdU. Following 

the EdU incorporation period, the cells were fixed, permeabilized, and subjected to a click 

chemistry reaction with a fluorescent dye conjugated to detect EdU. The stained cells were 

imaged using the InCell Analyzer. The relative number of proliferating cells was determined 

by analyzing the fluorescence signals and quantifying the proportion of EdU-positive cells 

using image analysis software. 

In the EdU assay, which assesses cell proliferation, both MRC5 and HepG2 cell lines were 

evaluated for proliferation under incubation with MPDAFe and MPDAFe@Mem NPs. 

Interestingly, the relative number of proliferating cells did not vary significantly with increasing 

NPs concentration for both normal cells (Figure 36A) and cancer cells (Figure 36C). 

The corresponding images of the MRC5 and HepG2 cells (Figure 36B and D, respectively) 

confirm that the proportion of proliferating cells did not exhibit a significant decrease in 

the range of the tested NPs concentrations. This finding suggests that the presence of MPDAFe 

and MPDAFe@Mem NPs did not inhibit cell proliferation in either the normal or cancer cell 

lines. The nanoparticles did not interfere with the cell's ability to actively replicate DNA during 

the EdU incorporation period, indicating a lack of significant cytotoxic effects on cell 

proliferation. Statistical analysis of the MRC5 and HepG2 cell lines are summarized in 

Table 21 and Table 22, respectively. 
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Figure 36. Results of EdU assay comparing biosafety of MPDAFe and MPDAFe@Mem NPs. 

A) Viability of MRC5 cells, B) Corresponding images (blue – all nuclei, pink – proliferating nuclei); 
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the scale marks 70 µm, C) Viability of HepG2 cells, D) Corresponding images (blue – all nuclei, pink 

– proliferating nuclei); the scale marks 30 µm. 

Table 21. Summary of the unpaired t-test analysis results of the normalized number of proliferating 

MRC5 cells (EdU assay) incubated with MPDAFe or MPDAFe@Mem NPs (MPDAFe@Mem vs. 

MPDAFe). 

Concentration P value 
P value 

summary 
Significantly different? (P <  0.05) 

1.25 0.3198 ns no 

2.5 0.0581 ns no 

5 0.4504 ns no 

10 0.1872 ns no 

20 0.3653 ns no 

40 0.1468 ns no 

 

Table 22. Summary of the unpaired t-test analysis results of the normalized number of proliferating 

HepG2 cells (EdU assay) incubated with MPDAFe or MPDAFe@Mem NPs (MPDAFe@Mem vs. 

MPDAFe). 

Concentration P value 
P value 

summary 
Significantly different? (P <  0.05) 

1.25 0.0613 ns no 

2.5 0.2466 ns no 

5 0.2069 ns no 

10 0.0337 * yes 

20 0.8004 ns no 

40 0.1625 ns no 

 

The negligible toxicity of Fe-modified PDA NPs is consistent with previous studies. Xu and 

co-workers reported no severe cytotoxicity of Fe (III)-chelated PDA NPs toward normal cells 

(HUVEC cells), even at concentrations up to 200 µg/mL [178]. Similarly, in another study, 

PDA-Fe3+-ICG NPs showed no toxicity toward various cancer cell lines [179]. These findings 

support the presented results, highlighting the intrinsic biosafety of Fe-modified PDA NPs. 

Additionally, membrane-coated drug carriers have demonstrated excellent biocompatibility in 

various studies [94,97,188,189]. Interestingly, coating with cancer cells further enhanced 
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the biocompatibility of upconversion nanoparticles toward different tumor cell lines and 

macrophage cells [190]. 

Overall, the results from the cytotoxicity assays demonstrate the biocompatibility and minimal 

cytotoxicity of the MPDAFe and MPDAFe@Mem NPs towards normal cells (MRC5) and 

cancer cells (HepG2) at the tested concentrations (1.25 - 40 μg/mL). The slight decrease in 

viability observed in HepG2 cells treated with the MPDAFe@Mem NPs suggests a potential 

selectivity towards cancer cells, while the absence of significant effects on cell proliferation 

indicates the compatibility of the nanoparticles with the cell's replicative processes. These 

findings support the promising application of the MPDAFe@Mem NPs as a safe and effective 

drug delivery system for potential use in cancer therapy. 

 

Cell internalization 

 Understanding the cellular internalization of nanoparticles is essential for assessing their 

potential as drug delivery systems and targeted therapeutics. In this study, I investigated 

the uptake of MPDAFe and MPDAFe@Mem NPs by HepG2 cells using flow cytometry. By 

comparing the uptake of membrane-coated and non-coated nanoparticles at different time 

points, I aimed to evaluate the influence of the cell membrane coating on the MPDAFe NPs 

internalization. 

Flow cytometry analysis was performed on HepG2 cells incubated with MPDAFe and 

MPDAFe@Mem NPs stained with RED NHS dye for 1 h and 4 h. The results revealed 

an increased uptake of membrane-coated nanoparticles already after 1 h (Figure 37A), and this 

effect was further pronounced after 4 h (Figure 37C). The corresponding images 

(Figure 37B,D) provided visual evidence of these findings, indicating that after 4 h, a larger 

number of membrane-coated nanoparticles were internalized compared to the images taken 

after 1 h incubation. 

Furthermore, the images showed a notable difference in nanoparticle localization within 

the cells between the two time points. After 1 h, the nanoparticles were mainly localized near 

the cell membrane, suggesting initial interactions and binding. However, after 4 h, 

the nanoparticles had migrated further inside the cells, indicating successful internalization and 

intracellular distribution. This shift in localization suggests that the membrane-coated 

nanoparticles have the ability to traverse the cell membrane and enter the intracellular 

compartments more efficiently over time. 
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Figure 37. Internalization of MPDAFe and MPDAFe@Mem NPs in HepG2 cells after A,B) 1 h and 

C,D) 4 h of incubation measured using flow cytometry. Graphs: grey – control (cells without 

nanoparticles), red – cells incubated with MPDAFe@Mem NPs, blue – cells incubated with MPDAFe 

NPs. Images: green – cell membrane, red – nanoparticles stained with a RED NHS fluorescent dye. 

 

The observed increase in internalization of membrane-coated nanoparticles can be attributed to 

the enhanced cellular uptake facilitated by the membrane coating. The coating likely promotes 

interactions with specific receptors on the cell membrane, leading to improved cellular 

recognition and internalization [66]. This selective uptake can be crucial for targeted drug 

delivery, as it increases the nanoparticles' accumulation at the desired site of action, such as 

cancer cells. The enhancement of the membrane-coated uptake by cancer cells has been 

observed in other studies. For instance, ICG and DCT-loaded PLGA NPs coated with 4T1 cell 

membrane showed 70% higher uptake into the homologous breast cancer cells than their 

uncoated counterparts [39]. Similarly, in another study, PGT NPs coated with MNNG/HOS cell 
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membranes demonstrated about 5 times increase in internalization in homologous tumor cells 

[96]. It is worth noting that cancer cell coatings have been shown to have a superior enhancing 

effect on homologous cancer cell internalization compared to red blood cell membrane coatings 

[191]. 

In conclusion, this study investigated the internalization of MPDAFe and MPDAFe@Mem 

nanoparticles in HepG2 cells using flow cytometry. The results demonstrated that 

the membrane coating significantly enhanced nanoparticle internalization. The images provided 

visual confirmation of the increased internalization and revealed a shift in nanoparticle 

localization over time. These findings highlight the importance of the membrane coating in 

promoting efficient cellular uptake and support the potential of MPDAFe@Mem nanoparticles 

as effective drug delivery carriers for targeted therapeutics. 

 

Photothermal treatment 

Photothermal therapy has emerged as a promising approach for targeted cancer 

treatment, utilizing the photothermal conversion properties of nanoparticles to induce localized 

hyperthermia and subsequent cell death [46]. In this part of my study, I investigated 

the photothermal therapy-related cytotoxicity of MPDAFe@Mem NPs towards HepG2 cells 

using the MUSE flow cytometer with the Count&Viability assay and the Live/Dead assay for 

visualization of cell death. By comparing the cytotoxic effects of laser-irradiated and non-

irradiated nanoparticles on cancer cells, I aimed to assess the photothermal effect of 

the investigated nanoformulations. 

The impact of the photothermal properties of MPDAFe@Mem nanoparticles on the viability of 

cancer cells was evaluated using a MUSE® cytometer’s Count&Viability assay – a flow 

cytometry-based method used to assess cell viability and determine cell counts in a sample. It 

utilizes fluorescent dyes that selectively stain live and dead cells, allowing for the differentiation 

between viable and non-viable populations. By measuring the fluorescence emitted by 

the stained cells, the MUSE system can provide accurate and rapid quantification of live and 

dead cells [192]. Cancer cells (HepG2) were treated with MPDAFe@Mem NPs using two sets 

of conditions: one group irradiated with a 3 W/cm2 laser and another group without laser 

irradiation. The results showed a gradual decrease in cell viability with increasing nanoparticle 

concentration in the laser-treated group, ultimately leading to complete cell elimination at 

a concentration of 40 µg/mL (Figure 38A,B). The difference in cell viability between the laser-

treated and control groups was evident in the graph, with statistical significance established for 
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the concentrations of 20 and 40 µg/mL (Table 23). Notably, irradiation alone (without 

nanoparticles) did not cause any significant viability reduction. These findings highlight 

the potent photothermal effect of the nanoparticles, resulting in selective cytotoxicity toward 

cancer cells when exposed to laser irradiation.  

 

 

Figure 38. Photothermal evaluation of MPDAFe@Mem NPs. A) Cell viability of cancer cells (HepG2) 

evaluated using MUSE® flow cytometry. Asterisks denote the statistical significance: ns - p>0.05, 

* - p ≤ 0.05, **** - p ≤ 0.0001 B) Live/Dead assay – visualization of cytotoxic effect of laser (3 W/cm2)-

irradiated MPDAFe@Mem NPs at various concentrations. Cell staining: Calcein, AM (green) – live 

cells, ethidium homodimer-1 (red) – dead cells; the scale marks 100 µm. 
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Table 23. Summary of the unpaired t-test results of PTT+ vs PTT - cell viability. 

Concentration P value 
P value 

summary 
Significantly different? (P <  0.05) 

1.25 0.1118 ns no 

2.5 0.9572 ns no 

5 0.1345 ns no 

10 0.1118 ns no 

20 0.0153 * yes 

40 <0.0001 **** yes 

 

Further evidence of the photothermal effect was obtained through Live/Dead assay images. 

At concentrations of 40 µg/mL nanoparticles, the images showed predominantly red cells (dead 

cells), indicating the photothermal-induced cell death. Moreover, as the nanoparticle 

concentration decreased, the number of red cells decreased, suggesting a dose-dependent 

response to photothermal treatment. These observations confirm that the photothermal 

properties of MPDAFe@Mem nanoparticles effectively induce cell death, reinforcing their 

potential as a photothermal therapeutic agent for cancer treatment. 

The obtained results show the great potential of MPDAFe@Mem NPs compared to other 

similar systems that were previously reported. In a study conducted by Hu et al., Fe-PDA NPs 

irradiated with an NIR laser caused complete elimination of tumor cells at a concentration of 

100 µg/mL [178]. However, differences in cell killing ability may be attributed to the conditions 

of laser exposure; the researchers irradiated cells for 15 min with 1 W/cm2, while in the study 

presented here, cells were exposed to 3 W/cm2 for 5 min. In another work, PDA-Fe3+-ICG NPs 

reduced cancer cell viability to approximately 0% at a concentration of 100 µg/mL when 

irradiated with 1 W/cm2 for 5 min [179]. These results highlight the significance of optimizing 

irradiation conditions when designing photothermal therapeutic approaches. It has also been 

shown that the membrane coating might improve the outcome of the photothermal treatment 

[94,188]. This effect is likely attributed to the enhanced internalization of membrane-coated 

nanoformulations into tumor cells.  

In conclusion, the presented study focused on investigating the photothermal properties of 

MPDAFe@Mem nanoparticles as a potential photothermal therapy agent. The results 

demonstrated a significant decrease in cell viability with laser-irradiated nanoparticles, leading 



- 128 - 

 

to complete cell elimination at the highest tested concentration (40 µg/mL). The comparison 

between the laser-treated and non-treated groups further validated the photothermal effect of 

the nanoparticles. Live/Dead assay images provided additional visual evidence of 

the photothermal-induced cell death, emphasizing the potential of MPDAFe@Mem 

nanoparticles for photothermal therapy applications. 

 

Chemotherapeutical effect 

The development of efficient drug delivery systems is of utmost importance in cancer 

therapy to enhance therapeutic efficacy while minimizing systemic toxicity. Traditional 

chemotherapy often suffers from limitations such as poor drug solubility, rapid clearance, and 

lack of tumor selectivity [32,193]. To overcome these challenges, various nanoscale drug 

delivery systems have emerged as promising strategies to improve drug delivery and enhance 

the chemotherapeutic effect. These systems can encapsulate anticancer drugs, protect them 

from premature degradation, and selectively deliver them to tumor cells [193]. Evaluation of 

the chemotherapeutic efficacy of such drug delivery systems is crucial to determine their 

effectiveness in inhibiting cancer cell growth, inducing cytotoxicity, and minimizing adverse 

effects. In this study, I investigated the chemotherapeutic effect of DOX-loaded 

MPDAFe@Mem NPs, aiming to provide insights into their potential as a targeted drug delivery 

system for cancer therapy. Doxorubicin is a widely used anthracycline chemotherapeutic agent 

known for its potent anticancer activity. It functions primarily by intercalating with DNA, 

disrupting DNA replication and transcription processes, inhibiting topoisomerase II activity, 

and generating reactive oxygen species [194]. These mechanisms collectively induce DNA 

damage and apoptosis in cancer cells. However, doxorubicin is also associated with side effects 

such as cardiotoxicity, myelosuppression, and gastrointestinal disturbances [137,194].  

Evaluation of the chemotherapeutic effect aimed to assess the efficacy of doxorubicin-loaded 

MPDAFe@Mem NPs (MPDAFe@DOX@Mem) in inducing cytotoxicity towards HepG2 

cells. Multiple assays were performed, including the WST-1 assay, confocal microscopy 

measurements, and the EdU assay. The WST-1 is a colorimetric cell viability assay commonly 

used in cell biology and drug discovery research. It is based on the reduction of WST-1, a water-

soluble tetrazolium salt, by cellular mitochondrial dehydrogenases to produce a water-soluble 

formazan dye. The formazan dye is directly proportional to the number of metabolically active 

cells, and its absorbance can be measured using a spectrophotometer to determine cell viability 

[195]. HepG2 cells were exposed to various concentrations (from 1.25 to 40 µg/mL) of 
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MPDAFe, MPDAFe@DOX@Mem, MPDAFe@DOX, and free DOX. The results 

demonstrated distinct cytotoxicity profiles among the formulations (Figure 39A). MPDAFe 

NPs alone exhibited negligible cytotoxicity across most tested concentrations (ranging from 

1.25 to 20 μg/mL), with minimal effect on cell viability. However, at the highest concentration 

(40 μg/mL), a decrease in viability of approximately 20% was observed. These findings suggest 

that MPDAFe NPs alone have limited cytotoxicity and may serve as a suitable carrier for drug 

delivery. In contrast, MPDAFe@DOX@Mem NPs displayed a potent chemotherapeutic effect. 

Remarkably, even at a concentration of 20 μg/mL, MPDAFe@DOX@Mem NPs completely 

eliminated the cancer cells. The membrane-coated NPs efficiently delivered the drug to 

the target cells, resulting in enhanced cytotoxicity. MPDAFe@DOX NPs induced a significant 

decrease in cell viability, although to a lesser extent than MPDAFe@DOX@Mem NPs - 

approximately 10% cell viability was observed at the highest concentration, indicating 

a moderate cytotoxic effect. In contrast, free DOX displayed a relatively lesser decrease in 

viability, with approximately 30% cell viability observed at the highest concentration. These 

results suggest that the drug-loaded nanoparticles, particularly MPDAFe@DOX@Mem NPs, 

exerted a more potent chemotherapeutic effect compared to free doxorubicin, likely due to 

improved cellular uptake and sustained release of the drug within the cells. The statistical 

analysis of the WST-1 assay results is summarized in Table 24. 

Furthermore, the EdU assay was utilized to evaluate the influence of MPDAFe@DOX NPs and 

MPDAFe@DOX@Mem NPs on cell proliferation (Figure 39B,C). Similarly to the WST-1 

results, both formulations exhibited a decrease in the relative number of proliferating cells. 

Notably, with increasing concentrations, the impact of MPDAFe@DOX@Mem NPs became 

more pronounced, further reducing the population of proliferating cells. This finding highlights 

the efficacy of MPDAFe@DOX@Mem NPs in inhibiting cell proliferation, an important aspect 

of cancer treatment. The statistical analysis of the EdU assay results is summarized in Table 25. 

Confocal microscopy measurements were employed to visualize the intracellular distribution 

of DOX and assess its uptake by HepG2 cells (Figure 39D). MPDAFe@DOX@Mem NPs 

demonstrated the ability of the nanoformulations to internalize into cancer cells and supported 

the time-dependence of this process suggested by the imaging flow cytometry (Figure 37). 

After 1 h, the DOX signal inside the cells was relatively weak, whereas after 4 h it was clearly 

observable, indicating successful uptake of the nanoformulations. This finding confirms the 

effective encapsulation and successful intracellular delivery of the drug by the nanocarriers, 

supporting their potential as a drug delivery system for targeted cancer therapy. 
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Figure 39. Chemotherapeutic evaluation. A) WST-1 assay of viability of cancer cells (HepG2) under 

incubation with different nanoformulations and free drug (DOX), B) Edu assay of HepG2 cells 

incubated with MPDAFe@DOX and MPDAFe@DOX@Mem NPs. Asterisks denote the statistical 
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significance: ns - p>0.05, * - p ≤ 0.05, *** - p ≤ 0.001 C) corresponding images of cells from EdU assay 

(blue – all nuclei, pink – proliferating nuclei); the scale marks 30 µm, D) Confocal microscopy images 

of HepG2 cells incubated with MPDAFe@DOX@Mem NPs for 1 h and 4 h.  

 

Table 24. Summary of the results of the Turkey’s multiple comparison tests of the cell viability data 

obtained from the WST-1 assay of various formulations. Prior the Turkey’s analysis, one-way ANOVA 

evaluation was applied to establish statistically significant differences between the samples. 

PDAFe vs. DOX 

Concentration 
Adjusted P 

value 

P value 

summary 
Significantly different? (P < 0.05) 

1.25 0.0435 * yes 

2.5 <0.0001 **** yes 

5 <0.0001 **** yes 

10 <0.0001 **** yes 

20 0.0001 *** yes 

40 <0.0001 **** yes 

 

PDAFe@DOX@Mem vs. DOX 

Concentration P value 
P value 

summary 
Significantly different? (P < 0.05) 

1.25 0.8537 ns no 

2.5 0.0252 * yes 

5 0.4203 ns no 

10 0.0001 *** yes 

20 0.0002 *** yes 

40 0.0001 *** yes 

 

  



- 132 - 

 

PDAFe@DOX vs. DOX 

Concentration P value 
P value 

summary 
Significantly different? (P < 0.05) 

1.25 0.2525 ns no 

2.5 0.0035 ** yes 

5 <0.0001 **** yes 

10 0.3203 ns no 

20 0.0056 ** yes 

40 0.0007 *** yes 

 

PDAFe@DOX@Mem vs. MPDAFe@DOX 

Concentration P value 
P value 

summary 
Significantly different? (P < 0.05) 

1.25 0.6229 ns no 

2.5 0.4636 ns no 

5 <0.0001 **** yes 

10 0.0007 *** yes 

20 0.0484 * yes 

40 0.3235 Ns no 

 

Table 25. Summary of the unpaired t-test analysis results of the normalized number of proliferating 

HepG2 cells (EdU assay) incubated with MPDAFe@DOX or MPDAFe@DOX@Mem NPs. 

MPDAFe@DOX@Mem vs. MPDAFe@DOX 

Concentration P value 
P value 

summary 
Significantly different? (P <  0.05) 

1.25 0.1159 ns no 

2.5 0.8055 ns no 

5 0.0378 * yes 

10 0.0338 * yes 

20 0.0307 * yes 

40 0.0002 *** yes 
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Previous studies on PDA-PEG-DOX NPs demonstrated a reduction in 4T1 cancer cell viability 

to about 40% at a DOX concentration of 10 µg/mL [57], similar to the cytotoxicity observed in 

this study for uncoated MPDAFe@DOX NPs. Meanwhile, the membrane-coated 

MPDAFe@DOX@Mem NPs completely eliminated tumor cells at the same concentration. 

However, in the case of PDA-PEG-DOX NPs, the incubation time was 24 h, whereas in this 

study, the nanoparticles were incubated with cells for 48 h. The enhanced chemotherapy effect 

is a common feature of membrane-coated drug delivery systems. For instance, RBC membrane-

coated curcumin-loaded PLGA NPs showed increased inhibition of H22 cell proliferation, 

which was attributed to the membrane-related enhanced endocytosis into the cancer cells [196]. 

Additionally, membranes from HepG2 and L02 cells enhanced the anticancer effect of DOX-

PLGA NPs on their respective homologous cells [81]. Similar effects were observed with 

platelet membrane-coated DOX-loaded MPDA NPs against MDA-MB-231 cancer cells [97] 

and paclitaxel-loaded PLGA NPs coated with HeLa cell membranes [197]. 

In summary, the chemotherapeutic evaluation of the DOX-loaded MPDAFe@Mem NPs 

(MPDAFe@DOX@Mem) demonstrated their remarkable cytotoxicity towards HepG2 cells. 

The membrane-coated NPs exhibited enhanced cytotoxicity compared to free doxorubicin, 

likely attributed to improved cellular uptake and sustained release of the drug. The observed 

decrease in cell viability, intracellular doxorubicin localization, and inhibition of cell 

proliferation emphasize the potential of MPDAFe@DOX@Mem NPs as a promising targeted 

drug delivery system, offering improved therapeutic outcomes while minimizing off-target 

effects. 

 

Combined therapy 

 The combination of chemotherapy and photothermal therapy holds great promise as 

an effective strategy for cancer treatment [198,199]. By combining these two therapeutic 

approaches, I aimed to enhance treatment efficacy and achieve synergistic effects that could 

lead to improved outcomes for cancer patients. In this study, I investigated the combined 

therapy using MPDAFe@DOX@Mem NPs, which can deliver the chemotherapeutic drug and 

also induce photothermal effects upon laser irradiation. The rationale for conducting these 

experiments is to assess the cytotoxicity and therapeutic potential of the nanoformulations under 

different conditions, considering varying concentrations of nanoparticles and laser power 

levels.  
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Figure 40 shows the results of the WST-1 assay for MPDAFe@DOX NPs with and without 

NIR laser irradiation (6 W/cm2). At lower NP concentrations of 1.25 and 2.5 µg/mL, a gradual 

reduction in cell viability was observed in both the irradiated and non-irradiated samples, albeit 

without a significant difference between the two groups. However, a notable disparity emerged 

as the NPs concentration increased to 5 µg/mL. The viability of the irradiated samples decreased 

more significantly compared to their non-irradiated counterparts, indicating a synergistic effect 

of combined therapy. The most striking result was observed at an NPs concentration of 

10 µg/mL. In this case, the irradiated MPDAFe@DOX NPs exhibited a remarkable capacity to 

eliminate cancer cells entirely, achieving a complete reduction in cell viability. In contrast, 

the non-irradiated NPs at the same concentration still left approximately 40% of the cancer cells 

viable and were not able to completely eliminate the cancer cells even at the highest tested 

concentration (40 µg/mL). These findings underscore the advantages of a combined therapeutic 

approach that merges chemotherapy with PTT. The results not only affirm the potential of 

MPDAFe@DOX NPs as an effective drug delivery system but also highlight the transformative 

impact of laser irradiation in enhancing the therapeutic outcome. Statistically significant 

differences (Table 26) were observed in the samples with NPs concentrations of 10-40 µg/mL. 

 

Figure 40.WST-1 results of cell viability study of MPDAFe@DOX NPs with and without NIR laser 

irradiation (6 W/cm2). 
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Table 26. Summary of the unpaired t-test results of the impact of MPDAFe@DOX NPs with and 

without NIR laser irradiation on cell viability (MPDAFe@DOX+PTT vs. MPDAFe@DOX). 

Concentration P value 
P value 

summary 
Significantly different? (P <  0.05) 

1.25 0.8304 ns no 

2.5 0.4947 ns no 

5 0.2220 ns no 

10 0.0009 *** yes 

20 0.0017 ** yes 

40 0.0154 * yes 

 

The cytotoxicity dependence of photothermal nanosystems on irradiation conditions has been 

previously reported. Silica-coated Gd-chelated melanin nanoparticles showed increased 

cytotoxicity toward prostate cancer cells with increasing laser power [200]. This effect could 

be connected to increased heat generation upon laser irradiation, as shown in Figure 24. 

The laser powers used in literature vary from below 1 W/cm2 [200] to 6 W/cm2 [163]. However, 

with MPDAFe NPs, the cancer cell-killing potential of MPDAFe@DOX was more pronounced 

at the power of 6 W/cm2. 

In the second experiment, the efficacy of combined therapy was evaluated by assessing 

the viability of HepG2 cancer cells incubated with MPDAFe@DOX@Mem NPs, both with and 

without irradiation by a NIR laser (6 W/cm2) (Figure 41). The outcomes revealed 

a concentration-dependent decrease in cell viability for both nanoformulations. Notably, at 

a concentration of 10 µg/mL, both of the nanoformulations demonstrated a remarkable ability 

to eradicate cancer cells – irradiated NPs decreased the cell viability completely, whereas 

the non-irradiated NPs resulted in a mere 6% cell viability. The results affirm that 

the membrane-coated MPDAFe@DOX NPs offer a highly effective approach for eradicating 

cancer cells. The details of the statistical analysis of the results are summarized in Table 27. 
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Figure 41. WST-1 results of cell viability study of MPDAFe@DOX@Mem NPs with and without NIR 

laser irradiation (6 W/cm2). 

 

Table 27. Summary of the unpaired t-test results of the impact of MPDAFe@DOX@Mem NPs with 

and without NIR laser irradiation on cell viability (MPDAFe@DOX@Mem+PTT vs. 

MPDAFe@DOX@Mem). 

Concentration P value 
P value 

summary 
Significantly different? (P <  0.05) 

1.25 0.0353 * yes 

2.5 0.2241 ns no 

5 0.0272 * yes 

10 0.0416 * yes 

20 0.3506 ns no 

40 0.5656 ns no 

 

Cell membrane-coating has demonstrated beneficial effects on the outcomes of synergistic 

chemo- and photothermal therapy in various studies. Curcumin-loaded PLGA/PDA NPs 

irradiated with NIR laser exhibited stronger cell-killing ability when coated with RBC 

membranes [201]. However, there is also evidence suggesting that the cell membrane coating 

may not significantly enhance the synergistic therapy efficacy. For instance, Fe3O4@PDA NPs 

combining gene therapy with photothermal treatment displayed similar cytotoxicity with or 

without stem cell membrane coating [202]. These findings suggest that in certain cases, 
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the membrane coating primarily aids in delivering the cargo to tumor cells and contributes to 

the overall therapeutic outcome to a lesser extent. 

In conclusion, our two experimental investigations have highlighted the exceptional 

cytotoxicity of MPDAFe@DOX NPs and MPDAFe@DOX@Mem NPs toward cancer cells. 

The results suggest a nuanced interplay between drug delivery enhancement due to membrane 

coating and the PTT component. In the case of non-coated NPs, the effect of combined therapy 

is more pronounced, highlighting the substantial contribution of photothermal treatment to 

overall cancer cell eradication. Conversely, membrane coating appears to enhance drug delivery 

into the cells, which may mask the photothermal therapy's contribution despite its efficacy in 

eliminating cancer cells. Taken together, these experiments emphasize the promise of 

MPDAFe@DOX@Mem for targeted cancer therapy. The combined strategies of chemotherapy 

and photothermal therapy offer a compelling avenue for achieving highly efficient cancer cell 

eradication.  

 

Oxidative stress 

Comparative analysis of ROS generation is an important aspect when investigating drug 

delivery systems, especially in the context of cancer therapy. ROS are highly reactive molecules 

containing oxygen, such as superoxide anion (O2-), hydrogen peroxide (H2O2), and hydroxyl 

radical (OH-) [203]. While low levels of ROS play crucial roles in various cellular processes, 

excessive ROS generation can lead to oxidative stress, causing damage to biomolecules and 

triggering multiple diseases, including cancer [203]. In the context of drug delivery systems, it 

can be harnessed for enhancing therapeutic efficacy, such as in photothermal therapy, where 

ROS production induced by laser irradiation can lead to selective cancer cell destruction [176]. 

Additionally, understanding the ROS generation by drug-loaded nanoparticles is vital to assess 

their potential cytotoxic effects and optimize their therapeutic application.  

In the evaluation of ROS generation, I compared several nanoformulations, including 

MPDAFe@Mem NPs, MPDA@DOX@Mem NPs, MPDAFe@DOX@Mem NPs, and 

MPDAFe@DOX@Mem irradiated with a laser power of 6 W/cm2. The results of the ROS 

production evaluation are presented in Figure 42. Among these nanoformulations, 

MPDAFe@Mem NPs exhibited the lowest ROS levels. This result could be attributed to 

the absence of doxorubicin in these nanoparticles, as doxorubicin is known to generate ROS 

upon cellular internalization and subsequent activation [203,204]. In contrast, both 

MPDA@DOX@Mem and MPDAFe@DOX@Mem NPs demonstrated higher ROS levels 
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compared to MPDAFe@Mem NPs. The presence of DOX in the MPDA@DOX@Mem and 

MPDAFe@DOX@Mem NPs likely accounts for the higher ROS levels observed in these 

formulations. Furthermore, the irradiated sample of MPDAFe@DOX@Mem NPs exhibited 

a significant increase in ROS levels at concentrations of 20 and 40 µg/mL. Previous reports 

show that laser irradiation could enhance ROS production in tumor cells caused by 

nanoformulations [205]. Hence, the laser irradiation likely triggered additional ROS production 

resulting from exposure to MPDAFe@DOX@Mem NPs, further enhancing the therapeutic 

effect of the combined chemotherapy and photothermal therapy. It has been shown that 

increased ROS generation can lead to oxidative damage of cellular components and subsequent 

cell death [206,207]. 

Another aspect that I was interested in was the impact of iron on ROS generation. Thus. 

I compared two membrane-coated nanoformulations containing doxorubicin with and without 

Fe (MPDAFe@DOX@Mem and MPDA@DOX@Mem, respectively) to explore 

the possibility of ferroptosis induction by Fe ions. Ferroptosis is a form of regulated cell death 

characterized by the accumulation of intracellular iron and ROS that lead to subsequent cell 

membrane damage [208]. Fe has long been linked to toxicity due to its ability to induce 

hydroxyl radicals (OH·) through the Fenton reaction [209]. Previously reported iron-chelated 

DOX@PDA NPs were shown to increase ROS production in cancer cells compared to 

nanoparticles without iron [160]. Given the presence of iron in the formulation of 

MPDAFe@DOX@Mem, it was hypothesized that the nanoformulations might trigger 

ferroptosis in cancer cells, which would result in increased ROS generation. Surprisingly, 

the two formulations did not show a significant difference in ROS profiles, indicating that 

the presence of Fe-modified nanoparticles does not influence ROS generation by HepG2 cells. 

This suggests that the observed cytotoxic effects and therapeutic efficacy of 

MPDAFe@DOX@Mem are likely not related to ferroptosis induction in this particular cell 

line. Table 28 –31 summarize the results of the statistical analysis of the Oxidative stress 

evaluation assay of various formulations.  

In conclusion, the investigation of ROS production in the context of drug delivery systems holds 

immense significance for understanding the cytotoxicity and therapeutic potential of 

nanomaterials. MPDAFe@Mem NPs demonstrated the lowest ROS levels, while the presence 

of doxorubicin in the nanoformulations, such as MPDA@DOX@Mem and 

MPDAFe@DOX@Mem NPs, led to increased ROS generation. Laser irradiation further 

enhanced ROS production in the irradiated sample, contributing to the synergistic effect of 
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combined chemotherapy and photothermal therapy. While the presence of iron in 

MPDAFe@DOX@Mem suggested a possible association with ferroptosis, the results did not 

support this hypothesis. 

 

Figure 42. Relative ROS production (The data are shown as mean and SD (n=3)). Results were obtained 

using the MUSE® Oxidative Stress assay.  

 

Table 28. Results of the Turkey’s multiple comparison tests of the cell viability of PDAFe@Mem vs. 

MPDA@DOX@Mem. Prior the Turkey’s analysis, one-way ANOVA evaluation was applied to 

establish statistically significant differences between the samples. 

Concentration 
Adjusted P 

value 

P value 

summary 
Significantly different? (P < 0.05) 

1.25 0.0924 ns no 

2.5 0.0288 * yes 

5 0.0221 * yes 

10 0.2666 ns no 

20 0.0016 ** yes 

40 <0.0001 **** yes 
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Table 29. Results of the Turkey’s multiple comparison tests of the cell viability of PDAFe@Mem vs. 

MPDAFe@DOX@Mem. Prior the Turkey’s analysis, one-way ANOVA evaluation was applied to 

establish statistically significant differences between the samples. 

Concentration P value 
P value 

summary 
Significantly different? (P < 0.05) 

1.25 0.1309 ns no 

2.5 0.0711 ns no 

5 0.0778 ns no 

10 0.5286 ns no 

20 0.0029 ** yes 

40 <0.0001 **** yes 

 

 

Table 30. Results of the Turkey’s multiple comparison tests of the cell viability of PDAFe@Mem vs. 

MPDAFe@DOX@Mem+PTT. Prior the Turkey’s analysis, one-way ANOVA evaluation was applied 

to establish statistically significant differences between the samples. 

Concentration P value 
P value 

summary 
Significantly different? (P < 0.05) 

1.25 0.1641 ns no 

2.5 0.1021 ns no 

5 0.2268 ns no 

10 0.0822 ns no 

20 <0.0001 **** yes 

40 <0.0001 **** yes 
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Table 31. Results of the Turkey’s multiple comparison tests of the cell viability of 

PDAFe@DOX@Mem vs. MPDAFe@DOX@Mem. Prior the Turkey’s analysis, one-way ANOVA 

evaluation was applied to establish statistically significant differences between the samples. 

Concentration P value 
P value 

summary 
Significantly different? (P < 0.05) 

1.25 0.9942 ns no 

2.5 0.9149 ns no 

5 0.8040 ns no 

10 0.9339 ns no 

20 0.9518 ns no 

40 0.9989 ns no 

 

Homotypic targeting 

 Homotypic targeting is one of the most appealing features of the cancer cell membrane-

coated nanocarriers. This concept is based on the fact that membrane coating preserves 

the protein profile close to that of the source cells [210]. As a result, it was observed that 

the homologous cells show selectively increased uptake of the cancer cell membranes compared 

to other membranes, such as RBC [191] or even other cancer cell lines (non-homologous) [211]. 

The investigation of homotypic targeting in cancer cell membrane-coated drug delivery systems 

is important to understand their selectivity and effectiveness in cancer therapy. This study aimed 

to assess the impact of homotypic targeting on the cytotoxicity of two nanoformulations, 

MPDAFe@DOX and MPDAFe@DOX@Mem, on HepG2 (homologous cells) and U118 cells 

(non-homologous cells). 

To evaluate the effectiveness of homotypic targeting, the WST-1 assay was employed to 

measure the cell viability of both HepG2 and U118 cells treated with MPDAFe@DOX and 

MPDAFe@DOX@Mem nanoparticles at various concentrations (from 1.25 to 40 µg/mL) 

(Figure 43). The MPDAFe@DOX@Mem NPs demonstrated enhanced cytotoxicity toward the 

homologous cells (HepG2) compared to the U118 cell line. At concentrations of 10 and 

20 µg/mL, the cytotoxic effects of the nanoparticles on HepG2 cells were statistically different 

from the U118 cells (Table 32), indicating enhanced cell killing potentially connected to 

the homotypic targeting scenario. At a concentration of 40 µg/mL, both HepG2 and U118 cells 

were completely eliminated. The study revealed that the non-coated nanoparticles, 

MPDAFe@DOX, also exhibited significant differences in cytotoxicity between HepG2 and 

U118 cells. However, the cytotoxicity of MPDAFe@DOX NPs was much lower than that of 
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their membrane-coated counterparts. This observation suggests that the selective cytotoxicity 

against different cell types could not be exclusively related to the membrane coating. Notably, 

the membrane-coated nanoparticles, MPDAFe@DOX@Mem, demonstrated improved cell 

killing of heterotypic U118 cells compared to the non-coated nanoparticles. These results are 

consistent with previously reported studies, which demonstrate that while homologous cells 

indeed exhibit significantly increased uptake through homotypic targeting, other cell lines can 

also internalize the membrane-coated drug carriers to a varying extent [81,211,212]. However, 

in specific instances, such as HeLa cell membrane-coated PLGA NPs, the cytotoxic effect on 

the homologous cells is much more evident [213].  

In conclusion, the performed targeting experiments demonstrated enhanced cytotoxicity in 

homologous cells (HepG2 cells) as well as nonhomologous cells (U118 cells) compared to non-

coated nanoparticles. The intrinsic properties of the nanoparticles also played a role in their 

selective cytotoxicity against different cell types. Nevertheless, the findings of this study 

underscore the potential benefits of membrane coating, which may extend beyond homologous 

cell lines. 

 

Figure 43. Homotypic targeting. WST-1 results of viability of two cell lines: HepG2 (homologous) and 

U118 (non-homologous) under incubation with MPDAFe@DOX or MPDAFe@DOX@Mem NPs. 
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Overall, MPDAFe@DOX@Mem NPs showed promising anticancer properties with 

a synergistic effect of chemo-and photothermal therapy enhanced by increased internalization 

resulting from the cancer cell membrane. Based on those results, the nanoparticles were decided 

to be tested further for the anticancer treatment on the mice model.  

 

Table 32. Summary the results of the Turkey’s multiple comparison tests of the cell viability data 

obtained from the WST-1 assay of various formulations. Prior the Turkey’s analysis, one-way ANOVA 

evaluation was applied to establish statistically significant differences between the samples. 

MPDAFe@DOX@Mem HepG2 vs. U118 

Concentration 
Adjusted P 

value 

P value 

summary 
Significantly different? (P < 0.05) 

1.25 0.6234 ns no 

2.5 0.1674 ns no 

5 0.0715 ns no 

10 0.0078 ** yes 

20 0.0405 * yes 

40 0.8314 ns no 

 

PDAFe@DOX HepG2 vs. U118 

Concentration P value 
P value 

summary 
Significantly different? (P < 0.05) 

1.25 0.9228 ns no 

2.5 0.0101 * yes 

5 0.0007 *** no 

10 0.0153 * yes 

20 0.0118 * yes 

40 0.9904 ns no 
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PDAFe@DOX@Mem vs. MPDAFe@DOX U118 

Concentration P value 
P value 

summary 
Significantly different? (P < 0.05) 

1.25 0.0176 * yes 

2.5 0.0036 ** yes 

5 0.2034 ns no 

10 0.0494 * no 

20 0.0043 ** yes 

40 0.0676 ns no 
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In vivo pilot study 

The following studies were performed in consortium with Poznań University of Medical 

Sciences.  

Therapeutic efficacy 

In vivo studies involving animal models, particularly mice, are crucial for translating 

potential therapeutic interventions from preclinical to clinical stages [61]. They aim to evaluate 

the therapeutic efficacy of drug delivery systems in a biologically relevant setting [214]. Mouse 

models provide valuable insights into the safety and effectiveness of drug delivery systems, 

allowing a better understanding of the behavior and response of the nanoparticles within a living 

organism [214]. 

Balb/c nude mice are a strain of laboratory mice that lack a functional immune system, making 

them particularly useful in studies related to cancer research [215]. These mice are also 

commonly used in xenograft studies, in which human tumor cells are implanted into the mice 

to create subcutaneous tumor models for further investigation [215]. The use of Balb/c nude 

mice in research has contributed significantly to our understanding of cancer biology and 

the development of potential cancer therapies [216].  

In vivo pilot studies were conducted in Balb/c nude mice to investigate the effectiveness of 

MPDAFe@DOX@Mem NPs as a potential anticancer therapy. The schematic plan of 

the studies is presented in Figure 44. The animals were divided into 8 experimental groups, 

listed in Table 33. 

Table 33. Experimental animal groups for the pilot in vivo study. 

Group Applied therapy Initial no of 

animals (N) 

I (control) PBS 8 

II PBS+laser irradiation (phototherapy) 8 

III DOX (chemotherapy) 8 

IV MPDAFe@Mem NPs 8 

V MPDAFe@DOX@Mem NPs (chemotherapy) 8 

VI MPDAFe@Mem NPs + laser irradiation (phototherapy) 8 

VII DOX + laser irradiation (chemo- + phototherapy), 8 

VIII MPDAFe@DOX@Mem NPs + laser irradiation (chemo- + 

phototherapy) 

8 
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Subcutaneous tumor models were established by injecting tumor cells (HepG2 cells, 2 x 106 

cells per mouse, 100 µL) into the flanks of the mice. After the tumors reached 5-10 mm3, 

the mice were administrated in tail vain with 100 µL of either MPDAFe@Mem NPs, 

MPDAFe@DOX@Mem NPs, or 10 mM pH 7.4 PBS buffer, depending on the experimental 

group. The concentration applied concentration of DOX was 2 mg/kg, which corresponds to 

4.44 mg/kg of NPs. The groups that involved phototherapy treatment were irradiated with 

an 808 nm laser the day after the injection. The animals were then monitored for the following 

38 days, including body weight and tumor size measurements (using a caliper) every two days. 

The therapeutic efficacy of the NPs was evaluated by measuring tumor growth inhibition rates 

and survival rates.  

 

Figure 44. Schematic illustration of the pilot in vivo studies plan.  

 

Figure 45A summarizes the tumor size measurements obtained to assess the impact of 

the different therapeutic interventions on tumor growth. Remarkably, all groups subjected to 

laser irradiation demonstrated smaller tumor sizes compared to their respective non-irradiated 

counterparts. This finding suggests that the photothermal effect induced by the laser contributed 

to inhibiting tumor growth in the irradiated groups. Notably, complete tumor elimination was 

observed in two groups: the PBS+laser irradiation group and the MPDAFe@DOX@Mem + 

laser irradiation group. These results indicate that laser irradiation alone and combined with 

MPDAFe@DOX@Mem NPs exhibited the most significant tumor suppression and eradication 

capabilities, suggesting that the applied laser power masked the potential therapeutic effect of 

the nanoformulations. The results for the groups treated with MPDAFe@Mem NPs, 

MPDAFe@DOX@Mem NPs, and DOX alone showed limited efficacy in decreasing the tumor 

size comparable with the PBS control group. This suggests that the dosage of 

the nanoformulations would require adjustment in the next stage of the research. It is worth 

noting that later MRI investigation revealed that some tumors might have been omitted in 



- 147 - 

 

the assessment as they were growing inside the muscle and could not have been noticeable 

palpably or visually. Such a variety in the tumor location could have been caused by faulty 

inoculation. 

In the literature, various laser powers have been utilized for in vivo irradiation of nanoparticles, 

ranging from lower values such as 1.3 W/cm2 [217] or 1.0 W/cm2 [97] to higher values like 

5 W/cm2 [218] and even 9.5 W/cm2 [219]. Another crucial factor contributing to the diverse 

outcomes could be the post-injection time of irradiation. In this study, irradiation was conducted 

24 h after the NP injection, while other investigations implemented shorter intervals, such as 

4 h [220], 6 h [217], 12 h [97], or even as short as 30 min [219]. Increasing the DOX dosage 

could yield different results, as examples can be found where 5 mg/kg doses were employed 

[97]. Moreover, some studies apply the therapy repeatedly throughout the study, such as every 

two days [97] or via intratumoral injection [219], which could also enhance the efficacy of 

the applied treatment. 

In assessing the safety of the treatments, the body weight of the mice in all groups remained 

stable and comparable (Figure 45B). This indicates that the treatments did not lead to 

significant weight loss or adverse effects on the general health of the animals. On the other 

hand, the survival rate of the mice varied among the different groups. Interestingly, the PBS 

group, which received no therapeutic intervention, exhibited the highest survival rate of 100%. 

This outcome may be attributed to the relatively slower tumor growth observed in some mice. 

Since the lowest survival rates were observed in the laser-treated groups, it further confirms 

the hypotheses that the laser power might have been inadequate.  

Overall, the in vivo studies using Balb/c nude mice provided valuable insights into 

the therapeutic efficacy and safety of MPDAFe@Mem NPs and MPDAFe@DOX@Mem NPs, 

both with and without laser irradiation. The observed tumor suppression and eradication 

capabilities in some groups highlight the potential of these nanoparticle-based therapies. 

However, the study also indicates the need for further optimization, such as adjusting the laser 

power and nanoparticle concentration, to improve therapeutic outcomes and enhance long-term 

survival rates. The high laser power of 6 W/cm2 may have induced unintended side effects or 

affected the overall therapeutic outcome. Similarly, adjusting the nanoparticle concentration 

might enhance the drug delivery efficiency and overall therapeutic efficacy. Continued 

investigations and modifications are warranted to fine-tune the therapeutic approaches and 

maximize their potential for clinical applications.  
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Figure 45. Results of the pilot in vivo studies on Balb/c nude mice. A) Tumor size, B) Body weight, 

C) Survival of the animals. 
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In vivo imaging 

Bioimaging is an important tool for studying biological processes and diseases at 

the cellular and molecular levels. It allows to visualize and quantify the distribution, behavior, 

and interactions of cells, tissues, and molecular targets in living organisms. This information 

can provide valuable insights into the pathogenesis of diseases, the mechanisms of drug action, 

and the efficacy of therapies. Bioimaging also enables the development of new diagnostic and 

therapeutic tools, such as imaging agents, targeted drug delivery systems, and nanomedicines. 

The use of MPDAFe@Mem nanoparticles in MRI imaging of mice has the potential to provide 

valuable insights into the physiology and pathology of the tumor and aid in the development of 

new diagnostic and therapeutic strategies. 

The MRI contrasting properties of MPDAFe@Mem NPs were assessed on a subcutaneous 

tumor model using six mice inoculated with HepG2 tumor cells. The mice were intravenously 

injected with 100 µL of MPDAFe@Mem NPs (4.44 mg/kg) using a catheter while inside the 

MRI scanner. T1-weighted images were acquired at various time points: before NPs 

administration, immediately after administration, and at 20 min, 24 h, and 7 days post-

administration. Representative images are presented in Figure 46. The selected cross-sections 

present different areas of the abdomen area. The tumor was marked with red arrows. The images 

showed a contrasting effect, with an enhanced signal-to-noise ratio, resulting in improved 

visualization of details and overall contrast enhancement throughout the body, although not 

specifically within the tumor area. The images taken after 24 h and 7 days no longer contain 

the contrasting effect. 

The contrasting effect observed in the MRI images indicates the successful distribution of 

MPDAFe@Mem NPs in the body. The increased signal-to-noise ratio suggests that 

the nanoparticles can be detected effectively in the tissue, improving the visibility of anatomical 

structures and tissue details. However, the specific enhancement within the tumor area was not 

prominent, which might be attributed to several factors. Previous studies show that 

PEG-Fe-PDA NPs, which exhibited similar r1 values to MPDAFe@Mem, were successful in 

contrasting within the tumor region [217]. One possible explanation for the lack of specific 

contrast enhancement in the tumor area of MPDAFe@Mem NPs could be related to 

the distribution and pharmacokinetics of the nanoparticles. The tumor microenvironment is 

known for its complex and heterogeneous characteristics, which can influence the accumulation 

and retention of nanoparticles [156]. Depending on factors such as tumor vascularization, 

permeability, and interstitial fluid pressure, the nanoparticles might not accumulate uniformly 
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within the tumor, leading to variations in contrast enhancement. In the future, another 

administration route could be investigated, such as intratumoral injection, which is also used 

for examining MRI candidates [217]. The dose could also be considered, as studies show 

the applied concentrations of nanoformulations to range from x to even 10 mg/kg body weight 

[218]. 

In conclusion, the MRI study proves the contrasting potential of MPDAFe@Mem as they 

demonstrated the successful overall contrasting effect throughout the body. However, specific 

contrast enhancement within the tumor area was not evident in the selected time points and 

imaging sequence. Further investigations could include adjustment of the administrated dose or 

administration route. Moreover, complementary imaging techniques such as fluorescent 

imaging could be applied to assess whether the nanoparticles are capable of accumulating in 

the tumor region. The results of this study provide valuable insights and lay the foundation for 

future optimization and development of nanoparticle-based MRI contrast agents for cancer 

imaging and therapeutics. 
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Figure 46. Representative example of the in vivo transversal cross-sectional MR images of nude mice bearing tumor. The red arrows point at the tumor. 
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5 
CONCLUSIONS 

 

n this final chapter, I present the conclusive findings of my doctoral thesis, substantiating 

the significance of the undertaken research. By summarizing the outcomes and implications of my 

study, I aim to address the identified research gap in the realm of cancer therapy. The conclusions 

drawn from the results shed light on the efficacy of the employed materials and solutions, paving the 

way for further advancements in nanotechnology-based treatments. 

 

The presented study successfully bridged the gap between nanoscience theory and 

practical applications, paving the way for advanced nanotechnology-based cancer therapies. 

This research lays the groundwork for future studies to optimize PDA-based cancer therapies 

to achieve better therapeutic outcomes. Below are listed the most significant aspects of 

the presented work. 

1. Successful development of multifunctional nanoparticles: The research resulted in 

the successful synthesis and characterization of multifunctional polydopamine-coated 

iron nanoparticles (MPDAFe NPs) and their variations, including drug-loaded 

MPDAFe@DOX NPs and membrane-coated MPDAFe@DOX@Mem NPs. Based on 

the established synthesis, the possibility of using other metals, including gadolinium 

and manganese, was also presented. Through metal addition, the PDA nanoparticles 

gained paramagnetic properties, proving promising for MRI applications. 

2. Biosafety: Several cytotoxicity studies proved negligible toxicity of MPDAFe 

nanocarriers.  

3. Tumor targeting: Introducing cancer cell membrane coatings on the nanoparticles 

(MPDAFe@DOX@Mem NPs) led to improved homologous cell targeting, enhancing 

drug delivery to cancer cells through increased cell internalization. 

4. Synergistic chemotherapy and photothermal therapy: Combining chemotherapy 

with photothermal therapy using MPDAFe@DOX@Mem NPs demonstrated enhanced 

eradication of HepG2 cells supported by a range of in vitro assays. 

5. In vivo pilot studies: In vivo experiments on Balb/c nude mice did not dismiss potential 

therapeutic effects with tumor size reduction after laser irradiation. However, varying 

factors like laser power, post-injection time of irradiation, and DOX dosage need to be 

adjusted to reveal the full potential of the described drug delivery system. 

I 
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The application of MPDAFe@Mem NPs in MRI imaging showed an improved signal-

to-noise ratio and enhanced contrast in general, with the potential for further 

optimization. 

 

In conclusion, the described research has made notable strides in the field of cancer therapy 

strategies based on multifunctional nanoparticles, demonstrating promising results in targeted 

drug delivery and synergistic treatment. The findings contribute to the growing body of 

knowledge in nanotechnology and provide insights for the development of safer and more 

effective nanomedicine. Further studies and refinements can lead to transformative 

advancements in cancer treatment and nanotechnology applications in various domains. To 

paraphrase the words of Dr. Feynman: I described a field in which little has been done but in 

which an enormous amount can be done in principle. 
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LIST OF ABBREVIATIONS 

 

APS ammonium persulfate 

CNTs carbon nanotubes 

CP cisplatin 

CT computed tomography 

DA dopamine 

DDS drug delivery systems 

DFT density functional theory 

DHE dihydroethidium 

DHI 5,6-Dihydroxyindole 

DLS dynamic light scattering 

DMEM Dulbecco's Modified Eagle Medium 

DNA deoxyribonucleic 

DOX doxorubicin 

DPBS Dulbecco's phosphate-buffered saline 

DSC differential scanning calorimetry 

EDS energy-dispersive X-ray spectroscopy 

EdU 5-ethynyl 2´-deoxyuridine 

EDX energy-dispersive X-ray 

EPR electron plasmon resonance 

EPR enhanced permeability and retention 

ET echo time 

ETL echo train lenght 

FBS fetal bovine serum 

FTIR Fourier-transform infrared spectroscopy 

GSH glutathione 

HBSS Hank's balanced salt solution 

HCA high-content analysis 

HR-MS high-resolution mass spectroscopy 

ICF imaging flow cytometry 

ICG indocyanine green 

ICP-OES inductively coupled plasma optical emission spectroscopy 

MEM minimum essential medium Eagle 

MEMS multi-echo multi-slice 

MPDA porous PDA nanoparticles 

MPDAFe porous Fe-modified PDA nanoparticles 

MPMS magnetic property measurement system 

MRI magnetic resonance imaging 

MSOT multispectral optoacoustic tomography 

MWCNTs multi-walled carbon nanotubes 

NIR near-infrared 

NMR nuclear magnetic resonance 
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NPs nanoparticles 

PAA acrylamide (30%)/bisacrylamide (0.8%) 

PAI photoacoustic imaging 

PAMAM poly(amidoamine) 

PAN polyaniline 

PBS phosphate-buffered saline 

PCL poly(caprolactone) 

PDA polydopamine 

PDI polydispersity index 

PDT photodynamic therapy 

PEG polyethylene glycol 

PET positron emission tomography 

PLGA poly(lactic-co-glycolic acid) 

PMMA poly(methyl methacrylate) 

PPI poly(propylene imine) 

PPy polypyrrole 

PTA photothermal agent 

PTT photothermal therapy 

PVDF polyvinylidene fluoride 

QD quantum dots 

RBC red blood cells 

RES reticuloendothelial system 

RF radiofrequency 

RIT radioisotope therapy 

ROS reactive oxygen species 

RT room temperature 

RT  repetition time 

SDS-PAGE sodium dodecyl-sulfate polyacrylamide gel electrophoresis 

SEMS single-echo multi-slice 

SQUID superconducting quantum interference devices 

STA/FTIR simultaneous thermal analysis and Fourier-transform infrared spectroscopy 

SWCNTs single-walled carbon nanotubes 

TEM/HR 

TEM 

transmission electron microscopy/high-resolution transmission electron 

microscopy 

TEMED N,N,N’,N’-Tetramethylethylenediamine 

TGA thermogravimetry 

TRIS Tris(hydroxymethyl)aminomethane 

WBC white blood cells 

XRD X-ray diffraction 
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