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ABSTRACT 

 Cancer remains a second leading cause of death in the United States, according to recent 

statistics1. There is an immediate demand for targeted delivery to affected tissues that will allow 

to decrease therapeutic dose, lower toxicity and manage side effects.    Recently, there was a 

significant rise of interest on development and applications of composite nanomaterials. These 

materials hold unique chemical and physical properties for applications in biotechnology, 

medicine and pharmaceuticals. Advancements in synthetic methods led to rise of multifunctional 

nanomaterials that could simultaneously be used for multiple applications such as active 

targeting, medical imaging or drug delivery. The aim of current work was to expand recent 

findings and accomplishments and develop a drug delivery system for biomedical uses. Synthetic 

routes and strategies were designed to obtain well-defined and reproducible core-shell 

superparamagnetic nanoparticles. The nanomaterial is based on magnetite core, amorphous silica 

shell and polymer brush coating capable of carrying biomolecules. The system demonstrated 

magnetically-triggered catalytic activity with a well-controlled drug release with significant 

efficiency against cancer cells.  
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CHAPTER 1 

INTRODUCTION 

In recent decades, there was a significant rise of interest on development and applications 

of nanoparticles2-4. These materials hold unique chemical and physical properties and hold a 

tremendous potential for scientific and industrial applications in biotechnology5,6, medicine7-9 

and pharmaceuticals10,11. Nanomaterial properties, such as biocompatibility, biodegradability, 

size, shape, composition, and surface morphology, could be controlled by tuning synthetic 

conditions, opening vast possibilities to create novel materials with desired characteristics12,13. 

Thus, advancement in formulation of materials with well-defined properties depends on 

successful selection of synthesis steps.  Synthesis of composite nanomaterials is usually a 

multistep procedure that utilizes a combination of inorganic and organic chemistry methods. 

Different approaches could be used for synthesis, coating, and stabilization of nanoparticles. The 

use of biocompatible and biodegradable materials for synthesis and stabilization will lead to 

creation of new bio-safe materials14,15.  

Currently, the application of polymer for surface modification of materials is the most developed 

and broadly used approach to generate versatile materials with controlled physical and chemical 

interfacial properties. Advancement in controlled polymerization methods, such as atom transfer 

radical polymerization (ATRP), led to rise of novel nanomaterials with multifunctional 

applications for active targeting, medical imaging or drug delivery16,17.  
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The thesis consists of literature review describing superparamagnetic phenomena, main synthetic 

routes and strategies to obtain superparamagnetic nanoparticles, routes for their coatings and 

functionalization for biomedical applications.  

This work is focused on development of novel drug delivery system based on composite 

nanoparticles. This platform combines two different kinds of core-shell magnetic nanoparticles: 

one loaded with enzymes and another with substrate-bound therapeutic molecules. Both cargos 

are shielded with a polymer brush structure of the nanoparticle shell, which prevents any kind of 

enzyme-substrate interactions by steric repulsion. The shield’s barrier is overcome when a 

relatively weak external magnetic field is applied, and the enzyme and the substrate are merged 

and forced to interact in the generated nanocompartment. The merged biocatalytic nanoparticles 

liberate the substrate-bound therapeutic drugs when the enzymes degrade the substrate. The 

developed platform provides a proof-of-concept for a remotely-controlled release of drugs by 

using energy of a noninvasive weak magnetic field. Significant efficiency against cancer cell 

models was demonstrated with promising potential for magnetically guided targeted delivery of 

therapeutic drugs.  

The aim of the current work is the development of a novel drug delivery system based on 

composite nanoparticles. This platform combines two different kinds of core-shell magnetic 

nanoparticles: one loaded with enzymes and another - with substrate-bound therapeutic 

molecules. Both cargos are shielded with a polymer brush structure of the nanoparticle shell, 

which prevents any kind of uncontrolled enzyme-substrate interactions. The shield’s barrier is 

overcome when a relatively weak external magnetic field is applied and the enzyme and the 

substrate carrying nanoparticles are merged and forced to interact in the generated 

nanocompartment in the merged areas. The merged biocatalytic nanoparticles liberate the 
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substrate-bound therapeutic drugs when the enzymes degrade the substrate. The developed 

platform provides a proof-of-concept for a remotely-controlled release of drugs by using energy 

of a noninvasive weak magnetic field. Significant efficiency against cancer cell models was 

demonstrated with the promising potential for advanced targeted delivery of therapeutic drugs. 
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CHAPTER 2 

MAGNETIC NANOPARTICLES 

Magnetic nanoparticles stand out as one of the most important classes of nanomaterials and used 

in many applications due to their unique and tunable magnetic properties2,9. A great variety of 

magnetic nanoparticles of different shapes, sizes and compositions were synthesized18. 

Nanoparticles with superparamagnetic properties (such as Fe, Ni, Co) found the most widespread 

use due to their magnetic characteristics, simple synthesis and biocompatibility19,20. To better 

understand the properties of magnetic nanoparticles, it is important to give brief overview of 

magnetism phenomena21,22.  

Magnetism originates from the atom’s electron spin and orbital electron motion around the 

nucleus. The total magnetic moment of the given atom is the sum of all orbital and spin magnetic 

moments. When material is placed in a magnetic field with the strength H, individual magnetic 

moments will contribute to the overall response and the magnetic induction will be: 

𝑩 = 𝜇0(𝑯 + 𝑴) 

Figure 2.1. Hysteresis loops of magnetic materials: a- small particles, b- large 

particles, and c- superparamagnetic particles (with permission 03 Appl. Phys. 36 

R167)  
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where 𝜇0- is the permeability of the media, M= m / V   is the magnetization (the magnetic 

moment m per unit volume V) of the material. In general, all materials exhibit magnetic 

properties when placed in magnetic field 𝑯 and could be characterized in terms of magnetic 

susceptibility, χ: 

𝑴 = 𝛘𝑯 

where 𝑴 is the magnetization induced by the magnetic field. Depending on 𝑴, all materials are 

classified as paramagnets for which 10−6< 𝛘 <10−1 or diamagnets, when 10−6< 𝛘 <10−3. There 

are, however, some materials that show magnetization values several orders of magnitude higher, 

up to 104 times and classified as ferromagnets.  Susceptibility of magnetic materials depends on 

the temperature and strength of the external magnetic field23. These materials characterized by 

distinctive sigmoidal M-H curves, where M approaches the saturation at high H values. The 

shape of these loops is determined by the material’s structure such as impurities and grain 

boundaries inside the particle. In small particles, there is a single domain ground state which 

leads to a broader hysteresis loop (Fig. 2.1A). In larger particles, such as 1µm and larger, 

multiple domains give rise to a narrow hysteresis loop (Fig. 2.1B) since it takes less energy to 

move domain walls. When particle size is in nanometers (less than 50 nm), a superparamagnetic 

effect is observed, where the magnetic moment of the entire particle fluctuates under the 

influence of the thermal energy, but individual atomic moments remain in an ordered state in 

relevance to each other. This leads to the sphigmoidal and anhysteretic curve (Fig. 2.1B) with an 

extremely low relaxation time so their magnetic moments are quickly reoriented after the 

magnetic field is removed. 

It is important to understand the magnetic behavior of nanoparticles to foresee their behavior in 

biological systems. Depending on the particle’s size, the material will exhibit a multidomain, 
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single domain or superparamagnetic behavior. For larger particles, the energy delivered by the 

external field is characterized by the area enclosed in the hysteresis loop. This effect is used in 

the method called “hyperthermia”, where particles are localized at the area of interest and a time-

varying magnetic field is applied, providing a constant flow of energy. The magnetic field energy 

is converted into the thermal energy and could be used to suppress surrounding tissues (for 

example cancer) or trigger a response from the particles, such as thermosensitive materials24. 

Another widespread application is magnetic separation, when large multi-domain particles are 

used to separate biomolecules or cells25. It has proven to be a highly sensitive method to isolate 

single rare cells from the blood26, small amounts of DNA27 and protein molecules28. Separation 

by magnetic beads has been successfully applied in many areas of biological research and 

undergone progressive commercialization29.  

Superparamagnetic particles (SPM) are widely used as drug delivery carriers owing to their 

biocompatibility, biological stability, long circulation time and  simple  functionalization 

methods15. Unmodified nanoparticles larger than 30 nm are rapidly uptaken by liver and spleen, 

while particles of 10 nm or less in diameter have a much longer half-life in the blood and are 

collected by reticuloendothelial cells30,31. Cancer cells do not possess an effective 

reticuloendothelial system as healthy cells, so they have increased uptake levels of particles. 

Another successful application of superparamagnetic material is MRI contrast 

enhancement12,32,33. During the MRI measurement, nanoparticles are saturated by the external 

magnetic field, establishing a substantial local magnetic field that leads to decrease of the total 

relaxation time comparing to untreated samples. SPM particles have also been used for vascular 

imaging, cell labeling and monitoring gene expression with the aid of MRI34-37. 
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2.1 Synthesis of Magnetic Nanoparticles 

Iron oxide nanoparticles were extensively used in many biological applications due to 

straightforward synthesis, modification, biocompatibility and colloidal stability. Iron oxide 

nanoparticles below 30 nm in diameter exhibit superparamagnetic behavior. The main synthetic 

routes for iron oxide particles include controlled reduction38,39, emulsion40, salt precipitation41,42 

and thermal decomposition43 methods. The nanoparticles are formed in two stages: nucleation of 

seeds and nanoparticles growth44.  

Reduction method is used to produce magnetite nanoparticles from iron hydroxide in the 

presence of nitrate ions. This method consists of two steps: first, iron chloride (II) is dissolved in 

water under stirring; sodium hydroxide is added to precipitate  𝐹𝑒(𝑂𝐻)2 while oxygen is 

bubbled through the reactor: 

𝐹𝑒(𝑂𝐻)2 + 
1

4
𝑂 2 FeO(OH) + 

1

4
 𝐻2𝑂 

The suspension is heated at 70-100C under mechanical stirring; magnetite is formed according 

to the reaction: 

2FeO(OH)+ 𝐹𝑒(𝑂𝐻)2 𝐹𝑒3𝑂4+2𝐻2𝑂 

It is difficult to control size and geometry of synthesized particles. Nanoparticles with a diameter 

ranging from 10 nm to 1m could be obtained by this method by varying the reaction 

temperature, incubation time and iron salt.  A scanning electron microscopy image of 

nanoparticles prepared by this technique is shown in Figure 2. 
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Emulsion synthesis of magnetite nanoparticles consists of the preparation of nanosized water 

droplets in oil phase stabilized by surfactant molecules. These nanoreactors regulate 

nanoparticles nucleation, growth and agglomeration. The advantage of this technology is a 

flexibility in selection of surfactants, oil, reaction conditions. The method is also used to form a 

shell (coatings) for the synthesis of composite nanoparticles in “one pot”44. For the synthesis of 

iron oxide nanoparticles cetyltrimethylammonium bromide (CTAB) surfactant was dissolved in 

toluene under mechanical stirring. Water solution of 𝐹𝑒𝐶𝑙2+ 𝐹𝑒𝐶𝑙3 was slowly added by droplets 

to form water in toluene emulsion. 

Figure 2.2. Scanning electron microscopy of 40 nm magnetite cubical 

nanoparticles 
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After 12 hours of stirring, ammonium hydroxide was added, and solution turned black as 

magnetite forms. Obtained nanoparticles are precipitated by addition of acetone to destabilize the 

emulsion and washed with ethanol to remove unreacted species. Particles were analyzed with 

DLS, TEM and measured to be 10±3 nm in size. The analysis of TEM images (Fig.3) showed a 

consistent spherical structure of the obtained nanoparticles. The disadvantage of this method is 

associated with residual surfactants and difficulties to scale-up the synthesis. 

 

Thermal decomposition is the method of nanoparticles synthesis from organometallic precursors 

in organic solvents with surfactant capping agents in an inert atmosphere. The method could be 

used for synthesis of various metal oxide particles. The thermal decomposition method provides 

great control over size, shape, polydispersity and composition45 of nanoparticles. In a typical 

magnetite synthesis protocol, iron (III) acetylacetonate is added to the mixture of oleylamine and 

benzyl ether under stirring in room temperature. Benzyl ether serves as a high temperature 

Figure. 2.3. Transmission electron microscopy of 10 nm magnetite nanoparticles 

obtained by emulsion synthesis 
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organic solvent for iron precursor and oleylamine serves as mild base and stabilizes 

nanoparticles. During the reaction, the solution turns black. The solution is cooled to room 

temperature and the particles are precipitated by addition of ethanol. The nanoparticles are 

separated by centrifugation at 10000 rpm, washed three times with ethanol and transferred to an 

organic solvent, hexane for example, to form a stable dispersion. The particles were 

characterized by DLS and TEM. The measured diameter was 12 nm with a very low 

polydispersity (Fig. 4). The disadvantage of this method is that the synthesized particles are 

dispersed in organic solvent while for the most biological applications aqueous dispersions are 

preferential. To overcome this problem, nanoparticles are transferred into an aqueous media by 

dispersing particles in chloroform and adding the dispersion to the equal volume of aqueous 

CTAB solution under mechanical stirring. After 12 hours, the largest fraction of the 

nanoparticles is transferred to the aqueous phase and could be extracted by precipitation or using 

a magnet.  

Figure 2.4. Transmission electron microscopy of 10 nm magnetite nanoparticles 

obtained by thermal decomposition synthesis 
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Salt coprecipitation technique is one of the most widely used to prepare magnetite nanoparticles 

of a diameter of 12-15 nm (Fig.5). The nanoparticles formation is based on the precipitation of  

Fe3O4 by hydrolysis of iron chloride (II) and iron chloride (III) in ratio 2:3 at basic media under 

mechanical stirring:  

𝐹𝑒𝐶𝑙2+ 2𝐹𝑒𝐶𝑙3 + 8𝑁𝐻3 • 𝐻2𝑂  𝐹𝑒3𝑂4+8𝑁𝐻4𝐶𝑙 + 4𝐻2𝑂 

 A black precipitate is formed immediately upon mixing and collected using a magnet. To 

stabilize nanoparticles, the surface charge is switched from negative to positive by washing the 

precipitate with nitric acid and then trisodium citrate while maintaining a highly acidic pH. After 

washing with water, the particles form a highly stable dispersion of the nanoparticles with 

superparamagnetic properties measured by magnetic relaxometry. The dispersion is stable for 

many months, however, after a 2-month incubation time partial oxidation occurs. This method 

allows to obtain large amounts of highly stable magnetic nanoparticles in an aqueous media.  By 

varying reaction parameters such as a base ( NH4OH, NaOH, KOH), reaction time, iron salts ratio, 

Figure 2.5. Transmission electron microscopy of 12 nm magnetite nanoparticles 
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or addition of other metal salts (Mg, Mn) it is possible to tune final particles properties: size, 

shape and composition.  

Magnetic nanoparticles could also be obtained by variety of other methods such as hydrothermal 

synthesis46, laser pyrolysis47, spray synthesis48 and electrochemical synthesis49. Although these 

methods could achieve good quality nanoparticles, they require the use of complex equipment 

and very sensitive to the selection of solvents. Synthesis methods based on reduction of metal 

salts in aqueous solutions became most popular due to their simplicity, a high speed of reaction 

and good control of nanoparticles’ size, in some cases shape, and morphology. In most cases, 

synthesized metal nanoparticles tend to form polydisperse aggregates and require additional 

stabilization. 

2.2 Stabilization of Magnetic Nanoparticles 

The major methods of stabilization of nanoparticle dispersion employ the mechanism of 

electrostatic, sterical or combined stabilization. 

Electrostatical stabilization is achieved by ionizable molecules that adsorb on the surface of the 

particles.  The adsorbed ions form an electrical double layer that stabilizes nanoparticles owing 

to a the Coulombic repulsion. The classical example is the synthesis of noble metal nanoparticles 

(gold, platinum, palladium) in the presence of citrate salts to achieve a stable dispersion of  1-2 

nm particles without aggregation.50,51  

Sterical stabilization is based on the functionalization of the nanoparticles surface by large-size 

molecules such as surfactants or polymers, which form steric barriers and prevent the close 

contact between individual nanoparticles52,53 Using ionizable  polymers or surfactants allows to 

combine both mechanisms of stabilization54. This method is also used to form multifunctional 

liposomes55. The disadvantage of this approach is that surfactants are not strongly bound to the 
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particle surface. Surfactant desorption could lead to partial aggregation.  A solution of this 

problem relies on the encapsulation of nanoparticles with strongly bound shell made of organic, 

inorganic, polymeric or biomolecules56,57. The structure and composition of the stabilizing shell 

greatly influences the particles properties. Most advanced coatings are composite organic-

inorganic shells when organic and inorganic layer serve for specific purposes58. Inorganic 

components can control nanoparticle size, chemical and biological stability. Polymer 

components are responsible for surface properties, steric stabilization, temperature response, and 

rheological properties of the dispersions.   

A stabilizing shell made of silica is broadly used for magnetic nanoparticle encapsulation. 

Synthesis of silica shell is simple and reproducible allowing to achieve stable nanoparticles in a 

variety of sizes from 30 nm to 1 µm. The  encapsulation process is based on the Stöber method, 

that is used in nanotechnology for over 50 years since its introduction  in 196859. 

Figure 2.6. Silica condensation reaction by Stöber process in ethanol 
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The reaction is a sol-gel process wherein a tetraethylorthosilicate (TEOS) molecule is hydrolyzed 

in a water-ethanol mixture to produce reactive intermediates which further react with each other 

to form stable spherical nanoparticles with a narrow size distribution (Fig. 6). This procedure 

could be adapted to coat magnetic nanoparticles with uniform silica shell by dispersing magnetic 

nanoparticles in an ethanol-water mixture. Ammonium hydroxide is added to stabilize the 

magnetic particles. TEOS is added dropwise to secure the polycondensation reaction specifically 

at the surface of magnetic nanoparticles to generate a uniform silica shell. (Fig. 7). Silica 

encapsulation ensures preservation of the magnetic particles from interaction with ingredients of 

aqueous dispersions. 

The encapsulation with a silica shell was adapted for many types of nanoparticles, quantum dots, 

dyes and fluorescent molecules60-62.  Binding to or embedding into the silica shell of functional 

Figure 2.7. Transmission electron microscopy of silica coated magnetic 

nanoparticles  
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molecules or fine particles could be used to amplify magnetic or optical properties of the 

nanoparticles63,64.  

To improve magnetic properties of composite nanoparticles, multiple magnetite cores could be 

embedded in the silica shell. The latter is achieved at increased nanoparticles concentration and 

sonication or reaction mixture. Initially formed nanoparticles have irregular shape (Fig. 8) due to 

the formation of polydisperse particle aggregates from multiple nanoparticles aggregates. 

Spherical shape nanoparticles are formed after loading of an additional amount of TEOS and 

stirring of the reaction mixture for 48 hours. The dispersion is destabilized by adding of 

hydrochloric acid. The particles are separated by a magnet. After rinsing of the particles using 

centrifugation-dispersing cycles, they form stable aqueous dispersions that could be used for 

further functionalization. 

Figure 2.8. Transmission electron microscopy of silica coated magnetic 

nanoparticles  
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Silane Stabilization of Magnetic Nanoparticles 

 Silane chemistry is a commonly used method of covalent modification of silica coated 

nanoparticles with a variety of functional groups. Carboxylic, halogen, hydroxide, amino and 

fluorescent groups are routinely introduced via silica shell reactions with functional silanes (Fig. 

2.9). 

Figure 2.9. General schematics of silane chemistry 
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CHAPTER 3 

POLYMER MODIFICATION 

3.1 Thin polymer films. 

Functionalizing of material’s surface with ultrathin polymer layer is a versatile tool for the 

surface modification with precisely controlled and adjusted physical and chemical properties65. 

Composition and properties of the surface interfacial layer plays a critical role for many 

applications of nanoparticles66. Surface functionalization of nanoparticles is used to control 

colloidal stability, adhesion, rheology and interaction with biomolecules54,67. Covalent 

modification of the nanoparticles surface with tethered polymer chains ensures stability of 

grafted layers and the structure of the thin film coating. For polymer molecules bound to the 

surface of nanoparticles, there are different structural regimes that depend on the grafting density 

of the grafted polymer chains and the interaction of the grafted polymer with solvent. (Fig.3.1).  

At a low grafting density, the grafted polymer chains exhibit a pancake-like structure in a poor 

Figure 3.1. Polymer chains at different grafting density and solvent conditions. 

(a)-pancake regime, (b)-mushroom regime, (c)-chains interaction, (d)-brush 
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solvent (a), or mushroom- like structure in a good solvent. When grafting density is increased, 

the chains begin to interact with each other and form aggregates (micelles) in a poor solvent (c) 

or slightly stretch away from the surface in a good solvent. Further increase of grafting density 

results in transition of the thin film structure into the polymer brush regime (d) when the grafted 

chains are strongly stretched from the surface due to the excluded volume effect. 

This stretching results in a deformation of the polymer coil, thus in reduction of the entropy of 

the chains. The polymer film possesses a new equilibrium state with the higher energy when the 

chains are stretched away perpendicular to the surface. Polymer brush transition occurs when the 

size of the grafting chains approaches the distance between grafting points, so the following 

conditions are met: 

𝒉 > < 𝒓𝟐 >𝟏/𝟐,   𝒅 ≪ < 𝒓𝟐 >𝟏/𝟐

Where h is the polymer brush height, < 𝑟2 >1/2 is the end to end distance for the same non-

grafted chains, dissolved in the same solvent. 

System could be characterized by introducing the parameter for this transition, (𝚺): 

𝛴 = 𝜎 ∗ 𝜋 ∗ 𝑅𝑔
2

Where 𝑅𝑔is radius of gyration of tethered chain, 𝜎 = (ℎ𝜌𝑁𝐴)/ 𝑀𝑛, ℎ is brush thickness, 𝜌 is a 

bulk density of the brush and 𝑁𝐴 is Avogadro’s number. When 𝚺<1 the system described with a 

mushroom regime with a weak interchain interactions,  𝚺 ≈ 𝟏 is a transition conformation and 

𝚺>1 is highly stretched regime. In real systems, no sharp transition between the mushroom and 

brush regimes is observed because of random distribution of the grafting points and 

polydispersity of the polymer. 
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3.2 Synthesis of polymer brushes 

 Polymer brushes could be made of homopolymers (a homopolymer brush) or many polymers (a 

multicomponent brush) (Fig. 2). Multicomponent brushes attracted significant interest since they 

offer vast possibilities for preparation of functional interfaces with tunable and                   

stimuli-responsive properties68-70.  Phase behavior of multicomponent brushes depend on the 

polymer-polymer and polymer-solvent interactions. The brush properties are dictated by the thin 

film structure71 Multicomponent brushes could be prepared from two or more incompatible 

polymers by grafting two polymers to the same surface  (a mixed brush) or by grafting of block-

copolymers (a block copolymer brush).  

For example, multicomponent polymer brushes demonstrated switching behavior in their 

changeable environment (temperature, solvent, pH, etc.) when the brush properties were changed 

from hydrophobic to hydrophilic72, conductive to nonconductive73, adhesive-to nonadhesive74  or 

adsorbing/nonadsorbing of target molecules75.  

There are two major approaches to introduce polymer brush onto the solid surface (Fig. 3). The 

first method is termed “Grafting to” and it involves reactions  of functional groups carried by the  

polymer molecules (typically  end-functional groups) and the complimentary functional groups 

Figure 3.2. Schematic illustration of possible morphologies of polymer brushes: 

a- homopolymer brush, b-mixed brush and c- block-copolymer brush. 
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on the surface-modified nanoparticles76 (Fig. 3 left). For example, silica coated magnetic 

nanoparticles were functionalized by a chitosan polysaccharide to improve 

biocompatibility77(Fig. 4). 

 To introduce a reactive layer on the nanoparticles surface, silica coated particles were 

functionalized with carboxyl terminated silane78. Then, carboxylic groups were activated with 

EDC-NHS click chemistry and reacted with solution of chitosan resulting in uniformly coated 

particles.  Grafting to method is widely used by many scientists due to its simplicity and ability 

to use “click chemistry” methods. Prior to the grafting, the polymers could be extensively 

characterized by various analytical methods. The well characterized polymers with narrow 

molecular weight distribution form well-defined uniform grafted layers. The reaction could be 

performed in solutions or in polymer melts. Despite all the benefits, the method has its 

Figure 3.3. Schematics of “grafting to” and “grafting from” approaches to 

functionalize silica-coated magnetic nanoparticles. 
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limitations such as a low grafting density of the brush because of the diffusion limitation of the 

grafting to reaction. 

 Grafting from melt helps to minimize the excluded volume interactions and results in the 

grafting of denser brushes. 

Grafting from method (Fig. 3 right)  is based on the synthesis of a covalently grafted polymer 

layer grown in situ from the surface attached initiator79. Grafting from methods was developed 

based on various polymerization mechanisms including radical polymerization80,81, anionic 

polymerization, and atom transfer radical polymerization (ATRP). 

Figure 3.4. Amide linkage formation between the carboxylic group on the 

particle surface and the amino group. (With permission from J. Mater. Chem., 

2009, 19, 6870-6876) 
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ATRP is a frequently used polymerization mechanism to grow high-density polymer brushes 

with well- controlled molecular weight82,83. One of the major advantages of using ATRP for 

grafting from is the ability to synthesized polymer films with well-controlled thickness. After 

polymerization, the end groups could remain active or deactivated depending on the following 

synthetic strategy84.  

 ATRP reaction mechanism is based on maintaining of a low concentration of free radicals in 

solution and establishment of a fast-dynamic equilibrium between active and dormant species. 

Reaction consists of two steps, initiation and propagation. In the first step, the organometallic 

complex abstracts halogen from the alkyl halide, forming an active radical in the reverse redox 

process. To maintain a low concentration of the reacting species, the deactivation rate must be 

higher than the activation rate. In other words, the equilibrium is shifted towards the dormant 

species, otherwise the reaction becomes uncontrolled. The reaction rate is also dependent on the 

redox potential of metal complexes. The termination reaction is typically very slow.   

Figure 3.5. The mechanism of ATRP 
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The molecular mass of the grafted polymer is controlled in two ways. First, the length of the 

grafted chain depends on the concentration of the reactants and the polymerization time. 

Secondly, a sacrificial initiator is added to the reaction solution, forming a fraction of the non-

attached bulk polymer that could be analyzed to estimate molecular mass of the grafted polymer 

assuming that the reaction kinetics in solution is the same as for the surface-growing brush. The 

amount of the added initiator affects the degree of polymerization of the grafted polymer. 

A number of monomers have been successfully polymerized using the ATRP polymerization 

mechanism including acrylamides85, acrylates86, methacrylates87,88, monomers with hydroxide86, 

epoxide and other functional groups. In particular, polyelectrolyte brushes (PEB) attracted 

interest due to their biocompatibility and similarity to many biological molecules89-91. PEB 

carries ionizable functional groups. In PEB, counter ions are trapped in the brush. The brush 

thickness is determined by the balance between osmotic pressure of the trapped counter ions and 

stretching entropy of the chains. The contribution of excluded volume will dominate at high 

densities, while at moderate density electrostatic interactions (repulsive interactions between 

similarly charged chains) affect the brush properties. If brush carries a strong base or strong acid 

ionizable functional groups, the brush properties are not affected by pH or salts (unless the ionic 

strength of solution approaches the ionic strength in the brush).  The behavior of PEB is different 

for polyelectrolytes that carry weak acid or base functional groups. In this case, polyelectrolytes 

respond to changes in pH and ionic strength92,93. Weak PEB carrying amino-functional groups 

(for example, polyvinyl pyridine) expands upon a decrease of pH, while acidic PEB (for 

example, polyacrylic acid) expands upon pH increase. Overall, polymer brushes are extensively 

studied and used as a building block for biointerfaces in biotechnology, drug delivery and 

stimuli-responsive coatings. 
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CHAPTER 4 

BIOMEDICAL APPLICATIONS 

Polymer brushes offer great flexibility to modify surfaces with molecular structures for adding 

new functionalities and tuning surface properties. Recently, there was a significant number of 

studies published on applications of polymer brushes in biomedical, biomaterial and drug 

delivery applications.  

When a synthetic material is introduced into the body, it faces immediate non-specific adsorption 

of biomolecules, followed by the response from the immune system which typically leads to 

inflammation. Another concern is contaminations of synthetic materials with microorganisms. 

Bacterial biofilms formation is the major problem of implant applications leading to post-surgery 

complications due to inflammation and implant rejection. Antimicrobial coatings carrying 

antibiotic molecules often are not highly efficient, since the accumulation of dead bacteria 

promotes formation of biofilms. Polymer brush-based antimicrobial coatings have shown 

promising results to create bacteria-repelling films with stimuli-responsive properties such as 

antibiotic release upon local pH change during bacterial attachment94. For example, this could be 

achieved by coating of the surface with polyacrylic acid (PAA)-chitosan block copolymer 

brush95. When system is exposed to physiological media with pH 7.4, PAA polyelectrolyte layer 

expands forming a barrier film. Adsorption of bacteria results in a drop of pH at the interface due 

to carbohydrates fermentation and accumulation of organic acid. The latter causes shrinking of 

PAA and exposing chitosan which is known for its antibacterial properties. The exposure of 

chitosan blocks bacteria spread leading to restoring of pH when PAA returns to the original state.  
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On the contrary, tissue culture applications require controlled proliferation of mammalian cells 

on the surface of the supporting (scaffolding) materials. The surface modification is usually done 

with self-assembled monolayers (SAM) carrying cell-binding peptide motifs such as arginine-

glycine-aspartic acid (RGD)96. The limitation to use this approach is due to the poor control of 

nonspecific cell-protein interaction which leads to non-specific adsorption and contaminations. 

Another barrier is mechanical properties of SAM layers that have a relatively short and stiff 

molecular structure as compared to cells natural environment. In natural conditions, cells 

proliferate in three dimensions upon interaction with other cells and scaffolding molecular 

aggregates. Grafting of polymer brusher with the attached RGD sequence proved to be an 

excellent solution to mimic cellular environment97. Moreover, controlled polymerization 

methods allow for the regulation of  RGD surface density and create specific patterns that target 

cell adhesion and motion98. For application related to tissue regeneration, it is required to grow 

live cell sheets. Detachable cell sheets were prepared on thermo-responsive polymer brush layers 

with low critical solution temperature (LCST). The most widely studied example is poly(N-

isopropylacrylamide) (PNiPAm) with LCST phase transition in water at 32 °C (Fig. 1). The cells 

could be seeded and incubated on the pNIPAM layers decorated with RGD at 36 °C followed by 

the detachment of the grown cell sheets by decreasing temperature to 32 °C99,100.  
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Enzymes and other proteins could also be adsorbed by polymer brushes. Enzymes applications 

are steadily increasing in the areas of biotechnology101,102, textiles processing103,104, 

pharmaceuticals105 and other fields of  biocatalysis106. The widespread use of enzymes is limited 

by their costs (mainly related to separation and purification). Adsorption of protein molecules on 

the surface is usually irreversible process. Therefore, most enzymes are used only in single use 

applications and are not recycled. However, reversible adsorption of many proteins regardless of 

protein net  charge by PAA brushes was observed90. Adsorption of proteins depends strongly on 

pH and salt concentration. At low salt concentrations and at pH below 5 a strong adsorption of 

proteins by PAA brushes was documented. The adsorption remains unchanged until pH is raised 

to 6-7; then proteins are released. The proposed mechanism of this process is that adsorption of 

proteins by poorly charged PAA brush at pH5 leads to release of counter ions from the brush and 

Figure 4.1. Schematic of cells interaction with thermo-responsible pNIPAM brush 
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positively charged domains of the protein interact with the brush107,108. Remarkably, proteins and 

enzymes adsorption by PAA does not affect protein secondary conformation and its enzymatic 

activity remains nearly unchanged109,110.  

Based on these findings, we developed a novel composite material termed “enzymogel” for 

remote-controlled phase-boundary biocatalysis of cellulose biomass with the ability to recover 

and reuse catalytically active Cellulase enzymes111. Enzymogel demonstrated remotely directed 

binding to and engulfing insoluble substrates, high mobility, and stability of cellulases. The 

enzymogel nanoparticles are made of a superparamagnetic core with a silica shell, coated by 

PAA polymer brush via grafting from approach. Enzymogel was used to hydrolyze cellulose by 

adsorbing Cellulase enzymes. The loading of the enzymes was conducted from the solution at 

pH 4.5 (Fig. 2) and releasing them into the bioreactor at pH 7 owing to the stimuli-responsive 

behavior of the enzymogel brush. The encapsulated Cellulase retains its biocatalytic activity in 

the brush and after the release of the enzyme to the buffer. After bioconversion of the cellulosic 

biomass, the enzymogel nanoparticles can be magnetically extracted and transferred into a 

freshly loaded bioreactor for reuse. The experiments demonstrated that this methodology 

Figure 4.2. Schematic of the enzymogel nanoparticle. a) swollen PAA at pH 7 

b) shrunken PAA brush at pH 4.5, respectively. c) The brush is uniformly 

loaded with CEL enzymes at pH 4.5  
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provides an about four-fold increase in glucose per enzyme when compared with the traditional 

single use of cellulases for cellulose conversion. 

Drug delivery applications often face challenges of delivery of highly toxic or poorly soluble 

drugs to the affected tissues. Extensive research has been undertaken in the areas of controlled 

drug delivery applications using liposomes112,113, nanoparticles2, control release interfaces and 

hydrogels114. Liposomes (phospholipid bilayer vesicles) has shown promising potential as drug 

delivery vehicles in cell culture, however their clinical use faced problems associated with their 

stability. To improve liposome stability and enhance their circulation time in the blood, sterical 

stabilization mechanism are often used. For example, introduction of a PEG shell is a commonly 

used approach115. Nanoparticles, on contrary, offer significant advantages over liposomes owing 

to their mechanical stability, precise size control and ability to functionalize with high density 

polymer brushes. For anti-cancer therapy, nanoparticles of less than 100 nm are used since they 

demonstrated prolonged blood circulation time and passive capturing by a tumorous tissue.  

Tumor tissues are characterized by an overdeveloped microvasculature system that captures 

nanoparticles as a result of the enhanced permeability and retention (EPR) phenomenon, first 

described by Maeda and Matsumura116,117. This phenomenon is actively used for magnetic 

nanoparticles tumor therapy by hyperthermia118, imaging by MRI contrast119, and photoacoustic 

imaging120. Modification of nanoparticles by polymer brushes allows to increase their plasma 

half-life from a few minutes up to several days due to “stealth effect”121,122. Various ligands 

could also be grafted to the polymer chains, allowing the targeted delivery. The most advanced 

delivery systems combine multifunctional properties; for example, magnetically targeted 

delivery, targeting and release. Majority of these systems consist of magnetic nanoparticles 

associated with thermo-responsive materials that hold cargo molecule by adsorption or physical 
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entrapment123-125. Many tumorous tissues have acidic environment, so pH mediated systems were 

also widely reported126-128. 

In summary: the possibility to tailor of psychochemical properties of nanostructured materials by 

modifying with polymer brushes opened a new phase of pharmaceutical and biotechnological 

applications. Nanomaterials approaches for enzyme delivery are actively employed in industrial 

processes improving biofuel production efficiency, lowering the processing costs and promoting 

sustainability. 

Emerging novel biomaterials based on multifunctional nanoparticles are currently involved in 

numerous trials for the chemotherapy, immunotherapy, and drug delivery showing promising 

safety results. Translation research will lead to rise of less toxic, safer and affordable treatments 

and improve quality of life. 
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CHAPTER 5 

MAGNETIC FIELD REMOTELY CONTROLLED HIGHLY-SELECTIVE BIOCATALYSIS 

Andrey Zakharchenko1, Nataliia Guz2, Amine Mohamed Laradji1, Evgeny Katz2 and

Sergiy Minko1*

Many applications for medical therapy, biotechnology and biosensors rely on efficient delivery 

and release of active substances. Here, we demonstrate a platform that explores magnetic-field-

responsive compartmentalization of biocatalytic reactions for well-controlled release of 

chemicals or biological materials on demand. This platform combines two different kinds of 

core–shell magnetic nanoparticle: one loaded with enzymes and another with substrate-bound 

therapeutic (bio)chemicals. Both cargos are shielded with a polymer brush structure of the 

nanoparticle shell, which prevents any enzyme–substrate interactions. The shield’s barrier is 

overcome when a relatively weak (a fraction of 1 T) external magnetic field is applied and the 

enzyme and the substrate are merged and forced to interact in the generated nanocompartment. 

The merged biocatalytic nanoparticles liberate the substrate-bound therapeutic drugs when the 

enzymes degrade the substrate. The developed platform provides a proof of concept for the 

remotely controlled release of drugs or (bio)chemicals using the energy of a non-invasive, weak 

magnetic field. 

1Nanostructured Materials Lab, University of Georgia, Athens, GA, USA. 2Department of

Chemistry and Biomolecular Science, Clarkson University, Potsdam, NY, USA. 

Accepted by Nature Catalysis. Reprinted here with permission of publisher, (Apr. 10, 2018) 
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Materials that efficiently release biological molecules or therapeutic chemicals on demand using 

exposure to remotely controlled and safe external sources of energy, such as magnetic fields, 

could find applications for drug delivery130, biotechnology131,132 and biosensors133. Because

live tissue and synthetic polymers are not responsive to weak magnetic fields, the development 

of magnetic-field-responsive soft materials has been reported by combining magnetic 

nanoparticles and stimuli-responsive soft materials134. Magnetic nanoparticles interact with

magnetic fields and transduce magnetic field energy into physical or chemical changes in the soft 

material. Materials that control enzymatic processes are one example of such soft materials. 

Enzymes are extensively used to change or degrade colloidal particles, capsules, and their 

assemblies to trigger release of the cargo via biocatalytic reactions135,136.

In all eukaryotes, metabolic pathways are precisely organized and regulated. This precise control 

is based in part on the high selectivity of biocatalytic reactions and controlled transport of 

chemicals and biomacromolecules across membranes that compartmentalize cells, organelles and 

organs. Highly selective biocatalysis alone cannot orchestrate complex systems of biochemical 

reactions without the supporting role of signal-triggered synthesis, release, secretion, conversion 

and degrading processes that take place in different compartments in cells and organs. Despite 

being highly selective, enzymes cannot provide 100% selectivity. In particular, enzymes could 

interact with a number of substrates of a similar chemical structure (for example, proteases are 

highly promiscuous catalysts), be degraded by other enzymes or even by self-digestion upon 

secretion into a complex biological environment, or undergo undesired aggregation, 

crystallization or nonspecific adsorption, which would strongly damage the efficiency of the 

biocatalytic process. However, the overall high specificity of biocatalytic processes is 

strengthened by localizing the enzymatic reactions within a specific environment and spatial 
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compartments.  Inspired by this hierarchical design in live systems, diverse stimuli-responsive 

functional materials have been reported, involving various architectures that respond to changes 

in magnetic fields137–139. However, it remains challenging to create a reactive system that 

preserves enzyme molecules from destructive environments and undesired interactions while 

being able to initiate the designated reaction when needed. Different approaches have been 

developed to preserve enzymes for storage and delivery before activating them on demand in a 

magnetic field at the targeted location. A number of studies aimed at controlling the kinetics of 

biocatalytic reactions in model systems140–144 have explored magnetic-field-triggered changes 

of the local concentration and mobility of enzymes. However, it is difficult to apply many of 

such approaches to live tissue because of limitations associated with degradation of many 

biological molecules in complex biological milieu, toxicity of the materials and a narrow 

variation range of physiological conditions. The most common approach is to embed magnetic 

nanoparticles in a thermoresponsive material and expose them to an alternating magnetic field. 

The local temperature rise due to transformation of electromagnetic energy into heat is used to 

trigger changes in the thermoresponsive material without a need to elevate the temperature of the 

entire system145. This scenario is not always appropriate for enzymes because of their generally 

poor thermal stability.  

We report here a proof-of-concept study of magnetic-field- controlled biocatalysis, which does 

not rely on commonly used alterations of local temperature, pH, salt concentration or light 

absorbance. Our biocatalytic platform uses a biomimetic concept of compartmentalization, 

magnetic-field-controlled transport and interactions of substrates and biocatalysts across semi-

permeable walls of the compartments. In our system, the biocatalytic process is achieved via 

magnetic-field-triggered interactions when two distinctive nanoparticles—one loaded with an 
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enzyme (for example, protease) and another with a substrate (for example, polypeptide)—are 

brought into the merging vicinity of each other. The enzyme and substrate molecules bound to 

the nanoparticles are framed by semi-permeable barriers with gating properties— polymer 

brushes—which prevent interactions of both the enzyme and the substrate with other competitive 

molecules and with each other. This design resembles compartments that accommodate and 

preserve the substrate and enzyme from interactions ahead of time. The biocatalytic reaction is 

turned on only in the presence of a magnetic field that triggers merging of the compartments. In 

addition, the compartments are tailored to provide the most favorable environment for the 

enzymatic process, for example, an acidic environment favorable for hydrolytic reactions 

catalyzed by many proteases could be achieved using a weak polyacid brush architecture even if 

the environment outside the polyacid brush was buffered at pH 7146. The method proposed here

could be realized by using either uniform or non-uniform magnetic fields generated by a 

permanent magnet or an electromagnet, with a low strength magnetic field achievable in 

biological systems with remote magnet positioning. 
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Results 

5.1 Design of biocatalytic nanoparticles. Here, we demonstrate that papain—a highly 

promiscuous protease—can be utilized in a selective biocatalytic process using our concept of 

magnetically controlled biocatalysis. According to this concept, we perform covalent conjugation 

of enzymes and polymer brushes linked to nanoparticles. The conjugation has minimal effect on 

the chemical structure, conformation and hence the specificity of the enzyme. We change only 

topological aspects of the biocatalytic reaction when we secure interactions of the enzyme with 

the designated substrate by exploring specific architecture of the compartmentalized system. The 

concept is realized by using the architecture of a spherical core–shell nanoparticle (NP). The 

system contains two kinds of NP: E and S, where E-nanoparticles are loaded with the enzyme 

and S-nanoparticles are loaded with the substrate. The two NPs possess a very similar 

architecture: a superparamagnetic core is enveloped by a silica shell with a grafted block-

copolymer brush. 

Table 1. Structure and characteristics of biocatalytic NP 
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Fig.5.1 | E- and S-type superparamagnetic nanoparticles carrying the enzyme and 

the substrate. a,b, Cryo-transmission electron microscopy (cryo-TEM) image (a) and 

schematic (b) explaining the concept of the magnetic-field-triggered biocatalysis. The 

particle superparamagnetic core is made of Fe3O4 nanoparticles enveloped by silica. 

The silica envelope is labelled with covalently bound fluorescent dyes (red for E-

particles and green for S-particles). In the magnetic field, due to dipole–dipole 

interactions, the particles are brought into contact, so that the brush-like double-layer 

shells merge and intertwine, enabling interactions between the enzyme and substrate. 

The inner layers of the brush-shell are made of polyacrylic acid (PAA), which carries 

conjugated molecules of enzymes and substrates and provides the acidic environment 

for hydrolytic reactions. The external shell of poly(ethylene glycol methyl ether 

acrylate) polymer (PPEGMA) secures a barrier function to block ‘unauthorized’ or 

premature reactions of the enzyme and the substrate. The biocatalytic reaction is 

localized within the biocatalytic nanocompartment, which is generated in the magnetic 

field. The reaction is monitored by detecting the released cargo molecules. 
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The grafted block is polyacrylic acid (PAA) and the external block is a polymer of poly(ethylene 

glycol methyl ether acrylate) macromer  (PPEGMA) with an average number of ethylene glycol 

monomeric units per macromer of 9.3. The molecular mass of PAA-b-PPEGMA block 

copolymer is 17kg mol–1 where the PAA and PPEGA blocks are 8.5 kg mol–1 each.

Carbodiimide conjugation chemistry was used to covalently bind papain and the substrate—

fluorescent dye (FD)-labelled bovine serum albumin (FD-BSA)—to the E- and S-nanoparticles, 

respectively. A cryo-transmission electron microscopy (cryo-TEM) image of a two-particle 

aggregate comprising E- and S-nanoparticles and a schematic of the concept are presented in Fig. 

1. The nanoparticle characteristics are listed in Table 1 and  Tables 1 and 2. NPs carry 20% wt of

PAA-b-PPEGMA and about 30% wt of proteins. The details of characterization can be found in 

Methods and Experimental Details. 

The architecture described above enables the magnetic-field- triggered proteolysis of FD-BSA, 

which results in the liberation and release of FD. The latter can be detected using fluorescence 

spectrometry (Fig. 2). Indeed, FD release took place immediately after the magnetic field was 

turned on in contrast to the reference experiments when a blend of E- and S-nanoparticles 

experienced no magnetic field. Both E- and S-nanoparticles are mixed and coexist in the same 

container as a stable aqueous dispersion with no interactions if the magnetic field is off (Fig. 2b). 

The fluorometric data suggest that high selectivity of the magnetically triggered biocatalytic 

reaction is achieved owing to the NPs’ unique architecture. The zero-field control experiments 

demonstrate that E- and S-nanoparticles do not interact in the aqueous suspension. Papain 

proteolytic behavior is not specific to BSA. At the same time, FD-BSA is a substrate that is not 

specific to papain. FD-BSA could be degraded by other proteases while papain could degrade 
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various proteins. Thus, in complex biological systems that contain various proteins, the reaction 

between papain and FD-BSA is not selective and not controlled. This reaction is one of many 

parallel and competitive reactions catalyzed by different proteases, and it begins immediately 

upon mixing the ingredients. However, the specially crafted structure of E- and S-nanoparticles 

was used here to convert non-selective proteolysis into a selective reaction that rejects all other 

proteins and turns off the self-digestion of the proteolytic enzyme. Thus, this architecture 

Fig. 5.2 | Monitoring of the magnetic-field-triggered release of fluorescein 

dye. Fluorescent dye (FD) is released from a mixture of E- and S-nanoparticles in 

phosphate-buffered saline (PBS, pH 7.4). a, Emission spectra of FD in solution: 

16 h after the magnetic field is turned on (line 1), and the reference experiments, 

16 h after the nanoparticle mixing with no magnetic field (line 2) and the 

spectrum acquired immediately after mixing of the NPs with no magnetic field 

(line 3). b, Kinetics of FD release: triggered by magnetic field (line 1), and 

reference experiments, E- and S-nanoparticle mixture with no magnetic field (line 

2) and only S-nanoparticles in a PBS solution (line 3). The graphs are

representative data of multiple repetitions of the experiments (three or more 

repetitions). The inset shows the reference experiments with no magnetic field 

when FD-labelled bovine serum albumin (FD-BSA) is mixed with papain in a 

buffered solution (line 4), FD-BSA is mixed with E-nanoparticles (line 5) and 

papain is mixed with S-nanoparticles (line 6). All reference experiments are 

negative. The ‘authorized’ release of the cargo is possible only in the case when 

both E- and S-nanoparticles are present and the magnetic field is on. 
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excludes ‘unauthorized’ reactions of papain and FD-BSA (Fig. 2b, inset). Importantly, the 

biocatalytic activity of papain bound to PAA is not compromised, as was shown in reference 

experiments with the conjugated enzyme (Experimental details Figs. 10 and 11 and Table 3). 

These conclusions were confirmed using gel-electrophoresis to monitor release of degraded 

Fig. 5.3 | Chains of biocatalytic nanoparticles. a–f, The chains of the 

nanoparticles (NPs) are formed in magnetic field at low (0.01%, a,b) and 

high (1%, c–f) NP concentrations. a,b, Cryo-TEM (a) and atomic force 

microscopy (b) images of small aggregates deposited on the Si wafer. c–e, 

Dark-field optical microscopy of string-like aggregates, and aggregates 

visualized with confocal microscopy (c) when formed by green fluorescein- 

silica-shell-labelled S-nanoparticle chains (d) and red rhodamine-B- silica-

shell-labelled E-nanoparticle chains (e). f, Additive yellow colour of the 

chains owing to randomly mixed green S-nanoparticles and red E-

nanoparticles. 
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fragments of the BSA conjugates. We observed release of BSA fragments only if a mixture of S- 

and E-nanoparticles was exposed to the magnetic field. The experiments with zero-field and for 

mixtures with native enzymes in solution did not reveal essential release of BSA fragments 

(Experimental dataFigs. 13–15). 

5.2 Magnetic-field-controlled biocatalysis. The brush-like structure of the nanoparticle shell is 

a key element to achieving control over the biocatalytic reaction and cargo release and to turning 

the papain– FD-BSA reaction into a selective biocatalytic reaction. Owing to the brush 

architecture, the enzyme can reach the biocatalytic nanocompartment with the designated 

substrate only if the magnetic field is turned on, as discussed above. 

In a magnetic field, dipole–dipole interactions between super- paramagnetic NPs result in the 

formation of aggregates that grow and form chain-like structures. The size of the aggregates 

depends on NP concentration and exposure time to the magnetic field as visualized by cryo-

TEM, atomic-force microscopy (AFM) and dark-field optical microscopy (Fig. 3a–c). TEM 

images of the aggregates are presented in Experimental Details Fig. 12. For a 1:1 blend of E- and 

S-nanoparticles, the probability of finding two different NPs that form an E–S sequence in two-

particle aggregates or in the chain is 50%. While the magnetic field is on, the chain structure is 

growing in length and diameter, eventually consuming all the magnetic NPs in the solution. The 

probability of finding at least one E–S sequence in each aggregate approaches 1 for large 

aggregates so that virtually each particle aggregate is involved in the biocatalytic reaction. 

Chains of dipolar particles are subject to strong Landau–Peierls thermal fluctuations147–149.
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Fig. 5.4 | Magnetically controlled release of the drug. a,b, Schematics 

of magnetically controlled release of doxorubicin (DOX) chemotherapy 

agent in the presence of a permanent magnet with E- and S-nanoparticles 

loaded in a spectroscopic cuvette (a) and a cell culture dish (b)—the 

magnet was placed within 1 cm of the particle dispersion. c, Time-

dependent change of emission spectra of DOX released in the cuvette 

after 24 h (line 1), after 1 h (line 2) and immediately after mixing in 

magnetic field (line 3). d, Kinetics of DOX release on loading of the S- 

and E-nanoparticles and on the placement of the permanent magnet to the 

bottom of the cuvette. The arrows mark the moments of addition of the S- 

and E-nanoparticles and the turning on of the magnetic field. e, 

Microcalorimetric monitoring of the DOX release showing thermal 

activity (line 1) versus the base line (line 2). 
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Theoretical analysis and experiments revealed that the field-induced aggregation process of 

dipolar particles is a complex phenomenon and the structure of aggregates depends on the 

balance of magnetic forces, thermal fluctuations and other interaction mechanisms between NPs. 

NPs in the aggregates may undergo rearrangements150–153. The dynamics of the aggregates 

facilitates an increased efficiency of biocatalytic reactions in the nanocompartments generated in 

the aggregates. The mechanism of the mixed chain (made of E- and S-nanoparticles) formation is 

illustrated in Fig. 3d–f. In this experiment, S- and E-nanoparticles were labelled with fluorescein 

and rhodamine-B fluorescent dyes, respectively. The dyes were encapsulated in the silica shell of 

the magnetic core. Both NPs form chain-like structures in the magnetic field visualized with 

fluorescent micros- copy as green and red chains, respectively (Fig. 3d,e). In Fig. 3f, it is clearly 

seen that the NP blend forms yellow chains originating from the additive colour mixing of green- 

and red-labelled NPs in the same chain.  

Within the magnetic chains, the force of dipole–dipole inter- actions is proportional to the 

strength of the magnetic field. The force generated by the magnetic field results in an attraction 

between the NPs and a compression of the block-copolymer brush. The compressed brush exerts 

a repulsive interaction between the NPs. An equilibrium compression of the brush will depend 

on the brush’s molecular characteristics, magnetic properties of the NPs and the strength of the 

magnetic field. The repulsive interaction is proportional to the molecular mass of the polymer 

brush and grafting density, and is reciprocal to the compressed brush thick- ness. The dipole–

dipole interaction between the NPs is proportional to the strength of the magnetic field, size of 

the magnetic core and its magnetic susceptibility. Adjustments of these characteristics of the 

brush, magnetic NPs and magnetic field, loading and saturation of the brush with proteins in 

combination provide ample opportunities to optimize the biocatalytic system to achieve 
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magnetic-field-controlled biocatalysis in real-life applications. A quantitative theoretical analysis 

of this adjustment has been published elsewhere*.

Fig. 5.5 | Magnetic-field-triggered blocking of cancer cell proliferation. a, 

4T1 breast cancer cells were incubated with a 1:1 mixture of S- and E-

nanoparticles for 24 h. b–f, Then the magnetic field was applied and the 

culture was examined at 24 h following the magnet attachment: PBS control 

experiment (b); no magnetic field was applied (c); and the magnetic field was 

turned on (d). e, 2D (main) and 3D (inset) confocal images clearly showed 

cell uptake of the fluorescein-silica-shell-labelled S-nanoparticles. f, Cell 

counts at different concentrations of S- and E-nanoparticles (1:1 mixture) 12 

h after the application of the magnetic field (red bars) versus the experiment 

with no magnetic field (grey bars) and the control (no NPs added, blue bars); 

nanoparticle concentrations are shown in terms of E-particle concentration 

(50% of the overall E- and S-nanoparticle concentration) and in terms of 

conjugated doxorubicin concentration. The error bars show the standard 

deviation obtained from three experimental repeats. 
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5.3 Magnetic-field-controlled drug release. One important application of the developed 

architecture is magnetic-field-controlled drug release. It is commonly recognized that side effects 

of uncontrolled drug release cause severe intoxication and even death of patients. In general, 

targeted drug delivery should allow optimal dosages only in disease-affected areas, thus reducing 

toxic side effects. However, in a specific example of cancer treatment, recent analysis shows that 

only a small fraction of the administered drug dose is delivered to a solid tumour155 because of 

immune system response and organ com- petition mechanisms that shorten nanoparticle 

circulation in blood. At the same time, a prolonged circulation could cause premature drug 

release. The solution to this problem relies on a well-controlled initiation and duration of the dug 

release in the targeted location. A number of studies have demonstrated great potential of 

magnetic guidance of drug carriers with improved drug accumulation in solid tumours when the 

drug accumulation can be monitored using magnetic resonance imaging139. In those studies, 

magnetic guidance was combined with controlled release using heat generation in an oscillating 

magnetic field. The local temperature at the vicinity of the drug carrier is, however, difficult to 

control.  

The biocatalytic system reported here is a versatile platform enabling the development of well-

controlled targeted drug delivery systems. We propose two possible scenarios for drug 

administration. According to the first scenario, S- and E-nanoparticles are blended and injected. 

The particles circulate in blood and accumulate in the target tissue via passive or active (if 

appropriately functionalized156,157) targeting mechanisms. Application of magnetic field upon 

confirmed accumulation of NPs in the target will trigger the drug release. The second possible 

scenario is a two-step drug administration in which S-nanoparticles are magnetically guided to 
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the target158 first. This stage could be conducted as long as needed to accumulate the therapeutic

dosage of the drug carried by the S-nanoparticles. A premature release is prevented by the 

architecture of the S-nanoparticles, as shown in Fig. 2b inset. In the second step, E-nanoparticles 

are injected and guided to the same target location. The two-step approach avoids E- and S-

nanoparticles interacting in blood if a magnetic field is applied prior to NP arrival in the target 

zone. Upon arrival, the E-nanoparticles merge with already accumulated S-nanoparticles in a 

magnetic field to release the drug-cargo. The particle accumulation could be confirmed using 

magnetic resonance imaging technology159,160. This concept is demonstrated here using a

chemotherapy agent doxorubicin (DOX) loaded in S-nanoparticles via conjugation to BSA 

(DOX–BSA).  Fluorescence spectra, isothermal microcalorimetry and gel-electrophoresis 

experiments were used to monitor release of DOX from the S-nanoparticles in a buffer solution 

at pH 7.4. The fluorescent spectroscopy experiment was conducted in a glass cuvette with a 

magnet attached to the bottom (Fig. 4a). The released DOX diffused into the bulk solution in the 

cuvette, and the spectra were acquired at different time intervals (Fig. 4c). Initially, the S-

nanoparticles with DOX–BSA were loaded in the cuvette. No DOX was detected in the solution 

after a waiting period, meaning no leakage of the drug in the absence of the magnetic field (Fig. 

4d). Note, that the background fluorescent signal originated from the DOX molecules bound to 

the NPs. Then, the E-nanoparticles were added to the cuvette. No DOX spectra were detected in 

the mixed dispersion either. However, a burst release of DOX was observed as soon as the 

magnet was placed in the vicinity of the cuvette (Fig. 4d). Note, the non-zero base line is due to a 

weak fluorescence of quenched DOX in the conjugate. Upon release, the DOX fluorescent 

intensity increases and recovers161 (see Supporting Fig. 7). Quantitative analysis of the spectra

revealed about 95±5% release of the drug. This result was obtained amid the formation of only 
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50% of S–E contacts in the aggregates, thus indicating that NPs form dynamic aggregates in the 

magnetic field and virtually all DOX–BSA is degraded and DOX is liberated in the biocatalytic 

reaction. Gel-electrophoresis experiments (Experimental Details Figs. 14 and 15) with DOX–

BSA loaded NPs qualitatively confirmed the conclusions derived from the spectroscopic studies: 

BSA and DOX–BSA are degraded in the presence of papain into small fragments (15 kDa and 

Fig. 5.6 | Magnetic-field-triggered biocatalysis in the cell culture. a–c, 

Optical images of 4T1 breast cancer cells incubated for 4.5 h with a 1:1 

mixture of S-nanoparticles and rhodamine-B-silica-shell-labelled E-

nanoparticles loaded with FD-BSA and papain, respectively. The images were 

obtained for samples with an attached magnet (top row) and with no magnet 

(bottom row): bright-field optical microscopy (a), fluorescent microcopy (b) and 

overlay of a and b images (c) demonstrating the uptake of NPs by the cells (red) 

and the release of the fluorescent dye in the cell location areas. All scale bars, 

100 μm. 
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lower) within 1h; S-nanoparticles release fragments of DOX– BSA in the presence of E-

nanoparticles if the magnetic field is on whereas much fewer low-molecular-mass fragments are 

observed if the magnetic field is off; and DOX–BSA is well preserved in S-nanoparticles as 

concluded from the control experiment with S-nanoparticles mixed with papain in solution. 

Alternatively, the magnetically triggered release of DOX was monitored using microcalorimetry. 

A microcalorimeter was equipped with two glass ampules, one loaded with a mixture of the E- 

and S-nanoparticles and another with buffer. The thermal activity of the biocatalytic reaction was 

recorded by subtracting a signal of the buffer ampule from the reference NP-loaded ampule. 

Both ampules were equipped with a special shaft for insertion of the mag- net. In the control 

experiment, the reaction was monitored with- out application of the magnet and no thermal 

activity was recorded from the first vial. The biocatalytic reaction was initiated by moving both 

preloaded magnets from the dry upper compartment of the ampule to the bottom compartment. 

The thermal activity associated with the reaction was monitored for more than 12 h (Fig. 4e). 

The feasibility of the developed drug delivery system in a bio- logical environment was studied 

in vitro using 4T1 cells (murine breast cancer cell line). S- and E-nanoparticles were mixed in a 

1:1 ratio and were added to the incubation medium (Fig. 5a). 

A calcein AM cell assay was performed after 24 hours of incubation (Fig. 5b) and the per cent 

cell viability was evaluated based on cell counting. Relative to the PBS control experiment, at 

least 70% of cells remained alive when the nanoparticle concentration was below 1.25μg ml–1

(Fig. 5c,f). When a magnet was attached to the bottom of the cell culture dish, there was a 

significant drop of cancer cell viability at all particle concentrations (Fig. 5d,f). This was 

attributed to magnet-triggered DOX release and the fol- lowing cell apoptosis. In a separate 
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experiment, we obtained proof of the nanoparticle internalization. The 4T1 cells were incubated 

in the presence of fluorescein-silica-shell-labelled S-nanoparticles. Plane and 3D-confocal 

images clearly demonstrate the internalization of the NPs by the cells (Fig. 5e). The 

internalization was proved also using fluorescence properties of S-nanoparticles loaded with 

DOX–BSA conjugate (Experimental Details Fig. 16). 

The experiments with the cell culture demonstrated NP internalization and their cytotoxicity 

upon application of the magnetic field. The reference experiments with NPs with no polymeric 

shell and polymer brush decorated NPs loaded with FD-BSA and papain showed no obvious 

cytotoxicity at concentrations below 50μg ml–1 (Experimental Details Figs. 18 and 19). The low

cytotoxicity of NPs was confirmed by multiple repetitions of the reference experiments, which 

were in good agreement with the literature162,163.

To exclude possible artefacts associated with cell viability we designed additional experiments 

that proved magnetic-field- triggered biocatalysis in the cell culture. The cells were incubated 

with a 1:1 mixture of the S- and rhodamine-B-silica-shell-labelled E-nanoparticles (0.05mg ml–1

total concentration) loaded with FD-BSA and papain, respectively. FD is quenched in the FD-

BSA conjugate, as shown in the reference experiment using fluorescence microscopy (Fig. 6b, 

bottom). However, application of the magnet led to merging NPs and initiation of the 

biocatalytic reaction of FD-BSA proteolysis in the nanocompartments. The latter was detected 

by the intense fluorescent signal of the liberated unquenched FD (Fig. 6b, top). A less intense red 

fluorescence of rhodamin-B embedded in the silica shell of NPs is observed for both samples 

with a magnet and for the control experiment (Fig. 6b). The overlaid bright field (Fig. 6a) and 

fluorescent microscopy (Fig. 6b) images of the same area of the cell culture confirmed that the 
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FD was released in the areas occupied by the cells upon the application of the magnetic field 

(Fig. 6c). The areas occupied by NPs and released FD appear yellow owing to the combination 

of red NPs and green FD. A large surface area is indeed coloured green because of a much 

higher concentration of the released FD. 
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CHAPTER 6 

EXPERIMENTAL DETAILS 

Materials. Ferric chloride, ferrous chloride, copper(ii) bromide, concentrated nitric acid, 

hydrochloric acid, trisodium citrate, silicon tetraethoxide (TEOS), (3-

aminopropyl)triethoxysilane (APS), triethylamine, α-bromoisobutyryl bromide (BIB), ethyl α-

bromoisobutyrate (EBIB), N,N,N′,Nʺ,Nʺ- pentamethyldiethylenetriamine (PMDTA), ascorbic 

acid, tin(ii) 2-ethylhexanoate (THE), methanesulfonic acid, glutaraldehyde, 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 

papain, uorescein-labelled bovine albumin (FD-BSA), uorescein isothiocyanate (FITC), 

rhodamine B isothiocyanate (RITC), suberic acid bis(N-hydroxysuccinimide ester) (SABNHS), 

and organic solvents ethanol, anisole, chloroform and dichloromethane were purchased from 

Sigma-Aldrich and used as received. Monomers for grafting of a block copolymer of polyacrylic 

acid (PAA) and poly(ethylene glycol) methyl ether acrylate (PEGMA) or PAA-b-PPEGMA: 

tert-butyl acrylate (TBA) and PEGMA with a number average molecular mass of 480 g mol–1 

were purchased from Sigma-Aldrich and purified using a flash- chromatography column 

containing inhibitor removers (Sigma #311340 and Sigma #311332). Doxorubicin hydrochloride 

(DOX) was purchased from Oakwood Chemical and used as received. 

Phosphate-buffer saline (PBS), pH 7.4 at 25 °C was prepared using one Sigma pouch by 

dissolving it in 1 l of deionized (DI) water. 2-(N-morpholino) ethanesulfonic acid buffer (MES; 

0.1 M; pH 4.7–5.0 at 25 °C) was prepared by dissolving 0.1 mol MES and 0.07 mol NaCl in 1 l 



50 

DI water. A Bradford protein assay, BCA Protein Assay Kit, Zeba Spin Desalting Columns and 

LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells were purchased from Thermo 

Fisher Scientific. Roswell Park Memorial Institute medium (RPMI 1640), 0.25% trypsin-EDTA, 

fetal bovine serum, and antibiotics: penicillin and streptomycin were purchased from Sigma-

Aldrich. The mouse 4T1 breast tumour cells used for the present cultures were provided by J. 

Xie, University of Georgia, USA. A permanent magnet NdFeB, Grade N42 (K&J Magnetics, 

Pipersville, PA) was used in the experiments. 

6.1 Synthesis of magnetite–silica core–shell nanoparticles. The superparamagnetic NPs were 

synthesized using a co-precipitation method as described elsewhere164. Iron chloride salts, 4.43 

g FeCl3∙6H2O and 1.625 g FeCl2∙4H2O, were dissolved in 190 ml of DI water with a

stoichiometric ratio Fe3+:Fe2+ = 2:1 with magnetic stirring at room temperature. Then, 10 ml of

25% ammonium hydroxide was added immediately. Formation of a black precipitate was 

observed. The solution was stirred for an additional 10 min, then the precipitate was separated 

with a magnet and rinsed three times with DI water using magnetic separation. The colloidal 

dispersion of NPs was stabilized with citrate ions by a rapid rinsing of the precipitate twice with 

2 M nitric acid aqueous solution, followed by the addition of 5 ml of 0.5 M trisodium citrate in 

water while maintaining pH 2.5 using a sodium hydroxide aqueous solution. After stirring for 1.5 

h, NPs were magnetically separated, rinsed with DI water and diluted to obtain 100 ml (pH = 6) 

of the dispersion. The concentration of NP in the final stock dispersion was 2% wt. A modified 

Stöber method165 was applied to coat NPs with a silica layer: 2 ml of the NP stock solution was 

diluted in a mixture of 160 ml ethanol and 40 ml DI water. Then, 5 ml of ammonium hydroxide 

was added to the NP dispersion. After 10 min of treatment in an ultrasonic bath, 1 ml of TEOS 
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was added dropwise into the reactor. The synthesis was carried out at 0 °C and under sonication 

for 3 h. The reaction was terminated by the addition of several droplets of 10% HCl followed by 

precipitation of silica-coated NPs. The precipitate was collected by a magnet and rinsed three 

times with DI water. Then the precipitate was suspended in 50 ml DI water with sonication. The 

resulting product is a stable 2 mg ml–1 dispersion of NPs. The particle structure (TEM image) 

and dimensions are shown in Experimental Details Figs. 1a and 3 (line 1). The NPs were 

characterized using a magnetometer AGM 2900 (Alternating Gradient Magnetometer by 

Princeton Inc.). As shown in Experimental Details Fig. 1c, the NPs demonstrate 

superparamagnetic behaviour with no spontaneous magnetization. In the following 

experiments with the NPs, the external magnetic field was in a range from 0.1 to 0.2 T when 

magnetization of NPs is close to its saturation.  

6.2 Labelling of the nanoparticles with fluorescent dyes.   Magnetic nanoparticles were 

labelled via inclusion of two different florescent dyes in the silica shell of NPs: 0.094 g of APS 

was added to 0.12 g of FITC or RITC (for green and red particles, respectively) dissolved in 10 

ml of anhydrous ethyl alcohol; the reaction was carried out for 17 h by stirring the reaction 

mixture in dark conditions under a dry nitrogen gas. The synthesized conjugates, APS–FITC and 

APS–RITC, were used immediately after preparation: 4.8 ml of the stock solution of the 

magnetic nanoparticles was added to a mixture of 760 ml ethanol and 200 ml DI water; 

ammonium hydroxide (24 ml, as received) was added and the mixture was stirred and sonicated 

for 10 min to disperse the nanoparticles; afterwards, a mixture of 240 μl of TEOS and 300 μl of 

APS–RITC (or APS–FITC) were added dropwise to the particle dispersion and the mixture was 

stirred for 4 h in dark conditions. The silica-coated NPs were precipitated by adding hydrochloric 

acid, centrifuged and dispersed in ethanol. Rinsing in a fresh portion of ethanol was  



52 

Figure 6.1. Characterization of magnetic nanoparticle. Transmission electron 

microscopy (TEM) images of NPs: a) 50 ±5 nm silica coated NPs reveal an 15 

nm iron oxide magnetic core and a 20 nm thick silica shell; b) NPs with 12.5±5 

nm  grafted PAA-b-PPEGMA brush observed as polymer structures bridging 

between the adjustment aggregated particles (note that the particle aggregates 

are formed among the NPs deposited on the TEM grid during solvent 

evaporation) ; c) magnetic properties of the NPs are consistent with 

superparamagnetic behavior. 
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repeated three times to purify the nanoparticle dispersion. The dye-loaded silica shell was sealed 

with an additional silica coating to preserve fluorescent molecules. The nanoparticles were 

dispersed in a mixture of 30 ml ethanol and 7 ml DI water; 700 μl of ammonium hydroxide was 

added and then 3 μl of TEOS was added to the dispersion. The mixture was stirred overnight and 

particles were rinsed with three centrifugation–precipitation cycles in ethanol.  

6.3 Grafting of PAA-b-PPEGMA block copolymer from the nanoparticle surface. Grafting 

of the PAA-b-PPEGMA block copolymer from the surface of nanoparticles was conducted using 

the activator generated by electron transfer for atom transfer radical polymerization (AGET-

ATRP) mechanism166. The polymerization was conducted in two steps. First, poly tert-butyl 

acrylate (PTBA) was grafted by polymerization of TBA. The AGET-ATRP of PTBA was 

followed by grafting of PPEGMA blocks using the same AGET-ATRP mechanism. Finally, the 

post polymerization treatment was applied to hydrolyse the PTBA blocks and convert them into 

PAA blocks. The synthetic steps are shown in Experimental detailsFig. 2. The polymerization 

steps are described below in detail.  

Immobilization of initiator. Silica-coated NPs were transferred to an ethanol dispersion; the stock 

NP solution was mixed with ethanol and the nanoparticles were extracted using magnetic 

separation. This was repeated several times to decrease the concentration of water in the NP 

ethanol dispersion. Finally,  

the NPs were added to a 1% APS ethanol solution and stirred for 12 h. APS immobilization was 

followed by three rinses with ethanol. NPs were incubated for 1 h in 100 ml dry dichloromethane 

with 2 ml of triethylamine and 1 ml of BIB. The initiator-functionalized particles were rinsed 

three times with chloroform and ethanol.  
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Figure 6.2. Schematic of the synthesis of functional NPs. The schematic depicts 

the synthesis of NPs step-by-step as described in Methods. 

Polymerization. A TBA monomer was purified using a flash-chromatography column loaded 

with inhibitor removers. 210 μl of a 0.1 M CuBr2 ethanol solution, 320 μl of a 0.5 M PMDTA

ethanol solution and 37.5 μl of a 0.68 M EBIB ethanol solution were added to 45 ml of a 30% 

monomer solution in anisole. About 1 g (NPs by dry weight) of a concentrated slurry of the 

initiator-functionalized NPs was added to the solution. In this solution, EBIB (or Br-initiator in 

solution) was added to synthesize the block-copolymer in solution for the molecular mass 

analysis. The reaction mixture was deoxygenated by purging nitrogen for 20 min and then the 

solution was heated at 70 °C. 500 μl of 1 M ascorbic acid (or in some experiments 500 μl THE) 

was added to the solution and the reactor was sealed. The polymerization reaction was 
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terminated in 76 h by opening the vial to air and rapidly cooling the reactor. The polymer from 

the solution was separated from the nanoparticles by centrifugation, re-precipitated three times 

with 30% aqueous ethanol and analyzed with gel permeation chromatography (GPC). A choice 

of ascorbic acid versus THE was dictated by the adjustment of the polymerization rate. The 

polymerization reaction in the presence of THE was slower.  

Grafting of the second PPEGMA block was carried out by a similar procedure: a 25% PEGMA 

solution in ethanol was polymerized for 60 min at room temperature. PTBA-b-PPEGMA was 

converted to PAA-b-PPEGMA using 1% methane sulfonic acid in ethanol. After hydrolysis, the 

nanoparticles were rinsed three times with chloroform, ethanol, and water and dried at 50 °C in an 

oven. The NP powder is easily redispersible in water and forms a stable colloidal dispersion with 

an average nanoparticle size of 45 nm (Experimental detailsFig. 3, line 2) and zeta potential ξ = 

−30 mV (pH 7.4).  

Figure 6.3. DLS particle analysis in aqueous dispersions at pH 7.5. 1) NPs, 

2) silica coated NPs, 3) NPs with grafted PAA-b-PPEGMA. 
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6.4 Functionalization of nanoparticles with proteins and DOX. EDC-NHS conjugation was 

used for the conjugation of papain and FD-BSA to the polymer- coated magnetic nanoparticles. 

Carboxylic acid groups of the PAA polymeric layer reacted with EDC-NHS reagents to form an 

intermediate active ester that then reacts with primary amines of FD-BSA or papain to form 

covalent amide bonds. The nanoparticles were dispersed in a 10 ml MES buffer solution (pH 4.5) 

at a concentration of 1.6 mg ml–1. Then, 3 mg of EDC (2 mM) and 6 mg of NHS (5 mM) were 

added to the nanoparticle dispersion; the reaction was conducted for 20 min at 36 °C. The 

nanoparticles were rinsed twice with PBS buffer and then 5 ml of the dispersion was divided 

between two vials with a concentration of 3 mg ml–1 in each. 

Figure 6.6. Reference experiments for the nanoparticles with no dark-brown 

iron oxide core for improved color contrast. The silica nanoparticles decorated 

with PAA-b-PPEGMA brush were used for loading (conjugation) with DOX-

BSA. Appearance of the purified and centrifuged NPs: (1) - prior to conjugation 

and (2) after conjugation and purification. 
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Afterwards, 3 mg of the FD-BSA powder was added to the first vial and 125 μl of a 28-mg ml–1 

papain solution was added to the second. Both enzymes were added in great excess to approach 

the saturation of the brush loading with the proteins. The conjugation reaction was carried out for 

4 h at room temperature with delicate shaking. The nanoparticles were washed five times using 

centrifugation for their separation. The supernatant was periodically analysed to monitor the 

presence of proteins using a fluorometer. Rinsing was repeated until no trace of the labelled 

proteins were observed in the supernatant.  

Conjugation of DOX. First, DOX was conjugated to BSA. 2 mg of BSA and 1 mg of DOX were 

added to 1 ml of 0.1% glutaraldehyde solution in PBS. DOX was dissolved first in 20 μl 

dimethylsulfoxide (DMSO) and then added to the aqueous solution of BSA. The reaction 

proceeded for 30 min at room temperature. The synthesized BSA-DOX conjugate was purified 

using a Zeba Spin chromatographic column. The purified BSA-DOX was analysed 

spectroscopically to confirm 
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and quantitatively evaluate the conjugation, as described below. The results show that about 

50% of the initially reacted amount of DOX was bound to BSA (see Experimental Details 

Methods and Fig. 9). Afterwards, BSA-DOX was conjugated with S-nanoparticles as described 

above (the same protocol as for conjugation of FD-BSA). The S-nanoparticles appeared as red-

coloured material (Experimental Details Fig. 6). Loading of the nanoparticles with proteins was 

estimated with fluorescence spectroscopy (Experimental Details Figs. 7 and 8) and 

gravimetrically by spectra and weight change before and after loading (Experimental Details 

Table 2). The discrepancy between the two methods was less than 5%. 

Figure 6.7. DOX release monitored with fluorescence spectroscopy. 

Fluorescence spectra (emission) of: (1) a mixture of BSA (2 mg/ml) and DOX (1 

mg/ml) prior to conjugation; (2) after conjugation, and (3) after proteolysis with 

papain. 



 

59 

 

 

Table 6.2. Loading of E- and S-nanoparticles. 

Protein E-nanoparticles S-nanoparticles 

 mol/g % mol/single 

particle 

mol/g % mol/single 

particle 

PAA-b-

PPEGEMA 

11.2±2•10-

6 

20.4±2 6.9±1•10-21 11.2±2 •10-

6 

20.4±2 6.9±1•10-21 

BSA - - - 4.9±0.2•10-

6 

32.7±1.5 2.8±0.1•10-

21 

DOX - - - 140±6•10-6   8.0±0.3 80±3.5•10-21 

papain 15±0.8•10-

6 

35±2 9.2±0.4•10-21 - - - 

Molar ratios of the conjugated components: 

Molar ratio (polymer brush):BSA = 1:0.4;  

Molar ratio (polymer brush):papain= 1:1.3; 

Molar ratio DOX:BSA= 28.6:1. 

Figure 6.8. Schematic for the florescence spectroscopic analysis of the DOX 

conjugation and release. (1) DOX and BSA conjugation; (2) DOX-BSA loading 

into S-nanoparticles; (3) release of DOX from a mixture of S- and E-

nanoparticles at the applied magnetic field. 
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6.5 Aggregation of particles in magnetic field. Dispersions of NPs of different concentrations 

(0.001–1%) were prepared in PBS solutions and exposed to the magnet using several different 

experimental set-ups. The formed aggregates were visualized in dry conditions as shown in 

Experimental Details Fig. 12, where exposure time increases from (a) to (e). 

Aggregate formation is rapid, so the exact time for each aggregate size was not determined 

exactly. Similar experiments were conducted using Si wafers when the aggregates were 

deposited and visualized using AFM (Fig. 3b). The formation of aggregates in solution was 

visualized using cryo-TEM (Fig. 3a) or for a greater concentration of NPs (1%) using dark-field 

optical microscopy (Fig. 3c). The results proved that increased time and NP concentration result 

Figure 6.12. TEM images of NPs aggregates. The aggregates were 

deposited on the TEM grid from a 0.01% dispersion upon exposure to 

magnetic field for different periods from 5 s (a) to 100 s (e). 
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in an increase of the aggregate size from 2–3-mers to larger 3D-strings of NPs. 

6.6 Smart compartmentalization. EDC-NHS conjugation is conducted at pH 4.5–5.0 when 

PAA acid is partially negatively charged (the pKa of PAA is a function of the degree of 

dissociation and ionic strength, at pH 5 and a relatively high local concentration of PAA in the 

brush, the pKa is in the range 4.5–5.0; ref. 167) while papain is positively charged (the isoelectric

point of papain is between 8.5 and 9.5, Sigma Papain P4762 datasheet) and FD-BSA has no 

overall charge (the isoelectric point of FD-BSA is 4.8; ref. 168). The interaction of proteins with 

polyelectrolyte brushes is a complex phenomenon169. Here we partially simplify the discussion 

and focus on the major conclusions. Although with high ionic strength buffer solutions (about 

160 mM) electrostatic interactions are largely screened, electrostatic interactions are beneficial 

for the introduction of enzymes in the PAA polymer brush in the first stage prior to covalent 

binding. The conjugation is conducted in conditions of a very high excess of proteins to saturate 

the PAA brush. PPEGMA block stabilizes particles sterically, however they create a relatively 

low barrier for the transport of small globular proteins such as papain and FD-BSA. 

The performance of the brush-decorated NPs was studied in PBS buffer solutions or a cell 

culture medium at physiological pH 7.4. At these conditions PAA should be much more 

negatively charged. However, the presence of the conjugated proteins and high ionic strength of 

the environment results in screening of electrostatic interactions, so that the major repulsive 

properties of the brush are caused mainly by the osmotic pressure in the PAA blocks highly 

loaded with proteins. This steric repulsion mechanism is enhanced by the additional steric 

repulsion of PPEGMA blocks. A combination of these two effects results in the ‘insulation’ of 

the conjugated and hidden proteins inside the brush. We term this mechanism smart 
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compartmentalization. The semi- permeable block-copolymer brush becomes virtually 

impermeable for proteins and other large molecules as soon as it becomes saturated in the 

conjugation step. This smart compartmentalization explains negative reference experiments 

demonstrated in Fig. 2b: protein in solution cannot interact with proteins loaded into the PAA 

brush. If magnetic field is on, the magnetic force overcomes the osmotic pressure and 

nanoparticles merge together to form a biocatalytic nanocompartment. 

6.7 Experiments with cell culture. Preparation of cell culture for the experiments. 4T1 cell line 

(American Type Culture Collection) was cultured using RMPI 1640 medium supplemented with 

10% fetal bovine serum and 1% penicillin– streptomycin solution. e cells were incubated under 

humid conditions at 37 °C and 5% CO. e cell line has not been authenticated or tested for 

mycoplasma 2 NP uptake by cells. 4T1 cells were incubated in fresh medium for 72 h to allow 

cell attachment and proliferation. The cell culture at 100% coverage of the cell culture dish was 

treated with a trypsin solution. The detached cells were separated by centrifugation (1,000 g for 

10 min) and seeded in fresh medium. The cell culture was used after 24 h incubation at about 

40% coverage of the cell culture dish. Afterwards, the cells were rinsed with fresh medium (the 

unattached and dead cells were removed). 

Internalization of NPs. FD-labelled-silica-shell S-nanoparticles (labelled with APS- FITC as 

described above) were added to the incubation medium (concentration of NPs in the medium was 

0.1 mg ml–1). After 12 h incubation, the cell culture was rinsed in fresh medium to remove 

uninternalized particles. The cells were examined using a laser confocal microscope. 

Magnetic field-triggered biocatalysis in cell culture. S- and rhodamine-B-silica-shell- labelled E-

nanoparticles loaded with FD-BSA and papain, respectively, were mixed in a 1:1 ratio and were 
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added to the incubation medium (the NP concentration in the medium was 0.05 mg ml–1). Two 

similar samples were incubated for 4.5 h: one sample was supplied with an attached magnet, 

while another sample was used for a control experiment with no magnet. The cells in both 

samples were rinsed in fresh medium to remove uninternalized particles. The cell samples were 

analyzed with optical microscopy using bright field and fluorescent microscopy modes 

(Experimental Details Figs. 16 and 17). 

Release of therapeutic drug DOX. S- and E-nanoparticles loaded with BSA- conjugated-DOX 

and papain, respectively, were mixed in a 1:1 ratio and were 

added to the incubation medium at different concentrations, as shown in Fig. 5f. Uptake of the S-

particles was evidenced by fluorescent microscopy imaging owing to the fluorescent properties 

of DOX (Experimental Details Fig. 16). 

A calcein AM cell assay was performed after 24 h of incubation (Fig. 5b). The per cent cell 

viability was evaluated by cell counting. The assay was performed for a series of samples 

Figure 6.16. Fluorescent microscopy images of 4T1 cell with internalized S-

particles. 



 

64 

including samples (i) with no NPs added (control experiment), (ii) with added NPs and no 

magnet attached, and (iii) with added NPs and an attached magnet. The experiment was repeated 

three times. Representative images of two experiments are shown in Experimental Details Fig. 

17.  

Data availability. The data that support the plots within this paper and other findings of this 

study are available from the corresponding author upon reasonable request.  

Received: 17 June 2017; Accepted: 11 October 2017; Published online: 20 November 2017  

Experimental details Methods 

 

6.8 Characterization of the Polymer Brushes 

PAA-b-PPEGMA block copolymer brushes were grafted from the surface of NPs, reference 100 

nm silica nanoparticles and reference Si-wafer substrates. The polymerization conditions described 

in Methods were optimized to obtain similar characteristics of the brushes decorating the model 

substrates: silica nanoparticles and Si-wafers, while the polymerization time was two-fold shorter 

for NPs than for silica nanoparticles and Si-wafers. The purpose of this alternation was to 

synthesize brush-decorated magnetic nanoparticles with a dimeter of about 100 nm, which is 

compatible with many practical applications in biological systems. As for the model experiments, 

two times thicker brushes facilitated the analysis of the molecular characteristics of the brushes. 

The model substrates were used to apply different characterization tools and verify the structure 

and molecular characteristics of the polymer brushes since the analysis of polymer brushes grafted 

from NPs has multiple limitations.  
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Table 6.1. Molecular characteristics of the polymer brushes grafted from the surface of silica 

particles and Si-wafers 

Dynamic light scattering (DLS), atomic force microscopy (AFM) and ellipsometry methods were 

used to estimate thickness of the polymer brushes grafted from the surface of silica nanoparticles 

Schematics 

Silica 

core 

Core-shell 

particle 

with 

grafted 

PTBA 

Core-shell 

particle 

with grafted 

PAA 

Core-shell 

particle with 

grafted PAA-

b-PPEGMA 

Core-shell 

particle 

with grafted 

PAA-b-

PPEGMA 

Diameter, ±10  nm 

DLS measured at pH 

100 

4.5-

5.0 

- 190 

4.5-5.0 

230 

4.5-5.0 

275 

7.4 

Diameter, ±5  nm 

AFM (dry brushes) 

100 125 115* 150 150 

ζ-potential, ± 10  mv 

measured at pH 

-40 

4.5 

-50 -20 

4.5 

-10 

7.4 

Mw of grafted polymers, 

g/mol ± 5%; 

PDI 

- 23500 

1.45 

13200* 

1.45 

48000* 48000* 

Dry brush thickness, ±1  

nm:  AFM for 

particles/Ellipsometry 

for Si-wafers 

- 12.5/14 7.3* 25 25 

Water swollen brush 

thickness (DLS), ±10  

nm  

- - 45 65 87 

Swelling ratio of the 

brush at pH 

- - 6 

4.5 

2.6 

4.5 

3.5 

7.4 

Grafting density, ±0.06 

nm-2 

- 0.34 0.34 0.34 0.34 

Distance between 

grafting points, ±0.15nm 

- 1.9 1.9 1.9 1.9 
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and Si-wafers in dry state (Experimental Details Table 1, Figure 4 and Figure 5). The results 

show that in both cases the brush thicknesses are identical suggesting that there is no substantial 

effect of the substrate curvature on the grafting. Molecular mass of PTBA in solution was 

characterized using gel-permeation chromatography (GPC): Mn= 23500 g/mol; Mw=31700 

g/mol, polydispersity inex PDI= 1.45. We experienced problem to extract and analyze PAA and 

PAA-b-PEGMA from solutions. Hence, the molecular characteristics were estimated using 

molecular characteristics of  

 

Figure 6.4. DLS measurements of silica nanoparticles in aqueous suspensions. 

1) particles as received, pH 7.4; 2) NPs with grafted PAA, pH 7.4; and 3-4) NPs 

with grafted PAA-b-PPEGMA 3) at pH 4.5 and 4) at pH 7.4. 
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Figure 6.5. AFM analysis of silica particles: 1) original unmodified NPs; 2) NPs 

with grafted PTBA; 3) NPs with grafted PAA-b-PPEGMA. 

PTBA brushes based on several assumptions. Assumption 1: the brush thickness change after 

post-polymerization treatment (hydrolysis of PTBA blocks) corresponds to 100% hydrolysis of 

PTBA. Thus, based on the difference of molecular mass of the monomeric units (acrylic acid 

72.06 g/mol and tert-butyl acrylate 128.17 g/mol) the thickness of the dry PAA brush is 56% of 

the PTBA brush.129 Assumption 2: The grafting density of the polymer chains on the surface 

remains unchanged after each polymerization and post-polymerization step. This assumption is 

applicable if side reaction in all steps is minimized. Assumption 3: The swelling degree of the 

brushes of the same composition and the same grafting density remains unchanged in the same 

solvent within the narrow range of molecular masses of the grafted chains. By applying these 

three assumptions we estimated molecular characteristics of the brushes as follows. 

For brushes grafted from the surface of silica nanoparticles 

Grafting density was estimated using the following relationship: grafting density σ = 

NA·HPTBA·dPTBA/MnPTBA, where NA is the Avogadro’s constant and dPTBA is the density of PTBA 
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(1.023 g/cm3).  The obtained value of σ = 0.34 nm-2 corresponds to a 1.9 nm distance between the 

grafting points.  

Thickness of the PAA brush (HPAA) was estimated as a fraction of PTBA brush (HPTBA) after 44 % 

wt loss (hydrolysis) using an average thickness for the PTBA brush HPTBA obtained by two 

measurement methods: AFM (HPTBA = 12.5 nm) and ellipsometry (HPTBA = 14 nm): HPAA = 0.56 

HPTBA = 0.56 ·13 nm = 7.3 nm. 

Molecular mass of PAA-brush MnPAA was estimated as a fraction of molecular mass of the PTBA 

brush (MnPTBA) after 44 % wt loss: MnPAA= 0.56 ·23500 g/mol= 13 200 g/mol. 

 

Molecular mass of PAA-b-PPEGMA was estimated using the relationship: 

 MnPAA-b-PPEGMA = NA·HPAA-b-PPEGMA·dPAA-b-PEGMATBA/σ = 48000 g/mol; 

where dPAA-b-PEGMATBA is the density of the copolymer estimated as 1.1 g/cm3 (an average of 

PPEGMA 1.08 g/cm3 and PAA 1.15 g/cm3). 

Molecular mass of PPEGMA block 

Estimated as a difference: MnPAA-b-PPEGMA -MnPAA = 48000-13200=34800 g/mol. 

Swelling ratios of the brushes were estimated as the ratio of the brush swollen in the solvent and 

the brush in the dry state. 

For brushes grafted from the surface of silica coated NPs:  

Thickness of the PAA brush was estimated as the thickness of the swollen brush divided by the 

swelling ratio:  HPAA = 16 nm/3.5 = 4.5 nm; 

Molecular mass of the PAA block was estimated as MnPAA= NA·HPAA·dPAA-/σ= 8600 g/mol. 

Thickness of the PAA-b-PPEGMA brush was estimated as the thickness of the swollen brush 

divided by the swelling ratio:  HPAA-b-PPEGMA= 32.5 nm/3.5 = 9.3 nm; this value is close to the value 
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of 12.5 nm obtained from the TEM images (Figure 6.1b). Using the TEM images, the grafted layer 

thickness was estimated as a half of the average distance between particles interconnected by 

polymer bridges. We assumed that in these areas the polymer layers were not degraded by the 

electron beam.  

Molecular mass of the PAA-b-PPEGMA was estimated as MnPAA-b-PPEGMA= NA·HPAA-b-PPEGMA·dPAA-

b-PEGMATBA/σ= 17000 g/mol. 

6.9 Evaluation of biocatalytic activity of the conjugated enzymes 

The effect of the conjugation on the biocatalytic activity of papain was studied using a series of 

model and reference experiments. In the experiments, papain and PAA (MW =240 kg/mol) were 

conjugated at different stoichiometric ratios using the EDC-NHS method as described in Methods 

yielding Papain-PAA conjugates. The conjugates were dialyzed for 16 h against MES buffer (pH 

6.0) using a 100K membrane.  In the control experiment, papain and PAA mixture (no EDC-NHS 

Figure 6.9. Concentration of papain in the dialysis flask. a) Control: 

papain, prior to dialysis (black bar); b) Papain-PAA conjugate (green bar); 

c) mixture of papain (80 μg/ml) and PAA (1 mg/ml, red bar); and d)

control, after dialysis of native papain (blue bar). The error bars show the 

standard deviation obtained from three repetitive experiments. 
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conjugation) was prepared and dialyzed.  Dialysis of just papain solution was conducted as a 

control of the membrane permeability for papain.  Papain concentrations in the dialysis flask were  

The control (Experimental details Figure 9) shows that the membrane is permeable for papain 

(compare (a) and (d) bars). About 60% of papain was bound to PAA in the mixture of papain and 

PAA prior to the conjugation reaction suggesting that papain has a high affinity to PAA due to 

the formation of a polyelectrolyte complex (compare (a) and (c) bars). After the EDC-NHS 

conjugation, only 5% of unbound papain was dialyzed out while 95% of papain were bound to 

PAA. (compare (a) and (b) bars). Thus, the conjugation of papain and BSA is highly efficient. 

The same results were obtained in the range of papain: PAA ratios from 2:1 to 20:1.  

Figure 6.10. Kinetics of proteolysis of FD-BSA catalyzed by Papain-PAA 

conjugates. (1a,2a,3a,4a and 5a) at different conjugate concentrations (see 

Experimental details Table 3) vs the control kinetic data for FD-BSA proteolysis 

catalyzed by non-conjugated papain (1b, 2b, 3b, 4b and 5b) at the same 

concentrations of the enzyme. 
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Biocatalytic activity of the Papain-PAA conjugates of different stoichiometric ratios was tested 

using kinetic experiments of proteolysis of FD-BSA. The kinetic curves 

for a Papain-PAA conjugate with a stoichiometric ratio papain: PAA= 2:1 is shown in 

Experimental Details Figure 10 (concentrations are shown in Experimental Details Table 3). 

The control experiments were conducted for the same corresponding concentrations of non-

conjugated papain. The results of the experiments are consistent with the statement that the effect 

of the conjugation on the biocatalytic performance of papain is minimal. 

label Enzyme 

form 

Concentration 

of FD-BSA, 

µg/ml 

Concentration 

of conjugate, 

ng/ml 

Concentration 

of native 

papain 

Concentration 

of conjugated 

papain, ng/ml 

1a conjugate 4.95 4.95 - 1.6 

1b native 4.95 - 1.6 - 

2a conjugate 4.76 23.8 - 7.9 

2b native 4.76 - 7.9 - 

3a conjugate 4.54 45.5 - 15.2 

3b native 4.54 - 15.2 - 

4a conjugate 4.16 83.3 - 27.8 

4b native 4.16 - 27.8 - 

5a conjugate 3.33 167 - 55.3 

5b native 3.33 - 55.3 - 

Figure 6.11. Kinetics of proteolysis of FD-BSA catalyzed by Papain-PAA 

conjugates with different PAA to papain molar ratios from 2:1 to 20:1 in the 

conjugates vs. control (native papain). 

Table 6.3. Kinetic experiments for proteolysis of FD-BSA by Papain-PAA 

conjugates.
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6.10 Gel-electrophoresis method for testing of biocatalytic proteolysis of S-nanoparticles 

A series of experiments was conducted to monitor degradation of BSA loaded into S-nanoparticles 

and catalyzed by E-nanoparticles along with a number of reference experiments. After 1 h reaction 

time for a mixture of E-and S-nanoparticles in the PBS buffer, the mixture was separated by 

centrifugation and the supernatant was analyzed using gel-electrophoresis (Experimental details 

Figures 13-15). 

Figure 6.13. Proteolysis of FD-BSA (500 µg) in PBS buffer solutions. 1- 

Control, native BSA; 2-blank; 3-with added Papain-PAA (25 ng/ml); 4-with 

added Papain-PAA (50 ng/ml); 5-with added Papain-PAA (100 ng/ml); 6- 

control, with added papain (50 ng/ml); 7-blank. 
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Experimental details Figure 6.14.  Release of products of proteolytic process 

(SDS-PAGE, silver staining) with involvement of S- and E-nanoparticles. (1) 

native BSA (control); (2) FD-BSA (control), (3) DOX-BSA (control); (4) and (5)S- 

and E-nanoparticles 1:1, magnetic field is ON; (6) and (7)  S- and E-

nanoparticles 1:1, magnetic field is OFF; (8) S-nanoparticles and  papain  

mixture (control).  

Experimental details Figure 6.15.  Release of products of proteolytic process 

(SDS-PAGE, silver staining) with involvement of S- and E-nanoparticles. E- 

and S- nanoparticles mixture (1) – magnetic field OFF, (6) magnetic field ON 

and reference experiments for (7) papain mixed with DOX-BSA and (8) the 

same as (7) with added trypsin; (2) and (9) – markers, and controls: (3) BSA, 

(4) FD-BSA, (5) DOX-BSA. Concentration of proteins is 2 mg/ml in all cases. 
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 In reference experiments, S-nanoparticles were mixed with papain and Papain-PAA conjugates. 

Additional reference experiments included mixtures of native BSA and BSA-PAA conjugates with 

native papain and Papain-PAA conjugates. 

The reference experiments (Experimental Details Figure 13) demonstrate that that native and 

conjugated papain degrade BSA yielding short polypeptide fragments with molecular weight of 

several kg/mol and lower. Note, papain and Papain-PAA are not detected because of very small 

concentrations as compared with BSA. 

We derived the following conclusions based on the experiments: a) BSA, FD-BSA and DOX-BSA 

are degraded in presence of papain into small fragments within a couple of hours; b) S-

nanoparticles release fragments of DOX-BSA in presence of E-nanoparticles if magnetic field is 

ON  while much less of low molecular mass fragments are observed if magnetic field is OFF; d) 

DOX-BSA is well preserved in S-nanoparticles as concluded from the control experiment with S-

nanoparticles mixed with papain in solution. 

 

6.11 Spectroscopic estimation of loading and release of dox. 

Conjugation of DOX and BSA leads to changes of the molar extinction coefficient for absorbance 

at 495 nm and quantum yield of florescence emission (quenching). We have overcome the problem 

by using the following experiments. 

A DOX solution was prepared for conjugation as described above. Prior to conjugation, emission 

spectra were acquired. Upon the conjugation, the DOX-BSA emission spectrum was changed.  

Following the conjugation procedure, we have added papain and acquired spectra again. Upon 

proteolysis, the florescence spectra recovered (Experimental Details Figure 7). In this experiment, 

we proved that the degradation of the DOX-BSA conjugate into small fragments results in 95% 
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recovery of the spectrum and thus the spectrum obtained after magnetic release could be used for 

quantitative analysis. For example, similar reversible quenching of DOX was observed in the 

report by Farokhzad O.C. et al.161. The recovery of the spectra upon proteolysis was used for 

quantitative analysis of the DOX conjugation, DOX-BSA loading into S-nanoparticles, and DOX 

release upon application of the magnetic field to a mixture of S-and E-nanoparticles as 

schematically shown in Experimental Details Figure 8. 

 6.12 Cell viability: reference experiments with no magnetic field applied 

Figure 6.18. Cell viability. Reference experiments based on cell counts for cell 

cultures with added NPs: Fe3O4 enveloped by SiO2with no polymer shell (green), 

decorated with PAA-b-PPEGMA brush loaded with papain (red), decorated with 

PAA-b-PPEGMA brush loaded with FD-BSA (blue), decorated with PAA-b-

PPEGMA brush loaded with FD-BSA and papain (no magnetic field). The error 

bars show the standard deviation obtained from three repetitive experiments. 
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The experimental methodology is the same as described in Methods. The results are shown in 

Experimental Details Figure 18. The NPs with no polymeric shell, and polymer brush decorated 

particles loaded with FD-BSA and papain with no magnetic field application demonstrate no 

obvious cytotoxicity at concentrations below 50 µg/ml. 

The results of a cell viability test for a 50:50 mixture of S-nanoparticles and E-nanoparticles, when 

the E-nanoparticles were loaded with FD-BSA only (no DOX conjugated) with magnetic field ON 

and OFF, are shown in Experimental Details Figure 19.  

Figure 6.19. Cell viability. The reference experiments based on cell counts for 

cell cultures with added a 50:50 mixture of E- and S- nanoparticles (S-

nanoparticles were loaded with FD-BSA with no conjugated DOX): no 

magnetic field applied (green bars) and with applied magnetic field (red bars) 

during the experiment. The error bars show the standard deviation obtained 

from three repetitive experiments. 
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Figure 6.17. Blocking cancer cell proliferation.  Representative images of two 

series of experiments (a and b) with 4T1 breast cancer cells incubated with a 1:1 

mixture of S- and E-nanoparticles at different concentrations of NPs for 24 h with 

magnet OFF and ON vs control. 
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Instruments and Equipment 

Dynamic light scattering and zeta-potential measurements – Malvern Zetasizer Nano; 

Atomic force microscopy (AFM) – Icon-PT from Bruker; 

Ellipsometry – Nanofilm ep4 Null ellipsometer; 

TEM – Philips FEI Tecnai20 

Fluorescent microscope – Olympus IX83 

Fluorescent spectrometer – Fluorolog-3 Research Spectrofluorometer, Horiba; 

Microcalorimetry – Modular microcalorimetric systems TAM III, TA Instruments; 

Confocal microscopy – Nikon U2000 confocal Eclipse C1 microscope 

Viscotek Gel Permeation Chromatography with chloroform as the eluent at a flow rate of 1 ml/min.  
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CHAPTER 7 

CONCLUSIONS 

In this work, we used a combination of the synthesis of the composite nanoparticles with a 

superparamagnetic core, controlled radical polymerization for the modification of the 

nanoparticle surface and biocatalytic mechanism of drug release. This combination led to the 

development of the drug delivery system which is actuated remotely by application of magnetic 

field. It was found that a covalent attachment of the enzyme and substrate molecules to two 

corresponding populations of the polymer brush decorated nanoparticles does not block the 

biocatalytic degradation of the substrate in the specific conditions when the particles are merged 

together in an external force. At the same time, burying the enzyme and substrate in the polymer 

brush prevents their interaction between the substrate, enzyme and other biomolecules in the 

solution when the nanoparticles experience just Brownian motion. Such nanoparticle dispersion 

is stable while the brush architecture of the particle shell secures spatial separation of the reactive 

species. The catalytic reaction is triggered by magnetic field when the nanoparticles aggregate 

and the enzyme- and substrate-loaded brushes merge to form nanodomains of the catalytic 

reaction. We have demonstrated that our stimuli-responsive biocatalytic system is a powerful 

platform for novel biocatalytic processes. This biocatalytic platform possesses very important 

properties: (1) stimuli-triggered biocatalysis; (2) remote control of biocatalysis; and (3) high 

selectivity of biocatalysis when only authorized biocatalytic reactions are triggered. The 

developed system provides an example of a well-controlled magnetic-field-triggered anticancer 
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drug release. The proposed platform is a versatile tool capable of delivering various biological 

materials or therapeutic chemical molecules. It has promising potential for biotechnology and 

biomedical applications. 
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CHAPTER 8 

FUTURE STUDIES 

The developed system demonstrated efficient controlled release of model molecules and has a 

promising potential as a novel method for delivering poorly soluble or cytotoxic molecules. 

Currently, there is an acute interest in conducting translational research of the system to test 

magnetically triggered release on mouse models to evaluate the efficiency of release in complex 

systems. Pharmacokinetic parameters should also be determined to understand nanoparticles 

accumulation, uptake, toxicity and clearance in vivo. 

Based on the obtained results, magnetically-triggered enzymatic reactions in polymer brushes 

demonstrated high yield of the catalytic release and more studies are needed to understand the 

mechanism of enzyme-substrate interactions in the polymer brush. Previous experiments 

demonstrated enzymatic mobility in the polymer brush when adsorbed enzymes were labeled by 

fluorescent molecules. However, covalently bound enzymatic molecules will have restrictions in 

their diffusion and it is still unclear how the majority of the substrate is being digested. 

Currently, there is an ongoing study to examine two theories of enzymatic catalysis in polymer 

brushes. The first assumption is that in an homogeneous magnetic field magnetic nanoparticles 

will undergo assembly into linear aggregates aligned with magnetic field lines. In these 

conditions, magnetic nanocarriers would not have conformational restrictions and could 

potentially undergo a  dynamic behavior, e.g.rotation with increased probability of continuous 

enzyme-substrate interactions. Another theory, that is being evaluated, is that individual enzymes 
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conjugated to polymer brush molecules will have some degree of local displacement when 

polymer chains undergo conformational movements. Enzymatic molecules could be labeled by 

fluorescent molecules and time resolution spectroscopic measurements will be performed. To 

exclude the possible effect of nanoparticles rotation, polymer brush could be grafted onto solid 

surfaces, such as glass, and dynamic behavior of the fluorescent-labeled enzymes will be studied.  

Understanding of the mechanism of enzymatic catalysis inside the brush will help to maximize 

the loading of target molecules and improve system efficiency, reduce the toxicity of carriers and 

develop new applications.  
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