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ABSTRACT 

Cell penetrating peptides have attracted much attention as a potential 

chemotherapeutics in recent years. However, there is a clear need to develop 

strategies to overcome the lack of target specificity. Magnetic nanoparticles (MNP), 

on the other hand represent a promising agents for specifically treating cancer cell 

by drug delivery and magnetic fluid hyperthermia. Also, magnetic nanoparticles 

functionalized with fluorescent dyes have been utilized for optical imaging as bio - 

labeling agents. In the present work, we aim to integrate the cell penetrating peptides 

attached to a fluorescent marker with magnetic nanoparticles. This allows us to get 

water dispersible peptide hybrid multifunctional magnetic nanostructures, suitable for 

biomedical applications particularly to specifically treat the cancerous cells. In this 

end, peptides of different functionality were systematically synthesized by solution 

and solid phase synthetic methods. The purity of different peptides was further 

characterized by MALDI / TOF and NMR spectra. The present study demonstrates a 

method to achieve water dispersible CoFe2O4 and γ-Fe2O3 nanoparticles by a 

thermal decomposition method using N-methyl 2-pyrrolidone (NMP) as solvent and 

peptides as a capping agent and a stabilizer. This will allow us to extend the same 

protocol to integrate iron oxide and cobalt ferrite nanoparticles with a fluorescent dye 

attached cell penetrating peptides, ideal for biomedical applications. The phase 

purity of the peptide hybrid nanostructured materials were examined by powder X-

ray diffraction (XRD) patterns. The structural and thermal behavior of the 

nanoparticles was further characterized by Fourier transform infrared spectroscopy 

(FTIR) and thermogravimetric analysis (TGA) respectively. The magnetization 

studies were carried out using a Quantum Design MPMS SQUID magnetometer.  

The presence of fluorescent dye was confirmed by UV-VIS and Photoluminescence 

(PL) spectroscopy. 
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                            CHAPTER I 
 

                           INTRODUCTION 

 

This chapter at the beginning demonstrates a brief introduction on magnetic 

nanoparticles and their extended applications on integrating it with peptides. We 

have also presented a brief review of literature on magnetic nanoparticles and 

peptides separately.  
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1.1 INTRODUCTION 

With the advent of nanotechnology the research on magnetic nanomaterials has 

intensified during the past few decades. Biomedicine, targeted drug delivery, 

magnetic hyperthermia, MRI imaging have become key areas of research 

harnessing the various unique properties of magnetic nanomaterials.1,2 Though, 

there are many reports on the synthesis of high quality magnetic nanoparticles in 

non-polar solvent, stabilization of nanoparticles by non-degradable surfactant 

hampers its application in bio-related fields. Therefore, focus has been given on the 

synthesis of water dispersible magnetic nanoparticles with controllable size and 

desirable surface functionalities and indeed this continue to remain a significant 

challenge in the area of nanoparticle synthesis of good quality. Peptides on the other 

hand, are known for their structural diversity due to their ability to arrange the amino 

acids in secondary structural elements which in turn can act as a good template, 

reducing and capping agents for the synthesis of multifunctional hybrid materials of 

ordered shape and size.3,4 Also, it is well documented that some of the bioactive 

peptides play an important role in a broad range of physiochemical conditions. 

However, the limitations of peptides include (i) poor stability and solubility in water 

under physiological conditions due to its amphipathic structure and (ii) lack of 

targeting ability towards cancer cells. This can be largely addressed by 

functionalizing peptides with the magnetic nanoparticles which can be remotely 

controlled by applying the external magnetic field thereby affording cancer cell-

targeting capabilities. Furthermore, peptides with appropriate biocompatible surface 

functionalities appropriately attached to fluorescein isothyocyanate (FITC) may not 

only act as an effective capping agent and stabilizer for functionalizing the magnetic 

nanoparticles but it can also be used as an effective biomarker. In the present work, 

we aim to conjugate the cell penetrating fluorescent peptides with the magnetic 

nanoparticles. The synergistic effect of magnetic nanoparticles and fluorescent cell-

penetrating peptides will not only help us to enhance cellular uptake, it can also allow 

the hybrid nanostructures as a good magnetic resonance imaging contrast agent 

(MRICA) which can afford localized heating (hyperthermia) in presence of ac field.  
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1.2 Magnetic nanoparticles 

 

With the advent of nanotechnology the research on magnetic nanomaterials has 

intensified during the past few decades. It has shown a great potential for 

technological applications like information storage and electronic devices. Magnetic 

nanoparticles have promising potential in biomedical applications also because of 

the unique abilities of magnetic interaction. They have been extensively used for 

their application like magnetic resonance imaging,5,6 biotechnology, tissue 

engineering, bio sensing7 and targeted drug delivery.8,9 Magnetism in the matter 

originates from the spin and orbital magnetic moments associated with the electrons. 

Based upon the interaction of magnetic moments vectors and their magnitude, 

variety of magnetic ordering is known which are classified as paramagnetic, 

ferromagnetic, ferrimagnetic and antiferromagnetic. In paramagnetic materials, all 

magnetic moments are randomly oriented and cancel out each other. In order to 

attain a saturated magnetization where all magnetic moments are aligned in the 

same direction of applied field, a high magnetic field is required with very low 

temperature. Ferro- and ferrimagnetic materials in the absence of field are divided 

into small regions called domains. Individual domains are spontaneously magnetized 

and the directions of magnetization of domains are random and cancel out each 

other. The process of magnetization involves the change of multidomain material into 

single domain. The dependence of magnetization with applied field is not linear in 

the case of ferro- and ferrimagnetic materials and is shown in Figure 1.1. As the 

strength of field increases magnetization also increases and reaches to its maximum 

value called saturation magnetization, Ms. Once the magnetization is saturated; 

decrease in field to zero doesn’t decrease magnetization to zero. There will be a 

remnant or residual magnetization MR present in the material. In order to make the 

magnetization zero, a field has to be applied in the opposite direction which is called 

coercive field HC. The characteristic field dependent (M-H) curve gives magnetic 

hysteresis loop. The process of magnetization is governed by (i) domain wall motion 

at low field and (ii) domain rotation at high field.   
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 Figure 1.1: Field dependent (M-H) magnetization              

  

As the size reduces, the formation of domain walls becomes energetically 

unfavorable so the multi domain particles become single domain. As single domain 

particles have uniform magnetization with minimum free energy, magnetization 

reversal requires strong field in order to coherently rotate the magnetic moment 

vectors, thereby enhancing the coercivity for such particles. Therefore, coercivity has 

a striking dependence upon the size of the particles and such dependence is 

represented in the Figure 1.2. It is clear that as the size decreases the coercivity 

increase and has a maximum value for single domain particles (d0). Further 

decrease in the size decreases the coercivity and becomes zero below a critical size 

(ds). In order to understand this, consider an assembly of single-domain particles, 

each with anisotropy energy density E= K sin2θ. Here θ is the angle between Ms and 

the easy axis and K is the anisotropy constant. The magnetization can be reversed 

by changing the direction of magnetization from one easy axis of magnetization 

(preferred crystallographic axis) to the other. In order to do this, it should overcome 

an energy barrier ΔE which is equal to KV where V is the volume of particles. Ne´el 

pointed out that when size of the particles decreases and become small enough then 

ΔE become so small so that thermal fluctuations can overcome the energy barrier 

and reverse the magnetization even in the absence of an applied field. When EA and 

thermal activation energy kBT (kB is the Boltzman constant) becomes comparable, 

the direction of magnetization starts flipping and causes faster relaxation from one 

easy axis to another. Therefore, even if the particles are associated with huge 

magnetic moment it behaves like paramagnets. Such type of behavior is called 

Figure 1.2: Particle size dependence 

of coercivity 
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superparamagnetism. For example, in typical paramagnetic materials the magnetic 

moment per atom is only a few Bohr magnetons. However, a spherical particle of 

iron 50Ǻ in diameter contains 5560 atoms and has the relatively enormous moment 

of (5560) (2.2) = 12,000 μB. These particles show paramagnetic behavior as well as 

gives high magnetic moment and hence they are called superparamagnetic  

materials.10 In order to study such superparamagnetic particles we need to cool 

down the samples as below a typical temperature called blocking temperature, TB, 

the thermal energy becomes lower than the anisotropy energy and the 

superparamagnetic particles starts relaxing slower. Superparamagnetic particles are 

characterized by zero-field-cooled (ZFC) and field-cooled (FC) susceptibility. The 

temperature corresponding to the maximum magnetization in ZFC is the 

superparamagnetic blocking temperature TB below which both ZFC and FC 

magnetization bifurcates. Such temperature dependent magnetization curves of FC 

and ZFC are the characteristic features of superparamagnetism. Typical low 

temperature magnetization behavior and the expected opening of the hysteresis loop 

are shown in the Figure 1.3. Therefore, superparamagnetism is a unique properties 

associated with the tiny magnetic nanoparticles which can also be controlled by 

adjusting the anisotropy energy barrier, EA.  

 

                            

 

Figure 1.3: Temperature dependent ZFC and FC magnetization curves (left) and field 

dependent magnetization curves below and above blocking temperature of 

superparamagnetic nanoparticles (right). 
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1.3 Peptides 

Proteins are the most abundant organic molecules present in organisms and plays 

important roles in cell structure and functions. Nature has used millennia of evolution 

to design and modify peptides with different functionalities like hormones, 11 

antibodies for molecular recognition, 12 enzymes for catalysis, oligonucleotides and 

so on. 

The building blocks of peptides and proteins are amino acids with general formula 

H2N-CHR-COOH shown in Figure 1.4. Based on the R group, amino acids are 

classified as non-polar, polar, acidic, and basic. The presence of carboxylic group 

and amine group makes them behave as both acidic and basic. Most abundant 

amino acids are protein constituents and are always α-amino acids. Glycine, 

glutamate, γ-amino butyric acid (derivative of glutamate) acts as neurotransmitter. 

Thyroxine and indole acetic acid (derivatives of tyrosine and tryptophan) are 

hormones. Amino acids that are not constituent of proteins also occur in living 

organisms which play important roles in cellular metabolism. Homocysteine and 

homoserine are amino acids that are not constituents of proteins and act as a 

precursor in the biosynthesis of methionine.  

                             

                    Figure1.4: General structure of amino acid 

 

Amino acids are connected through peptide bond between carboxylic end of one 

amino acid and amine end of other amino acid which makes them strong. The amino 

acid residue with free amine is called N-terminus and is written to the left. Similarly 

the residue with free carboxylic acid is called C-terminus and is written to the right. 

Figure 1.5 shows the schematic diagram of peptide bond formation. 
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                         Figure1.5: Schematic picture of peptide bond formation 

 

The structure of peptides and proteins are described as having four levels which is 

shown in Figure 1.6. First one is the primary structure which is nothing but the 

sequential arrangements of amino acids one after the other. The secondary 

constitute the second level of protein structure. It arises due to the regular folding of 

polypeptide chains due to the intermolecular hydrogen bonding between the electro 

negative carbonyl oxygen atom of one amino acid and the amide hydrogen atom of 

another amino acid. It can be coiled to form α-helix structure or can be stretched out 

to form β-pleated structure. 13 Tertiary structure results from the bending and folding 

of peptide chains. Ionic bonding, hydrogen bonding, disulfide linkage, dispersion 

forces are the major interactions which determines the shape, size and stability of 

the tertiary proteins. Arrangements of different tertiary structures results in the 

formation of quaternary structures. 
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                     Figure1.6: Level of structures in proteins14 

 

 

Proteins and peptides have wide variety of functions such as enzymes for catalysis, 

antibodies for molecular recognition, peptide hormones and so on. Among this the 

cell penetrating peptides (CPP) are of great interest. They are cationic or 

amphipathic peptides which can cross the cell membrane and enter into the cell.15,16 

Transactivating transcriptional activator (TAT) peptide is one of the CPP derived 

from HIV which can translocate biomolecules, nanoparticles and drugs through the 

cell membrane without normal endocytic pathways.17,18 
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1.4 Peptide integrated magnetic nanoparticle 

Superparamagnetic nanoparticles are used in wide range of applications including 

magnetic resonance imaging (MRI),19 site specific drug delivery,20 DNA sorting,21 bio 

separation,22 and magnetic hyperthermia23 for specifically treating tumor. Most of 

these applications require stable water dispersible, highly monodispersed particles 

with narrow size distribution. However, due to high surface energy nanoparticles 

tend to attract each other and get agglomerated. Another difficulty experienced with 

the magnetic nanoparticle in cancer diagnosis is the lack of ability to target the tumor 

cells. Also lack of efficient permeability through the cell membrane is one of the 

challenges in drug delivery. One way to overcome these difficulties is to functionalize 

the surface of magnetic nanoparticles with biomolecules. Such modifications allow 

changing the toxicological, physical and chemical properties of the particles. Also 

attachment of peptides, antibodies, genes, DNAs allows us to make multifunctional 

particles with both magnetic and biological properties.  Peptides are able to arrange 

the amino acids into secondary structures. This gives them chemical diversity, 

biocompatibility and ability to target molecular recognition site. Among this, cell 

penetrating peptides are of great interest because of their cellular intake. TAT 

peptides are cell penetrating peptides derived from HIV-1 which can penetrate 

through the cell membrane.24 By integrating magnetic nanoparticles and peptide 

gives multifunctional particles in nanoscale which can be used for site specific drug 

delivery, biosensor, cell imaging, and magnetic hyperthermia. The attachment of a 

fluorescent molecule FITC at the end of this hybrid nanomaterial will act as a 

biomarker and can be helpful in efficiently studying the uptake and site specific 

targeting of these molecules.   
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CHAPETR II 

 

      Synthesis and Characterization Techniques 

 

This chapter describes the various synthetic routes used to prepare the peptides and 

integrating it with the magnetic nanoparticles. The various experimental tools used to 

study the structure and properties of peptide and peptide integrated magnetic 

nanostructures are also discussed in this chapter.  
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2.1 SYNTHESIS 

2.1.1 Peptide Synthesis 

      

To integrate with the magnetic nanoparticles we designed 4 peptides in which one is 

a cell penetrating peptide (P4). The sequences of structures planned for the present 

investigation is shown in the Figure 2.1. 

 

 

Figure 2.1: Designed peptides 
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P1, P2 and P3 were synthesized by solution phase peptide synthesis and purification 

was done by silica column. The cell penetrating peptide P4 was synthesized by solid 

phase method using HBTU/HOBt as coupling agents on Wang resin. After the 

synthesis, a fluorescent reagent, FITC was connected at the end. The peptide then 

was cleaved from resin using pure TFA. The schematic representation of solid phase 

synthesis of P4 is given in the Figure 2.2. 

 

Figure 2.2: Solid phase synthesis of P4 
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2.1.2 Synthesis of peptide integrated magnetic nanoparticles 
 

            Magnetic nanoparticles with peptide were synthesized by high temperature 

thermal decomposition method25 using NMP as a solvent and as-prepared peptide 

as a capping and stabilizing agent.  0.05 M iron acetylacetonate in 10 mL NMP was 

taken in a pressure equalizer which was attached to a three-neck round-bottom (RB) 

flask. In a RB flask EDA was mixed with 35ml of NMP and the mixture was 

magnetically stirred and heated up to 200oC under refluxing condition. When the 

temperature reached 200oC, iron acetylacetonate solution was injected into RB and 

was further refluxed for 1 h. Heat source was removed after 1h. When temperature 

reached ~70 – 80oC the peptide solution was added. After stirring it for nearly 1h at 

80o C, the temperature was removed and the mixture was further stirred for ~12 h. 

The dark brown color product was centrifuged and washed with ethanol and dried in 

a vacuum oven for further characterization. Cobalt ferrite was also synthesized by 

using the same method in which Fe(acac)3 and Co(acac)2 were used in the ratio 2:1 

respectively. Figure 2.3 shows the schematic diagram of synthesis of peptide 

integrated magnetic nanoparticles. 

 

 

    

 

 

 

 

 

 

  

      

        Figure 2.3: Schematic representation of synthesis of MNPs with peptide P3 
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2.1.3 Synthesis of oleic acid, oleyl amine stabilized iron oxide 

Oleic acid, a fatty acid is commonly used for the stabilization of magnetic 

nanoparticles in organic phase. Similarly oleyl amine also acts as a reducing agent 

and stabilizer for MNP. We have synthesized MNP using equimolar concentration of 

both oleic acid and oleyl amine for further studies.25 The synthesis was carried out by 

thermal decomposition method as mentioned earlier. Oleic acid and oleyl amine was 

taken in equal concentration (0.3 M) in 35ml NMP and 1, 2-hexadecanediol (0.3 M) 

was also added. The mixture was magnetically stirred and heated to reflux at 200oC 

under the flow of argon. To this Fe(acac)3 was added and further refluxed for 1h. 

After 1h, heat source was removed and stirred for ~ 12 h. Addition of ethanol gave 

black precipitate which was washed and centrifuged. Centrifuged product was 

dissolved in hexane. 100μL of oleic acid and oleyl amine were also added to this and 

again precipitated by the addition of ethanol. This procedure was repeated for 2-3 

times to remove the excess surfactants. The precipitate was dried under vacuum 

oven for further characterization. 

 

2.1.4 Mesoporous silica coating on oleic acid, oleyl amine                         

coated iron oxide 

Coating of iron oxide nanoparticles with mesoporous silica was done by a well-

established Stober method.26 Micro - emulsion was made by taking Fe2O3 coated 

with oleic acid and oleyl amine in chloroform and aqueous solution of CTAB. Heating 

at 60o C for 10 minutes allowed the evaporation of chloroform. CTAB helps the MNP 

to come from organic phase to aqueous phase. Ammonia, TEOS and ethyl acetate 

was further added to the water dispersible particle. The mixture was allowed to stir 

for 30 seconds and aged for 3h. The precipitate was washed using water and 

ethanol and dried in vacuum oven. 
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2.2   MATERIAL CHARACTERISATION TECHNIQUES 

2.2.1   X-RAY DIFFRACTION 

           X-ray powder diffraction is a technique used to identify the phase purity of 

crystalline materials. It can also be used to identify the crystallite size, lattice 

parameters, defects, strains and so on. When x-ray is incident on a material, they get 

diffracted from the atoms of the targeted material. The material with crystalline 

structure gives characteristic diffraction pattern depending on the arrangements of 

atoms in the material.27 The diffraction pattern is different for each material. The 

diffracted wave intensities depend upon the number of atoms present on the 

particular diffraction plane. 

In a PXRD, the X-rays are generated by a cathode ray tube and directed towards the 

sample for diffraction to occur. The coming X-ray is incident on the sample at an 

angle θ and it is diffracted at an angle 2θ. Constructive interference occurs only for 

certain angles θ where path difference is an integral multiple of wavelength of 

coming ray. The equation is given by Bragg’s law, 

2dsinθ = nλ 

Where,   λ is the wavelength of incident ray 

              d is the inter planar distance 

              θ is the incident angle 

              n is an integer called order of diffraction. 

                    

                               Figure 2.4: Representation of X-ray diffraction  
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Characterization and phase purity of the samples were done by using a model D8 

ADVANCE BRUKER diffractometer at IISER Pune equipped with Ni-filtered CuKα 

radiation (λ = 1.5417 Å, 40kV and 30mA). The diffraction patterns obtained (I/Io vs d-

spacing) were matched with JCPDS standards. Crystallite size was calculated using 

Scherrer formula. 

 

2.2.2 Fourier Transform Infrared Spectroscopy 

FTIR is a technique used to identify chemical bonds in materials which has a change 

in permanent dipole moment.28 It measures the absorption of infrared radiation by 

the material versus wavelength. The wavelength is measured as wave numbers over 

the range 4000 – 400 cm-1. 

                           

                     Figure2.5: Schematic representation of FTIR29 

 

All the measurements were taken by preparing  pellets  of  IR  transparent  KBr (  

Sigma  Aldrich,  spectroscopy  grade) and respective  samples and take the 

measurements for 400 - 4000  cm-1 range  (Nicolet  6700). The  FTIR measurements  

of  these  samples  were  carried  out  on  a  Nicolet   6700   FTIR spectrometer at 

IISER, Pune. 
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2.2.3 Superconducting Quantum Interference Device (SQUID) 

SQUID is a method which allows determining the magnetic moment of materials. 

Field dependence and temperature dependence of magnetization can be done with 

this. Temperature variation of magnetization is measured by two methods. In first 

one sample is cooled in the absence of field from room temperature to a lower 

temperature. After this, temperature starts increasing and magnetization is 

measured. This is called zero-field-cooled (ZFC) magnetization. In second method, 

cooling of sample takes place in the presence of an applied field and then 

magnetization is measured while warming the sample. This method is called field-

cooled (FC) magnetization. The hysteresis loops at 300K and 5K were obtained in a 

magnetic field varied from +6 to −6 T. 

                              

            

       Figure 2.6: Schematic diagram of magnetic property measurement system30 

 

2.2.4 Thermogravimetric Analysis 

 

         Thermogravimetric analysis (TGA) is a technique which is used to study the 

weight loss of a material with increasing temperature. In this study, the sample’s 

temperature is varied from room temperature to a high temperature in the 
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atmosphere of nitrogen, air or in vacuum. TG gives the information about physical 

phenomena like oxidation, reduction, sublimation, desorption, adsorption, absorption 

etc.  

A Perkin Elmer: STA 6000 thermal analyzer at IISER Pune was used to perform the 

thermogravimetric analysis. Thermal analysis was carried out up to 1073 K at a 

heating rate 10o/ min. 

 

2.2.5 UV-Visible Spectroscopy 

 It is an absorption spectroscopy using electromagnetic waves, wavelength ranging 

from 200- 800 nm. The UV-Visible light can cause the transition of electrons in a 

molecule. When light is incident on the surface, the electrons absorbs the light and 

gives corresponding spectrum. According to Beer-Lambert’s law, 

                                Absorption, A = ƐCl     

Where, Ɛ - molar absorption coefficient of absorbing material 

             C - concentration  

             l - path length. 

 

            

               

                Figure 2.7: Schematic representation of UV-Visible spectrum    

 

All measurements were done by using PERKIN ELMER UV- VIS absorption 

spectrometer at IISER Pune. 
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2.2.6 Photoluminescence Spectroscopy 

It is a technique used to study electronic properties of material. When light is incident 

on a material it absorbs energy and get excited. The excess energy is dissipated 

through emission of light or luminescence. The light can be collected and analyzed 

to study about the material. 

 

2.2.7 Nuclear Magnetic Resonance Spectroscopy        

NMR is a spectroscopic technique used to identify the structure of organic 

compounds. It exploits the magnetic property of certain atomic nuclei to give the 

information about structure and chemical environment of molecules. 

 

2.2.8 Matrix Assisted Laser Desorption / Ionization Time of Flight 

Mass spectroscopy  

It is a spectroscopic method to find out the accurate mass of chemical compounds. 

The compound is mixed with the matrix and ionized using a laser beam. A voltage is 

applied which moves the charged ions and are detected on the basis of their mass to 

charge (m/z) ratio.31  

 

2.2.9   High Performance Liquid Chromatography 

HPLC is a form of column chromatography in which the solvent is pumped through a 

column under high pressure. It can separate and identify the compounds dissolved in 

solvents in very low concentrations. The detection is automatic and very sensitive. 

The measurements were carried out by using Dionex ICS-3000 at IISER Pune. 
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                       CHAPETR III 
                            

                       Results and Discussion 

 

This chapter describes an efficient strategy to achieve water dispersible 

multifunctional CoFe2O4 and γ-Fe2O3 magnetic nanoparticles utilizing NMP as a 

solvent and tripeptides as a capping agent and a stabilizer. Integration of tripeptides 

allowed us to further extend the similar protocol to design cell-penetrating fluorescent 

peptide hybrid magnetic nanostructures suitable for biomedical applications. The 

multifunctional materials obtained were characterized by XRD, FTIR, TGA, MPMS 

magnetometer, UV-Vis spectroscopy and Photoluminescence spectroscopy (PL).  
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3.1 INTRODUCTION 

Earlier, we introduced NMP as a strong polar solvent for the synthesis of highly 

monodispersed magnetic nanoparticles following thermal decomposition method and 

further, recently, synthesis of nearly monodisperse magnetic nanoparticles by 

solvothermal route was reported in the literature.25,32 Both these work provided a 

simple method for the synthesis of highly monodispersed magnetic nanoparticles 

dispersible in non-aqueous solvents. NMP being high boiling strong polar solvent, it 

can be exploited to develop a generic approach for obtaining water dispersible 

nanoparticles simply by appropriate surface functionalities. In this direction, we 

utilized peptides of different functionalities as a surfactant and stabilizing agent to 

make water dispersible multifunctional magnetic nanostructure suitable for 

biomedical applications. In order to have direct comparison, we also synthesized 

magnetic nanoparticles without peptides with NMP as a high boiling solvent.  

 

3.2 Synthesis of peptides 

The peptides P1, P2 and P3 were synthesized by solution phase synthesis and were 

characterized by NMR spectra. To start with, we designed a simple dipeptide P1 and 

then further added one more amino acid with this sequence to prepare P2. The 

peptides were then used to synthesize water dispersible magnetic nanoparticles by a 

thermal decomposition method. The nanoparticles prepared with P1 and P2 were 

water dispersible but settled very fast within few minutes. In order to make the 

particles stable in water, we designed a tripeptide P3 which was further 

characterized by NMR spectra (see Figure 3.1).   

 

 

1H NMR (400MHz, chloroform-d) δ 7.06 (d, J = 6.3 Hz, 1H), 6.75 (d, J = 7.3 Hz, 1H), 

5.23 (s, 1H), 4.83-4.81 (m, 2H), 4.12-4.05 (m, 2H), 3.12-3.10 (m, 2H), 3.01 (dd, J = 

17.2, 4.8 Hz, 1H), 2.84 (dd, J = 17.2, 4.8 Hz, 1H), 1.72 (s, 10H), 1.51-1.36 (m, 28 H) 
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                                               Figure 3.1: NMR spectra of P3 

 

3.3 Peptide integrated magnetic nanoparticles 

Using P3 as a capping and stabilizing agent we have synthesized γ-Fe2O3 and 

CoFe2O4 nanoparticles. Integration of peptide was done by the procedure as 

mentioned in chapter 2. To understand the mechanism of attachment of peptide and 

how it changes the properties, we have synthesized MNP without any peptide (Fe-

NMP) utilizing NMP as a solvent and keeping all other parameters fixed. These 

nanoparticles without P3 were further compared with the peptide hybrid magnetic 

nanoparticles and the results are discussed below.  
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Figure 3.2 shows the comparison of PXRD patterns of nanoparticles prepared with 

and without the peptide P3. The peak positions and relative intensity of the reflection 

matches well with the simulated patterns of bulk CoFe2O4 (a = 8.3919 Å, JCPDS no. 

22-1086) and γ-Fe2O3 (a = 8.3967 Å, JCPDS no. 19-629), indicating the formation of 

pure phase of magnetic nanoparticles. It is interesting to see that the Bragg reflection 

peaks are all relatively broad with P3 and this may be attributed to the formation of 

smaller, non-interacting magnetic nanoparticles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: PXRD patterns of iron oxide (A) and cobalt ferrite (B) synthetized without 

P3 (a) and with P3 (b) respectively.  S is the simulated patterns of γ-Fe2O3 (left) and 

CoFe2O4 (right) with a = 8.396 Å and 8.3919 Å respectively. 

 

The average crystallite sizes with the P3 as a surfactant were estimated to be about 

6 and 8 nm respectively for CoFe2O4 and Fe2O3 nanoparticles. Interestingly, larger 

crystallite sizes of ~9 and ~11 nm were observed respectively for CoFe2O4 and 

Fe2O3 nanoparticles when synthesized without peptides, indicating the formation of 

bigger particles due to higher surface energy of the particles. The calculated cubic 

lattice parameters are 8.39 Å and 8.388 Å respectively for the samples CoFe2O4 and 

Fe2O3 and are comparable to that obtained for the bulk samples. 
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Figure 3.3 shows the FTIR spectra of γ- Fe2O3 and CoFe2O4 nanoparticles prepared 

with and without peptide P3. The characteristic spinel absorption bands at ~ 610cm -1 

confirms the formation of CoFe2O4 and γ-Fe2O3 ferrite phases. Presence of strong 

NH stretching mode at ~ 3400 cm-1 both in the CoFe2O4 and Fe2O3 nanostructure 

confirms the adsorption of peptides on the surface of the nanoparticles. Presence of 

C=O stretching mode around 1700 cm-1 for the magnetic nanoparticles without 

peptides clearly reveals that NMP itself acted as a capping agent which may 

undergo ligand exchange upon treatment with peptides.  

 

 

 

 

 

 

 

 

 

 

Figure 3.3: FTIR spectra of (A) γ-Fe2O3 and (B) CoFe2O4 without P3 (a) and with P3 (b) 

 

In order to quantify the peptides on the surface of magnetic nanoparticles we 

performed TGA analysis on MNPs prepared with and without peptide P3. In this 

experiment the particles were heated from room temperature to 700oC and the loss 

of weight due to the decomposition of surfactant was measured. Figures 3.4A and B 

represent TGA data of the iron oxide and cobalt ferrite nanoparticles with and without 

peptide P3. From the extra weight loss of ~ 40% in the case of iron oxide and ~75% 

in the case of cobalt ferrite as compared to the corresponding weight loss of the 

nanoparticles prepared without peptides clearly reveal the presence of peptide on 

the surface of the nanoparticles.   
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Figure 3.4: TGA of iron oxide (A) and cobalt ferrite (B) without peptide (a) and with 

peptide respectively 

 

Figure 3.5 illustrates the field dependent magnetic properties of γ-Fe2O3 and 

CoFe2O4 nanoparticles measured at 300K. It is interesting to note that both for Fe2O3 

and CoFe2O4 nanoparticles synthesized with and without peptides, the 

magnetization does not saturate even for the applied field as strong as 50 Oe and 

the hysteresis is not present. The M-H curves show the characteristic properties of 

superparamagnetism for all the magnetic nanoparticles (see insets A, B, C, D Figure 

3. 5). The saturation magnetization at room temperature can be estimated by 

extrapolating 1/H → 0 from the M versus 1/H curves. The room temperature 

saturation magnetization values obtained were 60.5 emu/g and 65.8 emu/g 

respectively for CoFe2O4 and Fe2O3 nanoparticles without any peptides on the 

surface. It is interesting to note that the saturation magnetization of these 

nanoparticles is less than the bulk values (80-85 emu/g) of CoFe2O4 and γ-Fe2O3 

nanoparticles. The saturation magnetization values for both CoFe2O4 and γ-Fe2O3 

nanoparticles showed a substantial decrease to the value of 15 emu/g and 12 emu/g 

respectively on the coating with the peptide. A large decrease in the saturation 

magnetization value is attributed to both reduced particle sizes as evident from XRD 

crystallite size calculations and also the broken exchange interactions predominantly 

on the surface of each particle. This in turn led to the existence of non-collinear 

frustrated spins on the surface of the particles. 
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Figure 3.5: Field dependent magnetization at 300 K for γ-Fe2O3 (left) and CoFe2O4 

(right) nanoparticles synthesized without P3 (A, C) and with P3 (B, D). Insets represent 

corresponding expanded magnetization at low field. 

 

Figure 3.6 represents temperature dependent magnetization behavior of the 

magnetic nanoparticles measured at 50 Oe. Superparamagnetic particles are 

characterized by zero-field-cooled (ZFC) and field-cooled (FC) magnetization. In 

ZFC measurements, first the sample was cooled from room temperature to 5 K in the 

absence of an applied field, and then the magnetization was measured while 

warming after applying a field of 50 Oe. For field-cooled (FC) measurements, the 

samples were cooled from room temperature to 5 K in the presence of a field of 50 

Oe and magnetization was measured while warming the sample in the presence of 

the same field. A comparison of the nature of ZFC and FC magnetization curves of 

Fe2O3 and CoFe2O4 nanoparticles with and without peptides clearly indicated that 

peptides favored the formation of monodisperse particles with minimum inter-particle 

interactions. However, in the absence of peptide, there is a strong inter-particle 

interaction. This is clearly evident from the nature of FC curve (nearly constant 

magnetization value) below blocking temperature.25 A shift in the blocking 

temperatures from ~ 140 K to 84 K and 260 K to 170 K for γ-Fe2O3 and CoFe2O4 

nanoparticles respectively indicated change in the anisotropy energy with  
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the coating of the nanoparticles. Moreover, the bifurcation in ZFC and FC curves and 

the broadening in the ZFC peak clearly indicate wider particle size distribution with 

larger fractions of bigger particles in the samples prepared without peptides.   

 

 

 

 

 

 

  

 

 

Figure 3.6: ZFC and FC magnetization curves, measured at 50 Oe for magnetic 

nanoparticles synthesized without peptide (left) and with peptide (right). 

 

The opening of the hysteresis loop below the blocking temperatures is represented 

in the Figure 3.7. The higher value for TB in CoFe2O4 nanoparticles also indicate the 

higher value of anisotropy and are evident from the higher coercivity for CoFe2O4 

nanoparticles than that of the Fe2O3 nanoparticles. Asymmetric hysteresis loop for 

the particles obtained without peptides indicated partial oxidation of the surface of 

nanoparticles which may lead to the presence of mixed magnetic phases. 

Interestingly, with peptide as surfactant, the coercivity of the nanoparticles is higher 

and the nature of the symmetric hysteresis loop is evident for the absence of the 

secondary or any mixed magnetic phase. 
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Figure 3.7: Field dependent magnetization at 5 K for γ- Fe2O3 (left) and CoFe2O4 (right) 

nanoparticles synthesized without peptide (A, C) and with peptide (B, D). Insets 

represent corresponding expanded magnetization at low field. 

 

Water dispersiblity and the response of magnetic nanoparticles with and without 

peptide towards a magnet are shown in Figure 3.8. 

 

             

 

 

Figure 3.8: Water dispersibility of peptide hybrid (A) γ-Fe2O3 and (B) CoFe2O4 

magnetic nanoparticles before (left) and after (right) magnetic enrichment with the 

external magnet.   
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From the above PXRD, FTIR, TGA and magnetic measurement data analysis, we 

concluded the presence of NMP on the surface of the magnetic nanoparticles. 

However, the particles were found to settle down within few minutes indicating that 

nanoparticles were not well protected with NMP and hence they tend to get 

agglomerated due to high surface energy. Based on the initial experimental 

evidences, the schematic representation of the nanoparticles synthesis without P3 is 

shown in the Figure 3.9. 

 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 

 

 

Figure 3.9: Schematic representation of attachment of NMP on the surface of 

magnetic nanoparticles 

The superparamagnetic properties exhibited by MNP with P3 are suitable for 

biological applications. To exploit this superparamagnetic property of magnetic 

nanoparticles in biological field, we have designed a cell penetrating peptide P4 

which can translocate through the cell membrane. The integration of these two will 

help in making multifunctional nanoparticles. Cell penetrating peptides can go 

through the cell membranes which facilitates the cellular uptake of biological 

molecules and nanostructured material for research work and as medicines. The 

peptide P4 was synthesized by solid phase method. To investigate the uptake of cell 

penetrating peptide attached to MNP, a fluorescent dye FITC was attached at the N 
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terminal of peptide. FITC acts as a bio-marker and the cellular uptake of CPP can be 

studied by fluorescence microscopy.  

A schematic for the attachment of FITC with cell penetrating peptide is shown in the 

Figure 3.10. 

 

 

 

  

 

 

 

             Figure 3.10: Schematic representation of attachment of FITC with CPP 

 

FITC was directly added to the synthesizer after the deprotection of Fmoc from the N 

terminal of CPP. Reaction was kept for nearly 1h under N2 flow. Excess monomers 

were removed by washing it with DCM and DMF. Purification was done by using 

HPLC. Figure 3.11 shows the HPLC trace of purified P4. The high intense peak at 17 

minutes corresponds to P4. 

 

 

                       

                                      

       

 

                                                 

                                                     Figure3.11: HPLC trace of P4   
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Further characterization of P4 was done by using MALDI/TOF. Figure 3.12 shows 

the MALDI spectra of P4. Expected mass was, [P4 + H+] = 1363. Well characterized 

P4 was then used to prepare MNPs as discussed earlier with P3.  

 

                 

 

 

 

 

 

                    

Figure 3.12: MALDI spectra of cell penetrating peptide with FITC 

 

Fluorescent property of MNP-P4 was further studied by UV-Visible spectroscopy. 

Figure 3.13 compares the UV-VIS spectra of FITC, nanoparticles attached to CPP-

FITC and CPP only. The fluorescent dye FITC shows the characteristic peak at 490 

nm. The characteristic peak around 490 nm for magnetic nanoparticles attached with 

CPP-FITC indicate fluorescent behavior of the hybrid structure. In order to prove that 

the characteristic absorption in UV-VIS spectra is coming from CPP-FITC attached 

to magnetic nanoparticles only and not from the physical mixture, we took UV-VIS 

absorption studies of the supernatant after magnetic separation. Absence of any UV-

VIS absorption from the supernatant (see Figure 3.13 insets g and f) confirms the 

attachment of CPP-FITC to the surface of the magnetic nanoparticles. However 

much work in this direction is required to avoid the expected quenching of 

fluorescence due to the presence of magnetic nanoparticles. 

 

 

 

1300 1400 1500 1600

 

 

In
te

n
s

it
y

 (
a
.u

)

m/z

1363.63

calcd. [M+H]+ = 1363.62



33 

 

 

                            

 

 

 

    

 

 

 

 

 

 

 

Figure 3.13: UV-Visible spectra of (a) CoFe-P4 (b) Fe-P4 (c) CoFe-CPP (d) Fe-CPP (e) 

FITC. Absorbance of CoFe-CPP and Fe-CPP are shown in insets (A). Inset (B) 

supernatant of (g) Fe-P4 and (f) CoFe-P4 

 

In order to study the fluorescent properties of MNPs formed with P4, 

photoluminescence study was performed. Figure 3.14 illustrates the fluorescence 

emission spectra (PL) of magnetic nanoparticles functionalized with CPP-FITC. 

Presence of fluorescence maxima at 524 nm from the excitation wavelength at 488 

nm clearly indicated the attachment of FITC-CPP with MNPs. 
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Figure 3.14: Photoluminescence (PL) spectra of attached FITC-CPP with (a) iron oxide 

 (b) Cobalt ferrite 

 

 

3.4 Challenges  

It is expected that nanoparticle’s fluorescence gets largely quenched in the presence 

of magnetic nanoparticles..34 Iron has emission suppressing effect which results in 

strong quenching of fluorescence. Cations with partially filled d orbitals can involve in 

the electron transfer and energy transfer from/ to the fluorophore which quenches its 

intensity partially or completely.35 In order to overcome this difficulty, we first coated 

the MNPs with biodegradable silica shell before attaching that with CPP-FITC. This 

will not only help us in achieving water dispersible fluorescent magnetic 

nanostructures but also provide a platform for obtaining biocompatible reactive 

surface for further bio conjugation. Work in this direction is in progress. 
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3.5 Synthesis of mesoporous silica on oleic acid, oleyl amine 

stabilized magnetic nanoparticles 

Oleic acid and oleyl amine coated samples were synthesized by already reported 

thermal decomposition method.25 The well characterized samples were further phase 

transferred using CTAB and coating of silica was done by a modified Stober method 

to obtain a uniform spherical coating.                    

Morphology of the particles was investigated by FESEM (see Figure 3.15) which 

clearly indicated the formation of ~100 nm spherical particles. The core-shell 

morphology of the particles with controllable thickness of SiO2 needs to be confirmed 

with TEM analysis and the work in this direction is in progress.  

 

         

                

                            Figure 3.15: FESEM image of silica coated iron oxide 
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Conclusion 

In  the present investigation, efforts were made to synthesize water dispersible, 

highly monodispersed biologically active magnetic nanoparticles by integrating it with 

cell-penetrating peptide. A one-pot thermal decomposition method utilizing NMP as a 

high boiling solvent were used for the synthesis of nanoparticles whereas peptides 

acted both like surfactant as well as stabilizing agent. Average crystallite sizes 

calculated from PXRD of particles synthesized with peptides were around 6 and 8 

nm respectively for CoFe2O4 and γ-Fe2O3 which were much less than the particles 

synthesized without peptides. Field dependent magnetization curves confirmed the 

superparamagnetic behaviour of these particles which were suitable for biological 

applications. Incorporation of cell-penetrating peptides as a surfactant and a 

stabilizing agent may offer a novel platform to obtain good quality water dispersible 

biocompatible nanoparticles suitable for biomedical applications.  

                                                                        

 

Future prospects 

The biological applications of magnetic nanoparticles synthesized with fluorescent 

cell penetrating peptide such as site specific drug delivery and magnetic resonance 

imaging needs to be explored. Also to prevent the quenching of fluorescence the 

magnetic nanoparticles is being coated with inorganic materials such as SiO2 and 

the work in this direction is in progress.   
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