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MAGNETIC FORCE IMAGING AND HANDLING OF  

CANCER CELLS ON THE NANOSCALE 

Jinyun Liu 

 

 

ABSTRACT 

 

Cancer treatment has become one of the top priorities in health. Great efforts have 

been devoted to the diagnosis and therapy of cancers. Culturing cells with drugs is a 

common method used to investigate cancer therapy in experiments. However, this 

method has limitations in cancer treatment because of the lack of capabilities of 

handling cells, targeting specific cells and measuring the nanoscale changes in cell 

structures. Magnetic nanoparticles (MNPs) and magnetic force microscopes (MFMs) 

have been used to study biological samples due to their advantages in tracing, 

manipulating and measuring, which has motivated to research the method for 

implanting MNPs into cancer cells, to target the cancer cells and to measure their 

changes during the treatment. Research reported in this thesis focuses on magnetic 

force imaging and handling of targeted cancer cells on the nanoscale for possible new 

cancer therapies.  

A new differential MFM imaging method and a new compensation MFM imaging 

method were developed in this research to improve the MFM imaging quality. The 
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former reverses the magnetized direction of probe from upward to downward and the 

latter scans the samples with three scanning directions of 0°, 45° and 90°. With these 

methods, the obtained MFM images achieve a high resolution, SNR, image contrast 

and accuracy.  

A pair of innovative MNPs picking up method and MNPs releasing method were 

developed in this research to achieve flexible MNPs picking up and releasing. The 

picking up method handles the magnetic tip following a helical structure as the 

capture path when approaching to the target MNPs. The MNPs releasing method uses 

a biaxiably-oriented polypropylene (BOPP) film together with a magnet allowing 

MNPs to separate from the MFM tip surface. With these methods, the target MNPs 

can be picked up by the MFM tip and released from the tip surface successfully. 

This research discovered, for the first time in the world to the author knowledge, the 

differences in morphological features (height, length, width and roughness) and 

mechanical properties (adhesive force and Young‟s modulus) between multinuclear 

and mononuclear colon cancer cells after treating the cells with fullerenol. This 

discovery provides guidance to the selection of cells for target treatment. The results 

indicate that the mononuclear SW480 cells are more sensitive to fullerenol than the 

multinuclear SW480 cells and the multinuclear SW480 cells exhibit a stronger 

drug-resistance than the mononuclear SW480 cells.  

A new MNPs implantation method was developed in this research, which enables the 

FITC-MNPs functioned tip to insert into cells so that MNPs are implanted into the 

target cells. Fluorescence microscope images show that the FITC-MNPs are released 

into the cells successfully. Cells being treated with MNPs (Cell-MNPs) manipulation 
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methods are explored by magnet and controllable electromagnets to manipulate the 

target cancer cells. The results show that the cell-MNPs have magnetic force 

manipulated capability and they can be manipulated to have the leftward, rightward, 

upward and downward flexibilities. 
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CHAPTER 1  

INTRODUCTION 

 

 

1.1 Rational and Motivation 

 

Due to their unique physiochemical features such as high reactivity, high surface area 

and biocompatibility [1], magnetic nanoparticles (MNPs) have been widely 

investigated for cancer diagnosis and treatment [2], target cancer cells capture and 

detection [3, 4], drug delivery [5, 6], and magnetic resonance imaging (MRI) [7, 8].  

Magnetic force microscope (MFM), developed based on the idea of atomic force 

microscope (AFM), has become a powerful tool for detecting and manipulating 

magnetic samples with nano resolutions [9]. Because of the properties of MNPs, 

MFMs have been used to study the features of biological samples after being treated 

with MNPs, including the DNA [10, 11], molecules [12, 13], bacteria and cells [14].  

According to the researches published in [15-18], cancers such as lung cancer, liver 

cancer, stomach cancer, colorectal cancer and breast cancer are the leading causes of 

death worldwide. In 2015, 8.8 million people died, nearly 1 in 6 deaths, in cancer. 

Cancer treatment has become one of the top priorities in health. Great efforts have 

been devoted to the diagnosis and therapy of cancers.  

Culturing cells with drugs is a common method used to investigate cancer therapy in 

experiments [19]. However, the application of this method to cancer treatment is 
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traditionally limited because of lack of capabilities of handling cells, targeting specific 

cells and measuring the nanoscale changes in cell structures to tailor treatments. With 

MNPs and MFM, it becomes possible to implant MNPs into cancer cells, to target 

treat cancer cells and to measure the changes of cancer cells during the treatment. 

Therefore, they are significant to cancer treatment. 

 

 

1.2 Problem Definition 

 

The manipulation of MNPs with MFM, in terms of implanting MNPs into target 

cancer cells, is challenging. 

 High-quality MFM imaging. Before manipulating magnetic objects, their MFM 

images are needed. The quality of MFM imaging refers to resolution, image 

contrast, signal to noise ratio (SNR) and accuracy. MFM images with high 

resolution, high SNR, high image contrast and high accuracy could precisely 

show the features of magnetic materials. Many efforts have been made to 

improve the MFM image resolution, but how to increase the image contrast, SNR 

and accuracy is still to be explored.  

 Flexible manipulation of MNPs. The flexible implant of MNPs into the target 

cancer cells using MFM involves picking up MNPs with the magnetic probe of 

MFM and then separating them from the tip surface and releasing into cells. 

Whereas how to pick the MNPs up and separating them from the tip surface is 

still to be investigated.  
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 Selection of target cancer cells. To tailor the treatment, some cancer cells with 

MNPs implanted should be selected and targeted. The morphological and 

mechanical features of cancer cells reflect cells‟ viability and drug-resistance. 

But for multinuclear and mononuclear cells, how these features changed after the 

drug treated is still unclear. Thus, these features of multinuclear and mononuclear 

cells need to be measured and analysed to provide evidences to select the target 

cancer cells.  

 Implanting MNPs into the target cancer cells. To specifically treat the target 

cancer cells, the MNPs should be manipulated into the target cancer cells. But 

how to manipulate the MNPs into the target cancer cells successfully is still to be 

investigated.  

 

 

1.3 Aim and Objectives 

 

The aim of this research is to develop techniques of implanting MNPs into target 

cancer cells and techniques of manipulating cell-MNPs using MFM, enabling 

culturing cancer cells with drugs for investigating specific treatments of cancer.  

The objectives of this research are: 

 To develop imaging methods to improve MFM imaging quality. 

 To develop MNPs manipulation techniques to pick up MNPs by MFM probe and 

separate the MNPs from the tip surface. 

 To investigate the morphological features and mechanical properties of cells after 

they are treated with anticancer drugs for the selection of target cells. 
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 To implant the MNPs into the target cancer cells. 

 To study the toxicity of MNPs on the cancer cells. 

 To flexibly manipulate the target cells (treated with MNPs) with magnetic forces. 

 

 

1.4 Thesis Structure 

 

The rest of the thesis is divided into 7 chapters.  

Chapter 1 gives the rational and the motivation of the research presented in this thesis. 

It also states the aim and the objectives of the research, as well as the structures of this 

thesis. 

Chapter 2 introduces the fundamental theories of the research and represents the 

results of a literature review. This chapter firstly describes the principle of MFM and 

force detection. It, then, reviews the applications of MNPs in biology, including drug 

delivery, MRI and tissue engineering. Finally, this chapter presents the analysis results 

on the methods of MFM imaging quality improvement, MNPs synthesis and 

manipulation, cell feature investigation and drug delivery to cells using MNPs. 

Chapter 3 gives the details of the methods for improving the MFM imaging quality. 

First, this chapter represents a differential MFM imaging method through switching 

the magnetization direction of MFM tip from upward to downward to increase the 

image contrast and SNR of MFM image. Second, it discusses a compensation MFM 

imaging method that uses three different scanning directions of 0°, 45° and 90° to 

increase the accuracy of the MFM imaging. Third, the chapter analyses the effect of 
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the liquid on the MFM imaging to obtain MFM images in liquid environments. 

Chapter 4 presents the method of synthesis and manipulation of MNPs. The first is the 

chemical co-precipitation method to synthesis of MNPs. The second is the method of 

picking up MNPs by allowing MFM tip to follow a helical curve as the capture path. 

Finally, this chapter reports the method for separation of the MNPs from tip surface, 

which is proposed using a BOPP film together with an external magnetic field. All the 

methods are developed in this research.   

Chapter 5 investigates the changes of the morphological features and the mechanical 

properties of cancer cells to provide recommendations for selecting the target cells. In 

this chapter, the morphological features including height, roughness, length and width, 

and mechanical properties including adhesive force and Young‟s modulus are 

investigated after the treatment with anti-cancer drug fullernol to understand their 

drug-resistance capability difference. 

Chapter 6 demonstrates MNPs implanting and cell-MNPs manipulation methods 

developed in this research. The MNP implanting method allows implanting MNPs 

into target cells using the magnetic probe. The method of cell-MNPs manipulation 

employs controllable electromagnetic magnets and enables flexible and controllable 

movement of cell-MNPs. Furthermore, for investigating MNPs‟ toxicity, cell 

viabilities of SMCC-7721 and HL-7702 cells are studied. To evaluate the magnetic 

force manipulated capability of cell-MNPs, the cells untreated and treated with MNPs 

are manipulated with magnet are studied.  

Chapter 7 concludes the works and comments on future researches.  
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CHAPTER 2 

BACKGROUND KNOWLEDGE AND LITERATURE 

REVIEW 

 

 

2.1 Magnetic Force Microscope 

 

Scanning probe microscope (SPM) was invented in the 1980‟s [20, 21]. The first 

generation is scanning tunnelling microscope (STM), being used to measure the 

conducting electric current characters of materials [22] at atomic scale. Atomic force 

microscope (AFM) is the latest generation of SPM. It was invented by G. Binnig in 

1986 [23]. AFM has been used to produce images of topographic, conducting, 

magnetic and ultrasonic features of samples with nano scale resolutions. AFM used in 

imaging and manipulation of the magnetic samples is also called magnetic force 

microscope (MFM). 

MFM has been proved as a very powerful tool to investigate magnetic domain 

patterns, domain walls and magnetic vortices [24]. Fig. 2.1 is the schematic diagram 

of a typical MFM system. The system consists of piezoelectric (PZT) scanner, micro 

stage, nano stage controller, micro stage controller, AD and DA convertors, computer 

based data processing analysis unit, phase lock loop, tip driver, piezoelectric bimorph, 

probe, laser and position sensitive detector (PSD) [25]. The PZT scanner can move 

with a nano resolution whilst the micro stage scanner can move with a micro 

resolution. They are controlled by the nano stage controller and the micro stage 



 

7 

controller, respectively. Both controllers are programmable so that the scanners can 

scan samples in different ways to best obtain their topographical and magnetic images. 

The probe is fixed on the piezoelectric bimorph that is controlled by the tip driver so 

that the cantilever of the probe can be oscillated. The movements of the probe are 

captured by the laser and PSD in the form of optical signal. The phase locked loop 

used to obtain the shift signals for MFM imaging. The AD convertor receives the 

signal from PSD and convers these analogue signal to digital signal and passes on it to 

the computer based processing and analysing unit. The DA convertor converts the 

digital control signal to analogue signal and feeds the signal to micro/nano controllers. 

  

Fig. 2.1 Schematic diagram of MFM. 

The probe, laser and PSD form an optical path for detecting the change of the 

topographical features of samples and the interaction forces between the samples and 

the probe. The wave length of the used laser is ~670 nm to avoid the damage to the 

biological samples. The attractive or repulsive forces between the sample and the tip 
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causes the probe cantilever deflect towards or away from the sample surface, as Fig. 

2.2 shown. The angle of the reflected laser beam changes due to the cantilever 

deflections, and there are different positions of the spot on the PSD. The PSD 

consisted with four quadrants and the position of laser spot can be computed in two 

directions [25]. The deflection in the vertical direction can be calculated through 

comparing the signals from the “Top” half and “Bottom” half of the activity area of 

PSD, and it has VT-B=(VA+VB)-(VC+VD). The lateral twisting of the cantilever can be 

calculated through comparing the “Left” half and “Right” half of the activity area of 

PSD, and it has VL-R=(VA+Vc)-(VB+VD). The sum output voltage is 

VSUM=VA+VB+VC+VD. 

MFM imaging is to obtain the long-range magnetic force information of samples. 

Tapping mode is the main scanning mode for MFM to collect the information. Two 

successive scans are operated in the lift-tapping mode [26], as shown in Fig. 2.2. The 

lift-tapping mode is developed from the tapping mode by lifting the tapping probe 

several nanometers to measure the long-range force [24, 27].  

The first scan aims to have the topography of samples. It is performed by tapping at a 

resonant frequency and by detecting the deflection of the probe cantilever. The second 

scan aims to obtain the magnetic force map. This is performed by lifting probe several 

nanometers above the sample (ΔZ) and by tracing the topography profile obtained in 

the first scan [28, 29]. The long-range magnetic force information is realized by 

measuring the force gradient between the sample and the magnetic probe, and the 

magnetic domain distributions will be shown in the MFM image. The change of the 

force gradient will lead a linear change of phase shift, or resonance frequency shift or 

amplitude of an oscillation cantilever [30]. Accordingly, the force gradient change is 
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obtained through calculating the shift between the detected signal (fD(t)) extracted 

from PSD and the reference signal (fR(t)) used for driving the probe cantilever 

working in a tapping mode [24]. The details will be described in the next section. 

 

Fig. 2.2 Schematic diagram of an MFM imaging system. 

MFM carries out the first scan along a line and then immediately the second scan on 

the same line, and repeats this line by line. Fig. 2.3 illustrates the process. Starting 

from the start point, MFM undertakes the first scan along the first line (X-axis) from 

the left to the right, and then lifts the tip up dozens of nanometers and performs the 

second scan from the right to the left along the same line. The MFM then moves the 

tip to the second line along Y axis and repeats the same along the second line. It 

repeats the same to all lines until the sample is scanned.  
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Fig. 2.3 Illustration of the MFM scanning process. 

Fig 2.4 provides flow chart of the scanning process. In the “Parameters Setting” block, 

parameters, including scanning pixels, scanning range, scanning speed, proportional 

gain, integral gain, working amplitude, working frequency, setpoint and lift height are 

set. After setting these parameters, the “Tip Approaching” process is started by 

driving the tip closing to the sample surface step by step and the process will be 

stopped until the tip contacted the surface. 

After the tip approached, the “Start Scanning” button on the graphical user interface 

(GUI) is clicked to activate the scanning thread (dotted line frame). Then the tip will 

tapping at the set frequency and amplitude to scan the sample. “iFast” is a variable to 

record the number of the scanned points in the X-axis. For the first point to be 

scanning of the first line, there is “iFast=0”. “iFastScope” is the total points (X-axis 

pixels) will be scanned in the X-axis. The scanner will be moved to scan the next 

point if “iFast< iFastScope” is true and the value of the “iFast” will plus one by 

execution instruction of “iFast++”. It repeats until all of the points in this line is 
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scanned and have “iFast=iFastScope”. The first scan of the first line is finished. Then 

the tip lifts up to the set height (“Lift iHeight”) and performs the second scan. The 

value of the “iFast” reduced one after scanned the point and the instruction of “iFast--” 

is implemented. Until all of the points have been rescanned and the “iFast>0” is fail. 

The first line has been finished scanned by these two successive scanning. Then “Save 

Data Send to GUI” block is working to save the collected data and scanning thread 

send image and curve updated message to update the scanning image and oscillograph 

curve of GUI.  

“iSlow” is a variable to record the number of the scanned points in the Y-axis and its 

initial value is “iSlow=1”. “iSlowScope” is the total lines (Y-axis pixels) that will be 

scanned in the Y-axis. The scanner will be moved to scan the next line if 

“iSlow<iSlowScope” is true. The tip declined to the sample surface (“Decline 

iHeight”), and the value of the “iSlow” will plus one by execution instruction of 

“iSlow++”. The X-axis scanning will be repeated. Until “iSlow<iSlowScope” is fail, 

the scanning has been finished. 

If there is a need to stop the scanning process, click the “Stop” button on the GUI and 

the scanning thread will be stopped. Then the “Clear Cache” is working to prepare the 

space for the next time scanning. The scanning process is finished. 
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Fig. 2.4 Diagram of the MFM system scanning. 
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2.2 Magnetic Force Detection  

 

For MFM imaging and manipulation, magnetic force and van der Waals force are the 

two main forces acting on the magnetic tip [31]. The magnetic force between the 

probe and sample is a long-range force and varies according to the distance between 

the tip and sample. The van der Waals force is a short-range force and always exists in 

the measurement process. As this force is also always ubiquitous between atoms or 

molecules, sample surface topography can be obtained by the detection of the van der 

Waals force.  

During micro/nano manipulation and assembly with MFM, there will be the so called 

distance or surface forces generated between sample and probe, causing the 

deformation of the probe cantilever, producing adhesive force between the two objects 

when they contact to each other [32, 33]. Capillary force and electrostatic force are 

two surface forces. The capillary force dominates the entire micro/nano world range 

from a few nanometres to several millimetres. The electrostatic force exists even if the 

sample is non-charged because of the triboelectrification.  

 

2.2.1 Magnetic Force 

The magnetic force of sample that can be detected by MFM is magnet static. It is 

possible for MFM to measure the forces between the magnetic probe and the sample 

[34]. Because of the high sensitivity and stability, the detection of the force gradient 

through phase shift, or resonance frequency shift or amplitudes shift, of an oscillation 

cantilever is most commonly used for MFM imaging [30]. 
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Phase shift △φ imaging method records the phase signal of every point of the scanned 

area. The phase shift Δφ is proportional to the derivative of the magnetic force 

between the tip and sample in the Z-direction. It can be given in Eq. (2.1) [35, 36] 

 'F
k

Q
mDR    (2.1) 

where, φR is the reference phase of the reference signal fR(t) which is used for driving 

the pizeo in a tapping mode. φD is the detected phase of the detected signal fD(t) which 

is obtained from the PSD. Q is the quality factor and k is the spring constant of the 

cantilever. Fm’ is derivative of the magnetic force. 

The force gradient between the tip and sample will cause a frequency change of the 

tapping cantilever. If the cantilever detects an attractive force gradient, the frequency 

shift Δω can be calculated as Eq. (2.2) [37] 

 k/'FmDR 20   (2.2) 

where, ωR is the reference frequency of the reference signal fR(t) which is used for 

driving the pizeo in a tapping mode. ωD is the detected frequency of the detected 

signal fD(t) which is obtained from the PSD. ω0 is the resonant frequency of the probe 

cantilever.  

The resonant frequency shift can be expressed by the oscillation amplitude if the 

oscillation frequency choose at the steepest portion of the resonance frequency curve 

and higher than the ω0 simultaneously. The amplitude shift ΔA can be calculated using 

Eq. (2.3) as suggested in [34, 38]. 

 'F)k/QA(AAA mDR 332 0  (2.3) 
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where, AR is the reference amplitude of the reference signal fR(t) which is used for 

driving the pizeo in a tapping mode. AD is the detected amplitude of the detected 

signal fD(t) which is obtained from the PSD. A0 is the amplitude of free oscillations of 

the cantilever. 

The forces detected by MFM are purely magnetic static forces and they depend on the 

interactions of the magnetic dipole moments of the magnetic tip and sample [39]. The 

magnetic force acting on a volume element dV’ on the tip is described in the following 

[37] 

 'dV))'rr(H)'r(M(dFm  0  (2.4) 

where, µ0 is the magnetic permeability of free space, M(r’) is the magnetization of the 

volume element in the tip, and H(r+r’) is the stray field from the sample to the tip. 

The model is shown in Fig. 2.5 [39]. r and r' refer to the tip apex coordinate and the 

internal coordinate, respectively. The tip can be a simple point probe that has a 

magnetic element. The magnetic force is given by [40] 

 )Hm(Fm  0  (2.5) 

where, m is the effective dipole moment of the tip. 

F’ is the magnetic force in the Z direction of the tip and it is detected by the cantilever 

of the probe. F’ can be calculated by Eq. (2.6) as given in [41]. 
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where, it is assumed that the tip is magnetized in the vertical direction and mz is the 
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effective dipole moment in the Z direction.  

 

Fig. 2.5 Geometry of magnetic tip used for calculating the interactive force [42]. 

The stray magnetic field of the magnetic particle is expressed in Eq. (2.7) [41] 
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where, r is the radius vector of which the start point is in coincidence with the sphere 

center, a is the sphere radius, and ms is the equivalent magnetic moment of the sample. 

The instantaneous ms depends on the material magnetization intensity and the sphere 

volume, which can be expressed as Eq. (2.8) [40]. 

 34 3 /nMams


  (2.8) 

where, n is the unit magnetization vector specified the orientation. 
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2.2.2 The van der Waals Force 

The van der Waals force is a short-range force with the property of superposition and 

can be obtained by adding together or integrating all of the van der Waals forces. The 

model is shown in Fig. 2.6. The energy of interaction between atoms is given by [43], 

such as 

 6Z/CEv   (2.9) 

where, C is the equivalent coefficient determined by the incentive, orientation and 

dispersion effects, and Z is the interatomic distance. 

The van der Waals interaction energy can be described as 
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where, R1 and R2 are the radius of spheres, d (d=R1+R2+Z) is the distance between the 

centres of two spheres, H is the constant of Hamaker (H=π
2
ρ1ρ2C), and ρ1 and ρ2 are 

the molecular densities of spheres.  

 

Fig. 2.6 Model of van der Waals force between two spheres [43]. 
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If Z << R1 and R2, the van der Waals force can be simplified as 
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If R2 is infinite and Z << R1, the van der Waals force can be written as  

 
2

1

6Z

HR
Fvan   (2.12) 

 

2.2.3 Capillary Force 

Capillary force has two components. They are the negative pressure along the axis of 

the liquid bridge and the surface tension of the solid sphere in the vertical direction. A 

liquid bridge system is constituted when there is liquid between the sphere and the 

object [32]. Fig. 2.7 shows the surface tension model of a sphere and a plane. 

 

Fig. 2.7 Model of the tension force between the surface of sphere and plane [32]. (a) 

Effects of the liquid bridge linking the two objects. (b) Details of the tension force.  

Capillary force refers to the pressure difference (ΔP) across the curved liquid bridge 

interface and it can be expressed as Eq. (2.13) [32]. 
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 coutin HPPP 2  (2.13) 

where, γ is the interfacial energy between the object and the liquid surface. H is the 

mean curvature of the crescent liquid bridge interface, which is defined as Eq. (2.14) 

[44]. 

 )
11

(
2

1

12 
cH  (2.14) 

where, ρ1 and ρ2 are the main curvature radius of the interface. 

According to the analysis of the capillary force of the solid sphere, the Laplace term 

of the capillary force FL that acts on the wetted area AL=2πR
2
 of the solid sphere, can 

be expressed as Eq. (2.15) [32]. 

 
22 RHPAF cLL    (2.15) 

where, R is the radius of the liquid bridge at the object side. 

The interfacial tension term of the capillary force FT acting on the perimeter of the 

wetted region can be expressed as Eq. (2.16) [32]. 

 )sin(RFT   12  (2.16) 

where, θ1 is contact angle at the object side and Φ is the slope of the object at the 

location of the triple line. 

The total capillary forces of liquid effect on the solid spheres and the plane can be 

expressed as Eq. (2.17).  
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 ))sin(RH(RFFF c   1TLc 2  (2.17) 

 

2.2.4 Electrostatic Force 

Coulomb forces are also called electrostatic forces in the micro/nano world. No matter 

the objects are conductor or not, surface charges will be generated by 

triboelectrification and the electrostatic forces are discontinuous [45]. When the radius 

of a sphere is far greater than the distance between these two objects (R>>d), the 

electrostatic force between the charged sphere and plate can be expressed as Eq. (2.18) 

[33, 46].
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  (2.18) 

where, ε0 is vacuum permittivity, R is the sphere radius, V is the potential difference 

and d is the distance between these two objects. 

 

 

2.3 Applications MNPs in Biology 

 

Due to the unique physiochemical features of MNPs, they have been widely 

investigated for drug delivery [47], MRI [7, 48], tissue repair, immunoassay, 

anticancer magnetic hyperthermia and cell separation [49]. 

 

2.3.1 Drug Delivery  

The vehicle for drug delivery requires that the carriers have the ability to release the 
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drug carried at the aimed position and cure the lesion location without any side effect 

on the healthy tissues [50]. Because of their unique physicochemical properties and 

ability [51], MNPs can be used for drug delivering and concentrating to the target 

lesion location by the effect of external magnetic field [52]. 

Since found the magnetic polymer can be used as carriers in the 1970s, a large number 

of magnetic nano/micro-particles have been used for delivering drugs to the aimed 

location in vivo due to their magnetic field responsiveness [53]. Because of the 

excellent biocompatibility, acceptable stability and simple surface functionalization 

[54], magnetic liposomes have been developed to be drug carriers and 

stimuli-sensitive nano devices manipulated by the external magnetic field [55]. For 

example, the drug release properties of doxorubicin (DOX) loaded MNPs 

encapsulations were depends on the changes of temperature and pH [56]. 

Chao et al. [57] investigated the application of polyethylene glycol (PEG) modified 

Gold-MNPs (PGMNPs) as the vehicle to deliver the DOX in vitro, and evaluates the 

curative efficiency of DOX-conjugated PGMNPs in vivo through an external 

magnetic field. Verma et al. [58] deliveried the quercetin-loaded MNPs to the target 

lung cancer cells through nebulization method and evaluated the feasibility and 

biocompatibility. The results indicated that growth of the lung cancer cells could be 

efficient inhibited by the quercetin-loaded MNPs. Streptokinase and activator of tissue 

plasminogen were taken by the nanocarriers of SiO2-MNPs for investigation of the 

targeted thrombolytic therapy by Tadayon et al. [59], as shown in Fig. 2.8. The results 

found that the hemorrhagic side effects were prevented because of the high 

protein-loading efficiency and activity retention of SiO2-MNPs. Tarasi et al. [60] used 

the MNPs to deliver the docetaxel to HEK293 normal cells, HeLa cells and 
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MDA-MB-231 cells and evaluated their viability. The results show that MNPs were 

non-cytotoxicity and the proliferation of HeLa and MDA-MB-231 cells were 

significantly decreased by this method. 

 

Fig. 2.8 Strategy of the experimentation [59]. 

Nowadays, how to effectively deliver the drug to the target action sites and increase 

drug diffusion pass biological barriers were still problems for the conventional 

methods and need to be further developed. Delivery of drugs through nanoparticles 

could overcome these problems. 

Further research is needed to concentrate on the optimal dosage to the treatment of 

cancer. With the targeting ability of MNP enhanced continuously, MNPs hold great 

expects in the applications of drug delivery to treatment of cancer. 

 

2.3.2 Magnetic Resonance Imaging 

Due to the biodegradability, low toxicity and low impact on cell functionality of 

MNPs, they have been used for labelling and tracking cells by MRI [61]. MRI 

supplying high-resolution anatomical images with noninvasive. It has been widely 

used to diagnose malignant and healthy tissues [62]. 
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Compared with other MRI agents, such as chelates of paramagnetic ions [63], 

superparamagnetic iron oxide nanoparticles (SPIONs) are excellent because of their 

stronger contrast. It can be found from T2-weighted images of hypointense [64, 65] 

that SPIONs could be rapidly insulated by the splenic and hepatic macrophages.  

Bierry et al. [66] enhanced MRI through SPIONs to investigate the macrophage 

infiltration in knee synovial inflammation area of the rabbit. After injection of 

SPIONs to eight rabbits, T1/T2/T2*-weighted images were obtained and found that the 

SPIONs were mainly gathered together in the infarcted area where the macrophages 

were heavily localized. Baraki et al. [67] labelled granulocytes by SPION and 

observed acute inflammation of soft tissue in rats by MRI. The work provided new 

opinions to specificity and sensitivity investigated the infectious processes in early 

stage. Chen et al. [68] used PEG-Cy5.5 functioned MnO MNPs (MnO-PEG-Cy5.5) to 

take MRI and near-infrared fluorescence (NIRF) images and found that brain tumor 

was visually detected and contrast was significantly enhanced by MnO-PEG-Cy5.5 

MNPs, as shown in Fig. 2.9.  

 

Fig. 2.9 Images of MR and NIRF after the treatment of the MnO-PEG-Cy5.5 [68]. 
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2.3.3 Tissue Engineering 

Tissue engineering is an interdisciplinary area. It integrates the cell biology, medicine 

and engineering purposing of specific cell regeneration to functional tissues and 

organizations [69, 70]. Tissue engineering uses the biocompatible microstructure in 

2D or 3D construction to confirm these cells can well attachment, growth, 

differentiation and proliferation [71, 72]. Tissue engineering technique depends on 

magnetic force has been explored by MNPs and magnetite cationic liposomes (MCLs) 

for the purpose of providing magnetic characters to the specific cells [73]. 

Cell 3D constructions for tissue engineering often with complex structures and shapes, 

and those can be configured through magnetic force. Ito et al. [74] seeded cells 

incubated together with MCLs onto ultralow-attachment plates for 24 hours under the 

effect of a magnet to form a sheet. Then a magnet with cylindrical shape was rolled 

onto the sheet, due to the magnetic attraction a tubular structure formed. In another 

study, Oshima et al. [75] percutaneously injected the ferumoxide nanoparticles 

labelled rabbit bone marrow-derived mesenchymal stromal cells and then gathered 

these cells into the ceramic to fill the bone defect through magnetic fields. The results 

have shown that this technique enhances bone formation significantly.  

It can be concluded that the tissue engineering technique that depends on magnetic 

force was a potential method for bone defects/fractures treatment and vascular tissue 

construction [76, 77]. The magnetic field intensity was the crucial point and it has 

significant effect on the cell depth when seeding them into the constructions [78, 79]. 
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2.4 MFM Imaging Quality Improvement 

 

MFM has been developed for researching the precise characters of magnetic 

properties by a magnetic probe [38, 80, 81]. Because of the nanoscale resolution of 

MFM [82-84], it has been used as a powerful tool to observe the magnetic 

microstructure distributions of various magnetic materials [85-89] and manipulate the 

magnetic objects [90-92]. Therefore, how to obtain good quality MFM images has 

attracted attention. The quality of MFM imaging refers to the accuracy and resolution 

of the images. There are mainly three factors that are related to the accuracy and 

resolution, namely, tip shape, tip magnetisation direction and distance between the tip 

and sample. Accordingly, research in improving the quality has been carried out from 

these three aspects. 

 

2.4.1 Tip Shape  

The topography of samples has a significant impact to MFM imaging because MFM 

tip traces the topography with several nanometres above the samples in scanning. The 

geometry and size of MFM tip are also important parameters as it decides the 

resolution and the accuracy of the obtained topography images [93]. The ideal tip is a 

point that is sharp enough to record the true sample surface. However, in practice it is 

difficult to obtain the ideal tip due to the limited by the technics, methods and 

parameters in the fabricate processing. Accordingly, the distortion images of the 

topography were inevitably acquired due to the tip shape of the profile, as shown in 

Fig. 2.10.  
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Fig. 2.10 Effect of geometry and size of tip on topography imaging [94]. (a) is the 

illustration of measurement by a larger circular arc tip with the cone shape and (a‟) is 

the topography obtained by the tip. (b) is the illustration of measurement by a smaller 

circular arc tip with the cone shape and (b‟) is the topography obtained by the tip. (c) 

is the illustration of measurement by a larger angle tip with the pyramid shape and (c‟) 

is the topography obtained by the tip. (d) is the illustration of measurement by a larger 

angle tip with the cone shape and (d‟) is the topography obtained by the tip. 

To improve the accuracy of MFM imaging, techniques for specially fabricated MFM 

tips with a sharper shape have been developed, including used focused ion beam (FIB), 

electron-beam deposition (EBD) and carbon nanotube (CNT) [95].  

Memmert et al. [96] modified the MFM tips using the EBD technique to acquire the 

highest resolution by reduce tip perturbation influence on soft magnetic structures. 

Koblischka et al. [97] employed FIB to prepare MFM tip with high-aspect ratio to 

acquire high resolution MFM images. The results show that the spatial resolution was 

improved and the perturbations effect was decreased with the prepared MFM tip. The 

resolution of the magnetic structures was improved to 20 nm. Huang et al. [98] used 

FIB to fabricate high performance tips and measured the magnetic structures of hard 

disk, as shown in Fig. 2.11. The regular magnetic domains were clearly recognized in 
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both MFM images. The phase shift signals obtained by the modified MFM probe are 

more accuracy than signals obtained by conventional MFM tip. The results indicated 

that the sharpen MFM tip could significantly improve the resolution of the MFM 

images. 

 

Fig. 2.11 Si-based probe and MFM images of hard disk [98]. (a) is the tip before FIB 

fabricated and (b) is the tip after FIB milling and CoCr film coating. (c) is an MFM 

image obtained by a conventional MFM tip. (d) MFM image obtained by the modified 

MFM tip. (e) and (f) are signal line profiles extracted from (c) and (d). 

Choi et al. [99] developed Co90Fe10-coated CNT as the probes. To obtain the best 

MFM images, the ferromagnetic Co90Fe10 films with thickness of 20~50 nm were 

used to coat the CNT and obtained MFM images. The results found that 40 nm 

Co90Fe10-coated tip could obtain highest resolution MFM images. Wolny et al. [100] 

adhered an iron filled CNT (FeCNT) with a length of ~8 μm and diameter of ~20 nm 

onto the conventional MFM tip for changing the shape of the tip to obtain high 
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resolution MFM images. They found that the FeCNT can be used as a magnetic 

monopole and it is an excellent tool for MFM imaging and manipulation of low 

magnetic fields samples. 

It can be found that the tip shape has been sharpened and the accuracy of the sample 

has been improved with the above methods. However, the tip shape modified 

techniques cannot be popularized to every laboratory because the equipment cost is 

high. In addition, the simplex tip shape modified methods are limit to image the 

magnetic sample with the complex magnetic domains and lead to a distortion of the 

magnetic domain structures which is parallel to the scanning direction. 

 

2.4.2 Tip Magnetization 

In addition to tip shapes, the probe magnetized direction can also be considered in 

improving MFM image quality. This is because MFM imaging depends on the 

interactive forces between the magnetic tip and sample [101]. The related works on 

different magnetized angles of magnetic tip effects on MFM imaging were 

investigated. 

Alekseev et al. [30] magnetized the tip under some angle with respect to the Z-axis by 

an external magnet and measured the samples, the results as shown in Fig. 2.12. The 

experimental and theoretical results were shown that the signals of attractive and 

repulsive forces were strongly affected by the angle of the tip magnetization, and the 

samples with strong magnetic fields also influenced the magnetized directions of the 

tip in the scanning. Rice et al. [102] applied magnetic field at various angles to 

magnetize the tip and hard disk used as sample to observe the effect of tip 
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magnetization on magnetic features. The results shown that vertical magnetized tip 

could obtain higher resolution MFM images. Saito et al [103] calculated the tip 

magnetized directions with different angles and found that with tip magnetization 

directions changed, the attractive and repulsive forces regions were changed 

simultaneously.  

It is known that the stability of the tip magnetization is not guaranteed if the samples 

are with strong magnetic fields [30]. Thus, the tip magnetization techniques are 

limited to image the samples with stronger magnetic fields, and the simplex 

magnetization changed techniques cannot improve the SNR of the MFM images and 

improve the accuracy of the samples with complex magnetic domain directions. 

Chapter 3 presents an innovative method to solve this problem. 

 

Fig. 2.12 MFM images and their corresponding cross-sections obtained by the 

pre-magnetized tip with different magnetized angles [30]. (a) Tip was magnetized 

with 0°. (b) Tip was magnetized with 20°. (c) Tip was magnetized with 45°. (d) Tip 

was magnetized with 70°. (e) Tip was magnetized with 90°. Arrows indicated the 

magnetized angles and the lift height was 20 nm. 
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2.4.3 Lift Height  

The magnetic force is a long-range force between the magnetic probe and sample [25]. 

Thus, the distance between the probe and sample determines the quality of MFM 

images. Many researches have been made to study the effect of lift height on MFM 

imaging. 

Nyamjav et al. [104] analysed the MFM images quality of the DNA coated by Fe3O4 

MNPs with various lift heights of magnetic probes ranging from 5 nm to 50 nm and 

found that lift height above 20 nm cause a very small and weak magnetic properties of 

MNPs, but the MNPs could be clearly observe with the lift height below 10 nm. To 

obtain the best MFM images quality, Nenadović et al. [105] studied the magnetic 

fields images with tip under various lift height. And the results showed that the 

optimized lift height was between 60-80 nm and the MFM images with a lower 

distortion and higher kurtosis. Huang et al. [98] investigated the MFM images 

definition and signals sensitivity by magnetic tip at different lift heights. It can be seen 

that the best quality of MFM image signal were obtained with a lift height of 40 nm. 

The signals‟ definition of MFM images were decreased with the increase of lift height, 

as shown in Fig. 2.13. 

It can be seen that a single scan of the sample is used in different lift height MFM 

imaging processes without the selection of specific scanning directions. Accordingly, 

this will lead to a distortion of the magnetic domain structures which is parallel to the 

scanning direction. Chapter 3 presents an innovative method to solve this problem. 
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Fig. 2.13 MFM images of hard disk acquired by various lift heights [98]. (a) Obtained 

with 40 nm. (b) Obtained with 400 nm. (c) Obtained with 700 nm. (d) Obtained with 

1000 nm and (e) Obtained with 1500 nm. (f) Cross-section profiles. 

 

 

2.5 MNPs Synthesis and Manipulation 

 

2.5.1 Synthesis of MNPs 

Techniques for synthesis of MNPs have been developed in last decades because of 

their unique characters and a number of clinical trials have been conducted to study 

potential applications of MNPs in biomedicine. Various methods including electron 

beam lithography, thermal decomposition, hydrothermal method and chemical 

co-precipitation have been developed to obtain MNPs [106, 107]. MNPs magnetic 

characters are influenced by the particles shape and size, and how to precisely control 

the particles‟ shape and size is still a challenge. Table 2.1 compared the methods for 
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the synthesis of MNPs. 

Electron beam lithography method involves emitting an electron beam with a certain 

frequency on a substrate that is covered with a layer of iron particles and the iron 

particles are then converted into MNPs because of oxidation reaction caused by the 

electron beam [106]. This method has difficulties in controlling the particle size due to 

the beam intensity and resist sensitivity and in collecting the particles because the 

MNPs are grown on the substrate surface [108].  

Table 2.1 Comparison of methods for the synthesis of MNPs [106, 109]. 

Technique 

 

Criteria 

Electron Beam 

Lithography 

Thermal 

Decomposition 

Hydrothermal 

Method 

Chemical        

Co-precipitation 

Size 

Distribution 
relatively small small very small relatively small 

Controllable 

Shape 
not good good very good not good 

Reaction 

Period 

milliseconds- 

seconds 
hours-days hours-days minutes-hours 

Condition 
electron beam 

emitted 

high temp 

(100-320°C) 

high temp 

(>200°C);  

high pressure 

(>2000 psi) 

20-90°C 

 

Thermal decomposition method obtained the MNPs by decomposed the 

organometallic compounds to iron atom under high temperature and then the iron 

atom transfer to iron oxides by the oxidation reaction. The ratios of organometallic 

compounds, surfactant and solvent decide the size and shape of the synthesized MNPs. 
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The size and shape of the particles are easy to control, but it is easy to transfer to 

γ-Fe2O3 MNPs in the process of synthesis the Fe3O4 MNPs and the obtained particles 

are only dissolved in nonpolar solutions generally [106, 107, 109].  

The hydrothermal method is through growing the metal nucleation to form the MNPs 

under high temperatures and pressures. The reactions take place with aqueous media 

in reactors or autoclaves at a temperature higher than 200°C and pressure higher than 

2000 psi [110]. With this method, the particle size and shape are easy controlled by 

adjust the parameters in reaction, such as the temperature, pressure and reaction time. 

However, it is difficult to meet such experimental conditions in an ordinary laboratory 

because the equipment cost is high.  

Chemical co-precipitation method is through added a base (e.g. NaOH) in the mixed 

salts solution of the Fe
2+

 and Fe
3+

 to obtain the iron oxide nanoparticles (Fe3O4) in 

aqueous environments. This method is considered the simplest [111]. It is efficient in 

synthesizing Fe3O4 under the condition of a proper temperature, PH and ionic strength 

[112]. In the synthesis process, the type of the salt and the ratio of Fe
2+

/Fe
3+

 used were 

determined the size and shape of particles [109]. However, in ambient environment, 

magnetite nanoparticles are unstable and easy to oxidation and formed the maghemite 

(γ-Fe2O3). Thus, processing conditions need to be controlled to complete the reactions 

and obtain the Fe3O4 MNPs.  

 

2.5.2 Manipulation of Nanoparticles 

Currently, the common manipulation operations of single nanoscale objects using 

AFM/MFM include pushing, rolling, cutting, drilling, dissecting and reversing 
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[113-115]. Pushing and sliding of nanoscale particles are mainly performed along 

linear paths from one location to another location on surfaces [115-117].  

Korayem et al. used AFM tip to push, roll and slide gold nanoparticles with spherical 

shapes [116] and manipulated the nanoparticles with cylindrical geometries [113] on 

silicon substrate to study of the critical parameters in the nanomanipulation. Sitti et al. 

[117] moved the nanoparticles in 2D based AFM and simulated the pushing operation. 

Guo et al. [118] pushed the polystyrene nanoparticle by AFM tip to make it moving 

on the silicon substrate to study the frictions in the movement, as shown in Fig. 2.14.  

 

Fig. 2.14 Pushing a polystyrene nanoparticle on silicon by AFM probe [118]. (a) 

Before pushing and (b) after pushing. 

Based on the AFM, the MFM is developed for the study of magnetic domain 

structures on the submicron/nanometer scale [119]. Besides the observation of 

magnetic structures, MFM is commonly used for the manipulation and measurement 

of magnetic samples [35]. In addition, it has been used for the manipulation of MNPs.  

Chang et al. [120] reversed the magnetization of magnetic nanoparticles with the 

inhomogeneous magnetic field produced by the magnetic tip. Baronov and Andersson 

[41] tracked a magnetic nanoparticle by MFM tip in three dimensions and a tracking 

control law was developed for the magnetic tip retained adjacent to the target 

magnetic particle. Pinilla-Cienfuegos et al. [91] manipulated individual molecules 
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based on magnetic nanoparticles with an average size of 25 nm by MFM. In their 

work, external magnetic fields were increased from -600 Oe to +600 Oe to transfer the 

magnetization of the MNPs and the magnetization reversal processes were recorded, 

as shown in Fig. 2.15. The results showed that the MNPs have been fully reversed at 

+600 Oe and this work increased the application of the MNPs in information storage. 

 

Fig. 2.15 Manipulation of the KNiCr MNPs by changing the coercive fields [91]. 

For the particles with disordered and complicated distributions, it is hard to design a 

simple straight line path for the tip to push a selected particle to the target location. In 

practice, the linear path should be precisely determined for each operation, and it is 

difficult to be successfully performed. Due to the limitation of the tip radius, 

reliability and reposition precision of the AFM/MFM system, flexible manipulation of 

particles with a size below 100 nm is still a challenge [117]. In addition, interaction 

forces between the substrate surface and the particle are difficult to overcome in the 

vertical direction, leading to the difficulties in separating MNPs from the surface and 

in lifting them up with simple tip approaching and retracting. New methods of MNPs 

manipulation are needed.  
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2.6 Cells Features Investigation 

 

Cancer treatment has been an important issue and endeavours have been made to the 

diagnosis and therapy of cancers [121, 122]. Because of the nanoscale resolution of 

AFM in the imaging, manipulation and measurement of biological objects and 

biological structures [123-128], it has been used to investigate morphological and 

mechanical features of living cells [129-132]. Thus, AFM can be a proper tool for the 

manipulation and measurement of cancer cells and providing a guideline in the target 

cancer cells selection. Studies about the changes of morphological and mechanical 

features of cancer cells after the treatment with anti-cancer drugs were conducted. 

Gaspar et al. [133] studied the effect of human neutrophil peptide-1 on PC-3 cells and 

MOLT-4 cells by AFM, and the results showed that the height decrease was caused 

by the HNP-1 treatment. The roughness of the cell membrane was related to the cell 

motility, and it can be used to characterize the state of cells [134, 135]. Kim et al. [136] 

found by AFM that the roughness of HeLa cells was increased significantly after the 

treatment with paclitaxel. Pelillo et al. [137] investigated the adhesion and 

morphology features of HCT-116 cancer cells to study their metastatic behaviours 

affected by ruthenium drug NAMI-A. Hayashi et al. [138] and Ansardamavandi et al. 

[139] evaluated the stiffness changes of cancer cells to understand the 

pathophysiology. Efremov et al. [140] characterized the cell area, focal adhesion and 

Young‟s modulus distributions of tumor cells and normal cells with AFM to study 

their transformational changes. Hence, morphology and mechanics are significant 

features for the investigation of cancer cells [141, 142].  
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A tumour cell, often contains more nuclei [143-145]. The fusion of plasmodia 

[146-148], closed mitosis [149, 150] and cell division [151, 152] can lead to the 

coexistence of different nuclei and formation of multinuclear cells [153]. Studies have 

shown that multinuclear cells commonly exist in tumors and they are a key character 

for the diagnosis of cancer [154-156]. However, little work has been reported in the 

investigation of the difference of drug-resistance between multinuclear cancer cells 

and mononuclear cancer cells after the treatment with anticancer drugs for the purpose 

of effectively treatment of the cancer. 

 

 

2.7 Drugs Delivery to Cells Using MNPs 

 

Due to their biocompatibility and superparamagnetic characters, MNPs have attracted 

attentions and are used to deliver the drug to target treatment of the tumor cells or 

tissue [157]. Many efforts have been devoted to treatment of cancer cells or tissues 

using MNPs.  

Varshosaz et al. [158] used the Dox-MNPs conjugate to the LHRH receptors of breast 

cancer cells MCF-7 (normal cells are low expressed LHRH receptor) to target 

treatment of the cancer cells by co-culture them and an external magnetic field used 

for releasing the drug. The results showed that the Dox-MNPs conjugated to the 

LHRH receptors effectively and cells viability was significantly reduced. Du et al. 

[159] functioned the MNPs with D-tyrosine phosphates (MNP_pY) and 40 μg/mL 

MNP_pY contained in the culture medium to treat the cancer cells HeLa-GFP and 

normal cells HS-5 to target conjugated the placental alkaline phosphatase (ALPP) 
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ectoenzyme of cells. Because of the over expressed of ALPP in cancer cells and none 

expressed in normal cells, the MNP_pY target conjugated to the cancer cells. Borroni 

et al. [160] intravenously injected 400 μL of lentiviral vectors loaded MNPs solutions 

into the tumor location of mice liver to target treatment of the tumor tissue and a 

magnetic field was used to affect the target location for killing the tumor cells. The 

results showed that the MNPs can target the cancer cells and also the normal cells.  

It can be seen that the both methods of co-culturing MNPs with cells or injecting 

MNPs solutions into the target tissue can ensure cells carrying MNPs. However, 

investigation into individual cells is necessary. It enables to trace drug effects on the 

cells and to see inside of how the drug working in cancer cells that have different 

characters. Therefore, it is significant to exploiting of new therapy [161-163]. In 

addition, more controlled manners of getting MNPs into cells are needed so that the 

exact amount of drug carried by the cells can be known.  

Matsuoka
 
et al. [164] developed a robot for microinjection of the single-cell. In their 

robot system, the pipette was obtained by heated and pulled a glass capillary and 

X/Y/Z stages were handled to move the filled solution pipette to locate the target cell 

and inject the pipette into the cells. This microinjection method can implant the filled 

solution into the cells successfully. Guillaume-Gentil et al. [165] used the fluidic force 

microscope (FluidFM) combined a pyramidal probe to pressure the DNA fluid into 

the single HeLa cell through the triangular opening in side of the probe by insert the 

probe into the cells, as shown in Fig. 2.16. This technique can implant the fluid into 

cells with a high efficiency and cell viability.  
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Fig. 2.16 (a) Illustration of the cell injection using FluidFM [165]. (b) Fluid implanted 

into the cells through a triangle opening in-side of the probe.  

With above methods, MNPs can be used as the fluid or solution filled the pipette or 

probe to be implanted into the target cells. However, microinjection technique was 

limited because it was difficult to handle shape fabricated of glass micropipette and 

monitor the injected deeps of the probe, and the probe with a triangle opening cannot 

be used any more if there was a blocking inside it and the probe was with a high price. 

Thus, simple and effectively target cancer cells treatment techniques are still needed 

future investigate to study the effect of the drug on cancer cells in a more controllable 

way.  

 

 

2.8 Summary 

 

In this chapter, fundamental theories of MFM were briefly described firstly, including 

the principles of MFM and scanning method. Optical path is the significant parts to 

detect the deflection of the probe cantilever and it is consist with probe, laser and PSD. 

In MFM imaging, a lift-tapping mode was used and this was performed by two 

successive scans. The first scan obtained the topography images and the second scan 

obtained the magnetic force map by tracing the topography profiles. The magnetic 
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forces, van der Waals forces, capillary forces and electrostatic forces in MFM 

working were introduced. The magnetic and van der Waals forces are always exists in 

the measurement process. The capillary force dominates the entire micro/nano world 

and the electrostatic forces involves because of the triboelectrification. 

Then, the applications of MNPs in biology were reviewed, including the drug delivery, 

MRI and tissue engineering. Because of their superparamagnetic properties, they can 

be arrived the target position by controlled external magnetic fields to label or 

treatment of the cancer cells. But culturing cells with drugs is a common method used 

to investigate cancer therapy in experiments. Traditionally, the application of this 

method to cancer treatment is limited because of lack of capabilities of handling cells, 

targeting specific cells and measuring the nanoscale changes in cell structures to tailor 

treatments. 

Next, to obtain good quality MFM images, factors affecting the MFM images 

resolution and accuracy were reviewed, including the tip shapes, tip magnetizations 

and the tip-sample distances. However, these factors improved cannot obtain high 

quality MFM imaging with different magnetic structures, in terms of high resolution, 

high image contrast, high SNR and high accuracy. 

Afterwards, to implant the MNPs into the target cancer cells for the specific treatment, 

the synthesis and manipulation MNPs methods were observed. The advantages and 

disadvantages of MNPs synthesis methods were compared. Pushing or sliding of the 

target object is commonly used in manipulation of nanoparticles. The flexibility of the 

manipulations in many applications is limited and it is hard to pick up the particles by 

MFM probe with those methods.  
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To select the target cells, the morphological features and mechanical properties of 

cancer cells after the treatment with anti-cancer drugs were reviewed. However, little 

work was carried out to investigate the difference of drug-resistance between 

multinuclear and mononuclear cancer cells and this is significant to selection of 

cancer cells for the MNPs treatment.  

Finally, methods of MNPs treated cells were reviewed to target the treatment of 

cancer cells or tissues. However, the commonly methods used in the research are 

co-culture/mixture the MNPs with cells or injected to the tissue of target location and 

these methods cannot satisfy the demand of specific treatment of the target single cells 

in a simple and effective way.   
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CHAPTER 3   

MFM IMAGING QUALITY IMPROVEMENT 

 

 

With the development of nano magnetic materials, devices and systems, such as 

magnetic nanoparticles, magnetic random access memories and perpendicular 

recording media, MFM has been widely used for measuring and manipulating 

magnetic samples [166-168]. The demand for high quality MFM imaging, in terms of 

high resolution, high image contrast, high SNR and high accuracy, is increasing. This 

chapter presents an innovative method for differential MFM imaging which increases 

image contrast and SNR of samples with single magnetic domain structure by 

switching the magnetic probe magnetization directions, and a compensation method to 

improve the accuracy of the MFM images of samples with complex magnetic domain 

structure by different scanning directions. This chapter also investigates the effects of 

liquid on the MFM imaging for the purpose of measuring and manipulating the 

magnetic samples in liquid environments.  

 

 

3.1 Differential MFM Imaging Method 

 

In this section, a method for differential MFM imaging is presented to obtain 

differential magnetic force images with an improved contrast and SNR. The method is 

based on a two-pass scanning procedure. In the first scan, the magnetic sample is 

scanned with the upward magnetized MFM tip to obtain the first MFM image. In the 
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second scan, the sample is scanned with the downward magnetized MFM tip to obtain 

the second MFM image. Subtraction is performed between two images to obtain the 

differential magnetic force image. The magnetic forces are separated from other 

background forces, and the quality of magnetic images is improved. 

 

3.1.1 Principles 

MFM mainly detects the magnetic interactions between the sample and the tip in the Z 

direction for the magnetic force imaging of the sample surface. Since a force gradient 

exists between the probe and the sample, a probe phase shift will be introduced. The 

phase shift can be calculated as Eq. (2.1) [35].  

The distribution of the magnetic forces on the sample surface can be obtained through 

recording the phase shift of every scanning point when the probe scans along with the 

sample surface. In the scanning process, the background forces (such as the van der 

Waals force, the electrostatic force, and the force set during the AC tuning of 

cantilever) and the noises can introduce variations to the magnetic force images. Let 

φ1 be the phase shift from the first scan (tip magnetized upward) and φ2 be the phase 

shift from the second scan (tip magnetized downward). The phase shifts can be 

expressed as 

 1101 NB  
 

(3.1) 

 2202 - NB  
 (3.2) 

where, φ0 is the phase shift introduced by the magnetic forces, φB1 is the phase shift 

introduced by the background forces in the first scan. φB2 is the phase shift introduced 
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by the background forces in the second scan. φN1 is the noise distribution in the first 

scan and φN2 is the noise distribution in the second scan. 

The phase shift difference between the two scans can be calculated by 

 2121021 2 NNBB    (3.3) 

When φB1=φB2, Eq. (3.3) can be simplified as 

 2102 NN    (3.4) 

Providing that φN1 and φN2 are zero mean Gaussian noise distributions and they are 

uncorrelated, E(φN1)=E(φN2)=0, E(φ
2

N1)=E(φ
2

N2)=ζ
2

N, and E(φ
2

N1·φ
2

N2)=0.  

Thus, the expectation of the noise term is 
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21 2 NNN )(E    (3.5) 

It can be seen from Eqs. (3.4) and (3.5) that the differential magnetic force signal 

amplitude is doubled and the background forces are eliminated so that the SNR and 

the image contrast are significantly improved by differential MFM imaging. 

Fig. 3.1 shows the principle of differential MFM imaging with the reversed tip 

magnetization. When the probe is magnetized upward, the phase shifts caused by the 

magnetic forces and background forces between the tip and the sample surface are 

shown in Fig. 3.1(a). When the probe magnetization direction is downward as shown 

in Fig. 3.1(b), the magnetic interactions between the tip and the sample are reversed 

and the background forces remain unchanged. Fig. 3.1(c) shows the differential 

magnetic force signal obtained by performing subtraction over the two signals in Fig. 
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3.1(a) and (b), and its amplitude is doubled compared with those in Fig. 3.1(a) and (b). 

Thus, there is a clear contrast enhancement in the differential magnetic image, as the 

background forces have been removed and the output signal amplitude is increased. 

The differential magnetic force image can be analysed similarly to the magnetic force 

images with the reduced or removed background forces. 

 

Fig. 3.1 Principle of differential MFM imaging. (a) MFM probe magnetized upward. 

(b) MFM probe magnetized downward. (c) Differential magnetic force signal. 

 

3.1.2 Experiments and Discussions 

A BENYUAN (CSPM-5500, China) MFM system, as shown in Fig. 3.2(a), was used 

to measure the magnetic structures. The cycloidal shape magnetic structure with a 

diameter of 2 μm was made by electron beam lithography (EBL) on a silicon wafer 

substrate with the nickel film thickness of 100 nm. The resonant frequency and spring 

constant were 75 kHz and 3 N/m of the employed magnetic probe (Multi75M-G, 

BudgetSensors), respectively. Fig. 3.2(b) shows the magnetic probe. 
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Fig. 3.2 (a) is BENYUAN MFM system and (b) is the magnetic probe. 

Fig. 3.3 shows the topographic images and magnetic force images of the cycloidal 

shape magnetic structure. Fig. 3.3(a) and (b) are the topographic images 

corresponding to the magnetic images in Fig. 3.3(c) and (d) obtained with the reversed 

tip magnetization. Fig. 3.3(e) is the differential magnetic force image. Three selected 

cross-sectional curves from Fig. 3.3(c-e) are shown in Fig. 3.4. In the experiment, 

there were two separate magnetic images captured and the differential magnetic image 

was then obtained by analyzing the similarity of the images from the two scans, and 

the MATLAB software was used to process the images. Two standard magnets were 

used to magnetize the tip outside the microscope, and the tip magnetization direction 

was changed by reversing the magnets after the first scan. 
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Fig. 3.3 Topographic and magnetic images of the cycloidal magnetic structures made 

by EBL. (a) and (b) are the topographic images corresponding to the magnetic force 

images (c) and (d) with reversed tip magnetization. (e) is the differential magnetic 

force image. 

In Fig. 3.4, the curve a is extract from Fig. 3.3(c), curve b is extract from Fig. 3.3(d) 

and curve c is extract from Fig. 3.3(e). It can be seen that curves a and b are two 

mirror symmetric distributions due to the change of the magnetization direction of the 

tip leading to the phase inversion of the output signal, and the curve c is the difference 

of the curves a and b. It can be seen that the differential magnetic force signal 

amplitude is the sum of those from the curves a and b, and the background forces are 

significantly reduced. The average contrast values of Fig. 3.3(c-e) are 0.69, 0.51 and 

0.86, respectively. The contrast values in the experiment are estimated by  

 )MinMax/()MinMax(Contrast   (3.6) 

where, Max  is the average of ten maximum amplitude values, and Min  is the 

average of ten minimum amplitude values in the images.  
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Fig. 3.4 Cross-sectional curves a, b and c from Fig. 3.3 (c), (d) and (e). 

It can be seen that the SNR and the image contrast are significantly improved by 

differential MFM imaging. This method is useful for the improvement of the magnetic 

force image contrast and SNR, and for the acquisition of high quality of magnetic 

force images. 

 

3.2 Compensation by Scanning Directions  

 

A single scan of the sample is a common scanning method used for MFM imaging 

without the selection of specific scanning directions. For a magnetic sample with 

complex magnetic domain directions, the magnetic structures cannot be correctly 

imaged with a single scanning direction due to the errors induced by the magnetized 

probe. Thus, MFM images are often distorted in MFM applications. Errors can also be 

introduced due to the instability of the tip magnetization when the samples with strong 

magnetic fields. 
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In this section, a method is proposed to reduce the errors and structure distortions of 

MFM images. Three different scanning directions with the angles of 0°, 45° and 90° 

are used to measure the distributions of magnetic domain structures and then averaged 

their magnetic force signals to obtain the compensated results. The results show that 

the proposed method is able to correct the distortions significantly in MFM imaging.  

 

3.2.1 Principles 

For the magnetic sample with complex magnetic domain directions, the domain 

structures parallel to the scanning direction are often distorted. To compensate the 

distortions caused by the scanning direction, scanning directions of 0°, 45° and 90°, as 

shown in Fig. 3.5(b), are successively operated. Ms shows the magnetic direction of 

the magnetic structure. 

 

Fig. 3.5 Illustration of MFM imaging with three scanning directions on the magnetic 

sample. (a) The structure of the magnetic sample. (b) The scanning angles between the 

scanning directions and magnetic domain structures of 0°, 45° and 90°. 
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These three MFM images are calibrated firstly and then averaged to compensate the 

distorted structures. The magnetic sample also serves as the reference for the three 

scanning directions. The scanning direction parallel to the magnetic domain structure 

in the imaging is selected as the scanning direction of 0°. If the scanning direction is 

vertical to the magnetic structure, the scanning direction is defined as 90°. If the 

intersection angle between the scanning direction and the magnetic structure is 45°, 

the scanning direction is 45°. 

Fig. 3.6 shows the procedure of calibration. Firstly, the MFM images are successively 

obtained with the three different scanning directions, and it is found that the magnetic 

domain structures parallel to the scanning direction are often distorted, as shown in 

Fig. 3.6(a). Secondly, the acquired MFM images are rotated to make the magnetic 

domain structures in the same direction, as shown in Fig. 3.6(b). A target magnetic 

feature area is then selected and matched with the three MFM images, as presented in 

Fig. 3.6(c). Next, the matched features of the three images are overlapped and the 

phase shift values of the matched pixels are averaged, as shown in Fig. 3.6(d). Finally, 

the compensated MFM image is obtained from Fig. 3.6(d), as shown in Fig. 3.6(e).  

The compensation method of MFM imaging is expressed as 

 )(  90450c
3

1
   (3.7) 

where, Δφ0° is phase shift obtained with the scanning direction of 0°. Δφ45° is phase 

shift obtained with the scanning direction of 45° and Δφ90° is phase shift obtained with 

the scanning direction of 90°. 
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Fig. 3.6 Illustration of the calibration procedures. (a) MFM images obtained from 

three different scanning directions in which the arrows show the scanning directions. 

(b) The images rotated to ensure the magnetic domain structures in the same direction. 

(c) A target feature area selected and matched. (d) The matched features of the three 

images averaged. (e) The compensation result acquired. 

 

3.2.2 Experiments  

MFM used in the work was JPK (NanoWizard®3, Germany), as shown in Fig. 3.7, 

and its repeatability in x/y is 1 nm. The system was operated in a clean-room in which 

the temperature and humidity were precisely controlled. The lift-tapping mode was 

used to image the magnetic structures. The probe used in the experiments was 
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MagneticMulti75-G (BudgetSensors). The resonant frequency of the magnetic probe 

was 75 kHz and the force constant was 3 N/m. Before the experiment, the probe was 

magnetized vertically by an external magnetic field (500 mT) for more than 12 hours.  

 

Fig. 3.7 JPK MFM system. 

A hard disk with a size of 10 mm × 10 mm, a standard MFM sample purchased from 

BRUKER with two-direction magnetic structures, and a magnetic sample with the 

magnetic structures aligned in four directions were used as samples to investigate the 

effect of scanning directions on MFM imaging. The MATLAB software was used to 

process the images. 

 

3.2.3 Results and Discussions 

The phase shift signals were used in imaging the hard disk with scanning directions of 

0°, 45° and 90°, as shown in Fig. 3.8. In the experiment, the lift height was 30 nm. It 

can be seen that the features of MFM images with the scanning direction of 0° is 

undistinguished in Fig. 3.8(a). However, periodic magnetic domain structures are 

clearly recognized with the scanning directions of 45° and 90°, as shown in Fig. 3.8(b, 

c). 
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Fig. 3.8 MFM images of the hard disk. (a) Phase shift image obtained with the 

scanning direction of 0°. (b) Phase shift image obtained with the scanning direction of 

45°. (c) Phase shift image obtained with the scanning direction of 90°. The image size 

is 4.0 μm × 4.0 μm and the resolution is 128×128 pixels. The arrows show the 

scanning directions. 

The profiles extracted from Fig. 3.8 are shown in Fig. 3.9. It can be seen from line I 

that the value of the smallest phase shift obtained by the scanning direction of 0° is 

-0.73°, and the values acquired by the scanning directions of 45° and 90° are -1.86° 

and -2.03°, respectively. It is known from line II that the highest phase shift value of 

the profile with the scanning direction parallel to the magnetic structures is 0.70°. For 

the 45° and 90° scanning directions, the highest values are 1.59° and 1.47°, 

respectively. The peak to peak phase shifts obtained with the scanning direction of 0° 

are the smallest compared with those acquired with the scanning directions of 45° and 

90°. It is concluded that there are distortions for the magnetic domains structures 

paralleled to the scanning direction. 
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Fig. 3.9 Phase shift signals of hard disk. 

Fig. 3.10 shows the MFM images of the standard magnetic sample with three 

scanning directions of 0°, 45° and 90°. The lift height was 80 nm for MFM imaging in 

the experiment. The topography image is shown in Fig. 3.10(a). It can be seen from 

Fig. 3.10(b) that the features of the periodic magnetic domains parallel to the scanning 

direction are hardly distinguished. The periodic magnetic structures are clearly 

recognized for the scanning direction unparalleled to the domain, as shown in Fig. 

3.10(c) and (d). Fig. 3.10(e) shows the compensated result with the proposed method 

and it can be seen that the distortions caused by the 0° scanning are corrected.  

The profiles extracted form Fig. 3.10(b-e) are shown in Fig. 3.11(a). The phase shift 

signals obtained with the scanning direction of 0° (red line) are ranged from -1.42° to 

0.31°. The periodic structure is clearly recognized from the phase shift signals 

obtained with the scanning direction of 45° (green line) and the signals are varied 

between -1.92° and 2.32°. For the signals acquired by the scanning direction of 90° 

(blue line), the magnetic domain structures are clear and they are ranged from -1.92° 

to 2.18°. For the curve extracted from the compensated image (black line), the phase 
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shift signals varied from -1.74° to 1.55°. For the compensated result, the peak to peak 

value is larger than those of the signals obtained with the scanning direction of 0°. 

 

Fig. 3.10 MFM images of the standard magnetic sample obtained with three different 

scanning directions. (a) Topography image. (b) Phase shift image obtained with the 

scanning direction of 0°. (c) Phase shift image obtained with the scanning direction of 

45°. (d) Phase shift image obtained with the scanning direction of 90°. (e) The 

compensation result obtained. The image size is 7.5 μm ×7.5 μm and the resolution is 

128×128 pixels. The arrows show the scanning directions. 

The image contrast distributions of the squared areas in Fig. 3.10(b-e) are shown in 

Fig. 3.11(b). It can be seen that the contrast in Fig. 3.10(b) is 31.88%. For the areas of 

Fig. 3.10(c) and (d), the values are 74.45% and 71.73%, respectively. The features of 

the images with a low contrast are unable to be clearly seen. For the square area in Fig. 

3.10(b), the magnetic domain structures are blurred. After the compensation with the 
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proposed method, the image contrast of the square area in Fig. 3.10(e) is 49.31%. 

 

Fig. 3.11 Profiles of the phase shift signals and image contrast. (a) Phase shift signals 

extracted from the dashed lines in Fig. 3.10(b-e). (b) Image contrasts of the square 

areas in Fig. 3.10(b-e). 

The signals obtained with the scanning directions of 45° and 90° were used to 

compensate the signals acquired with the scanning direction of 0°. Accordingly, the 

compensation method corrected the distortions and improved the image contrasts of 

the images obtained with the scanning direction of 0°. 

Fig. 3.12 shows the MFM images of the magnetic sample with the magnetic structures 

aligned in four directions. The magnetic structures were obtained with the scanning 

directions of 0°, 45° and 90°, and the lift height was 45 nm. The compensation result 

of Fig. 3.12(a-c) is shown in Fig. 3.12(d). The cross-sectional curves of the phase 

shifts extracted from Fig. 3.12 are shown in Fig. 3.13. 
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Fig. 3.12 Phase shift images of the magnetic sample with different scanning directions. 

(a) Obtained with the scanning direction of 0°. (b) Obtained with the scanning 

direction of 45°. (c) Obtained with the scanning direction of 90°. (d) Compensation 

result obtained. The image size is 6.4 μm × 5.0 μm and the resolution is 256×200 

pixels. The arrows show the scanning directions. 

The phase shifts of A-1, B-1, C-1 and D-1 in Fig. 3.12 are shown in Fig. 3.13(a). The 

phase shift obtained with the scanning direction of 0° is ranged from 0.089° to 0.115° 

and the compensated phase shift is varied from 0.086° to 0.123°. The phase shifts of 

A-2, B-2, C-2 and D-2 in Fig. 3.12 are shown in Fig. 3.13(b). The phase shift obtained 

with the scanning direction of 0° is ranged from 0.091° to 0.145° and the compensated 

phase shift is varied from 0.088° to 0.143°. The phase shifts of A-3, B-3, C-3 and D-3 

in Fig. 3.12 are shown in Fig. 3.13(c). The phase shift obtained with the scanning 

direction of 0° is ranged from 0.08° to 0.116° and the compensated phase shift is 

varied from 0.079° to 0.127°. The peak to peak value of the compensated phase shift 

is larger than that obtained with the scanning direction of 0°. 
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It can be seen from Fig. 3.12 that the bottom-right structures in area I, the top-left 

structures in area II and the bottom-left structures in area III have the largest 

distortions compared with the structures in other directions. The structures of each 

direction are clearly imaged after the compensation processed, as shown in Fig. 

3.12(d). 

 

Fig. 3.13 Cross-sectional curves of phase shifts extracted from Fig. 3.12. (a) Extracted 

from the top-left structures. (b) Extracted from the bottom-left structures. (c) 

Extracted from the bottom-right structures. 

Consequently, it has proved that the scanning direction parallel to the magnetic 

structure leads to a distortion of the structure, and its phase shift range is declined. It 

can be concluded that with the MFM imaging compensation method, the distortion 

structures can be corrected and the effect of scanning directions on the MFM imaging 
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is significantly reduced. 

Nenadović et al. [105] changed the lift heights to obtain the best quality of MFM 

images. Lisunova et al [169] used a carbon nanotube to sharpen the probe tip for 

imaging the high resolution magnetic domian. With those methods, the quality of the 

MFM images was improved. However, the distortions caused by the scanning 

directions were unsolved. For the sample with complex magnetic domain directions, 

the magnetic domain structures parallel to the scanning direction were inevitably 

distorted. It is concluded that with the proposed MFM imaging compensation method, 

the distortion can be corrected and the effect of scanning directions on the MFM 

imaging can be significantly reduced. 

 

 

3.3 Effect of Liquid in MFM Imaging 

 

When the probe vibrating in liquid, the oscillation of the cantilever is significantly 

affected by the interaction forces, known as hydration forces, between the water 

molecular and the probe surface, which has a strong influence on the determination of 

the parameters of a tapping magnetic probe. To investigate the performance of 

magnetic probe with different the resonant frequency, Q-factor and spring constant in 

air and liquid environments, MFM images of a hard disk acquired in ambient and 

liquid conditions are compared. The results are important for the use of MFM in 

biological applications. 
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3.3.1 Principles 

It is possible for MFM to measure forces with different detecting techniques [34] and 

there are interaction forces between the tip magnetic dipole moment and the sample. 

Because of its high sensitivity and stability, the common method used for detecting 

the force gradient is to calculate the phase shift of an oscillation cantilever [30]. 

The forces detected by MFM are purely magnetic static forces and they depend on the 

interactions of the magnetic tip and the sample [39]. For the phase shift △φ MFM 

imaging method, the phase signal of every point of the scanned area is recorded. The 

phase shift is proportional to the derivative of the magnetic force between the tip and 

the sample in the Z direction, and it can be expressed as Eq. (2.1) [35, 36]. 

In liquid environments, the forces interacted on the probe are quite complex. However, 

compared to the ambient environment, the van der Waals forces are reduced 

significantly, and the capillary forces are eliminated and electrostatic forces are 

minimized [170-172]. For the working magnetic probe, the magnetic force FM, drive 

force FD, hydrate force FH and noise force FN are coexisted, as shown Fig. 3.14. 

 

Fig. 3.14 Forces of magnetic probe on magnetic sample in liquid. 
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The probe is fixed at one end on the probe holder, and the piezoelectric actuator is 

fixed on the probe holder and adjacent to the probe. A voltage signal is applied to the 

actuator to drive the cantilever oscillation. A uniform beam is used to measure the 

deflection of the probe cantilever. When the probe vibrating in the liquid, the 

oscillation of the cantilever is significantly damped due to the interaction forces 

between the water molecules and the probe surface, which is known as the hydration 

force [173]. In an AFM system, the laser is detected by PSD. The displacement sensor 

noise and thermal displacement are the two major noises consisting of the frequency 

noise [174]. Thus, the magnetic forces between the sample and the probe are 

significantly affected in the liquid. 

 

3.3.2 Experiments and Discussions 

Mica with the size of 15 mm×15 mm×1 mm was used as the nonmagnetic sample and 

a hard disk cut into 10 mm×10 mm were used as the magnetic sample. All the 

measurements were implemented by JPK (NanoWizard®3, Germany) MFM system. 

The magnetic probe (Magnetic Multi 75-G, Budgetsensors) was used for the imaging 

and measurement of the samples in air and liquid environments. The typical resonance 

frequency of the probe was 75 kHz, the spring constant was 3 N/m, the cantilever 

length was 225 μm and the tip height was 17 μm. The liquid used in the experiments 

was ultrapure water and the ambient environment was a standard clean room.  

The adhesive force and parameters of the magnetic probe including the resonance 

frequency, quality factor (Q-factor) and spring constant were obtained on the 

substrates of mica and hard disk in ambient and water environments, and they were 

detected with a height of 30 μm from the hard disk and mica surface. Each group of 



 

62 

the parameters were collected with at least 10 measurements, and the results were 

calculated as Mean±SD values. 

To improve the quality of the MFM images obtained in the liquid environment, the 

parameters of the magnetic probe in air and liquid environments are analyzed. The 

MFM images of a hard disk obtained in both ambient and liquid environments are 

compared.   

The resonance frequency of the magnetic probe in ambient and water environments is 

shown in Fig. 3.15. The resonance frequency of the probe working in the ambient 

environment is 74.21 kHz and its amplitude is 1.52 V with the drive amplitude of 0.17 

V, as shown in Fig. 3.15(a). With the same drive amplitude, the resonance frequency 

of the probe tapping in the water is 28.61 kHz and its amplitude is 0.08 V, as shown in 

Fig. 3.15(b). It is known that the amplitude is too low to scan the magnetic samples 

and acquire their magnetic features. The drive amplitude is increased to 1.90 V to 

improve the amplitude of the probe oscillating in the water, as shown in Fig. 3.15(c). 

Then the amplitude is raised to 1.50 V with the resonance frequency of 27.2 kHz. It 

can be seen that the resonance frequency and its amplitude are affected significantly 

by the liquid. The amplitude can be improved by the increase of the drive amplitude. 
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Fig. 3.15 Resonance frequency of the magnetic probe obtained in the ambient and 

water environments. (a) is obtained with a drive amplitude of 0.17 V in the ambient 

environment. (b) is obtained with a drive amplitude of 0.17 V in the water and (c) is 

obtained with a drive amplitude of 1.90 V in the water. 

The resonant frequency of the magnetic probe in ambient and water environments is 

collected on the mica and hard disk substrate surfaces, as shown in Fig. 3.16. The 

resonant frequency values on the mica surface and hard disk surface are similar in the 

ambient environment, and the values are 72.02±0.01 kHz and 72.14±0.01 kHz, 

respectively. In the water, the resonant frequencies are 28.76±0.39 kHz and 

28.72±0.18 kHz, respectively. It can be concluded that there are insignificant effects 

of substrate on the resonant frequency due to the hydration force of the water, and the 

resonant frequency are reduced significantly in the water. 
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Fig. 3.16 Resonance frequency of the magnetic probe obtained in ambient and water 

environments. 

The Q-factor of the magnetic probe in ambient and water environments are shown in 

Fig. 3.17(a). In the ambient environment, for the mica sample the Q-factor is 

192.48±22.97 and for the disk sample the Q-factor is 165.07±12.24. In the water, the 

Q-factor on the mica surface is 3.66±0.13 and on the hard disk surface is 3.68±0.16. It 

can be seen that the substrates have little effect on the Q-factor in the ambient 

environment but unaffected on it in the water environment. Because of the resistance 

of the water, the oscillation of the probe is significantly damped and the quality factor 

Q is reduced dramatically. Thus, the Q-factor in the air is larger than that in the liquid 

environment. 

The spring constants of the magnetic probe obtained in various environments are 

shown in Fig. 3.17(b). In the ambient environment, the spring constant is 3.40±0.22 

N/m for the mica substrate and it is 3.11±0.25 N/m for the hard disk substrate. It can 

be seen that the magnetic field has little effect on the spring constant of the magnetic 

probe in the air. In the water, the spring constant on the mica surface is the same as 

that on the hard disk, and the substrate has no effect on the spring constant.  
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Fig. 3.17 Q-factor and spring constant of the magnetic probe obtained in the ambient 

and water environments. 

From Fig. 3.17 it can be seen that the reduction of the Q from the air to water is larger 

than the decrease of k from the air to water. Thus, (Q/k)air>(Q/k)water. For the same F’, 

△φair>△φwater, and the quality of MFM images is affected by liquid. 

In Fig. 3.18, force-displacement curves of the four groups are compared. It can be 

seen that the maximum adhesive forces (the lowest position of the curve) of the probe 

retracted from the disk and mica surfaces are significantly different in the ambient 

environment. It is because that there is a magnetic force (attractive/repulsive force) 

between the probe and the disk. However, due to the resistance of the liquid there are 

little differences between the disk and mica in the water environment. The retraction 

speed is 2.0 μm/s. 
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Fig. 3.18 Force-displacement curves of the magnetic probe in water and ambient 

environments. 

The phase shift signals are used for the imaging of hard disk obtained in air and water 

environments, as shown in Fig. 3.19. Fig. 3.19(a) is obtained with the lift height of 50 

nm and with the scan rate of 1.00 Hz, and the drive amplitude is 2.537 V in the air. It 

can be seen that the magnetic domain structures are clearly recognized in the air. Fig. 

3.19 (b) is acquired with the lift height of 20 nm and the scan rate of 0.5 kHz, and the 

drive amplitude of 3.387 V in the water. The magnetic domain structures cannot be 

found. Fig. 3.19 (c) is observed with the lift height of 20 nm and with the scan rate of 

0.5 kHz, and the drive amplitude is increased to 4.511 V in the water. It can be seen 

that the magnetic domains can be observed with the increase of the drive amplitude in 

the liquid environment. 
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Fig. 3.19 MFM images of a hard disk obtained in the air and water. (a) MFM image of 

the hard disk obtained in the air with the drive amplitude of 2.537 V. (b) MFM image 

of the hard disk obtained in the water with the drive amplitude of 3.387 V. (c) MFM 

image of the hard disk obtained in the water with the drive amplitude of 4.511 V. The 

image size is 128×128 pixels. 

The lift height significantly influences the MFM imaging in the liquid, as shown in 

Fig. 3.20. In the experiments, the scan rate is 0.60 Hz and the drive amplitude is 4.782 

V. Fig. 3.20(a) is the topography image of the hard disk. Fig. 3.20(b) is obtained with 

the lift height of 10 nm. The topography significantly affects the MFM imaging, and 

the topography characters are clearly as shown in the figure with arrow. Fig. 3.20(c) is 

acquired by the increase of the lift height to 20 nm and the effect of the topography is 

reduced with the magnetic features enhanced. Fig. 3.20(d) is obtained with the lift 

height of 50 nm and there is little effect on the topography but the magnetic features 

are weakened. It can be concluded that the lift heights affect the topography and 

significantly influence the quality of MFM images. 
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Fig. 3.20 MFM images of the hard disk acquired with different lift heights in the 

water. (a) Topography of the hard disk. (b) MFM image with the lift height of 10 nm. 

(c) MFM image with the lift height of 20 nm. (d) MFM image with the lift height of 

50 nm. The arrows show the topography characters. The image size is 256×256 pixels. 

 

 

3.4 Summary  

 

This chapter focuses on the quality improvement of MFM imaging. First, differential 

MFM imaging has been explored using the proposed two-pass scanning procedure 

which is able to extract differential magnetic forces and to eliminate or even 

significantly reduce background forces with the reversed tip magnetization. The 

theoretical and experimental results have shown that the image contrast and SNR can 

be significantly improved in the MFM imaging.  
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Secondly, the effect of scanning directions on the magnetic imaging was investigated 

and a compensation method was proposed. It can be concluded from the experimental 

results that the probe scanning direction parallel to the magnetic domain structure can 

cause a distortion of the scanned structure with a minimum phase shift difference. The 

compensation method was developed to improve the accuracy of magnetic domain 

structures. With the proposed compensation method, the distortion structures were 

corrected and the effect of scanning directions on the MFM imaging was significantly 

reduced. This work provides a way for the acquisition of the correct images of 

magnetic structures using an MFM and the improvement of imaging quality in a wide 

range of MFM applications. 

Finally, the effect of liquid on the parameters of the magnetic probe was investigated. 

It is found that the resonant frequency, amplitude, Q-factor, spring constant and the 

adhesive force were reduced significantly in the liquid, and the MFM images were 

often with unclear magnetic features. To improve the quality of the magnetic images, 

the drive amplitude and the lift height should be adjusted. The results have shown that 

the magnetic features can be recognized with the increase of the drive amplitude and 

the appropriate lift height.   
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CHAPTER 4   

SYNTHESIS OF MNPS AND MANIPULATION OF MNPS 

BY MAGNETIC PROBE 

 

 

Due to their unique features such as the high reactivity, larger surface area and 

biocompatibility [175], magnetic nanoparticles (MNPs) are widely used for targeting 

specific diseases, drug delivering, MRI [176], electronic device measurement [177] 

and sewage disposal management [178]. In biomedicine applications, various methods 

have been studied to synthesise MNPs that can be used to treat cells [53, 54]. To 

implant the MNPs into cancer cells for them to be treated, the methods for picking up 

MNPs and releasing them down using MFM have been investigated. 

Most existing MNPs synthesis methods have limitations in operating normal 

laboratory settings as they require high temperature and high pressure. The cost to 

meet such required conditions is high. Chemical co-precipitation method is a 

relatively simple method under a common laboratory condition and it was used to 

obtain Fe3O4 MNPs [111]. In this research, this method is adopted to synthesise Fe3O4 

MNPs with the moderation on stoichiometric ratio of Fe
2+

/Fe
3+

 to obtain efficient 

chemical reactions. 

A group of methods for pushing or sliding a target object along a planned straight line 

path is commonly used in manipulation of nanoparticles [118]. As the target object is 

manipulated laterally, it is hard for MFM probe pick up the particles with those 
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methods. The flexibility of the manipulations in many applications is also limited due 

to the planned path being a straight line. In this research, a helical curve is designed as 

the capture path for MFM probe to follow, enabling a flexible picking up of MNPs. 

Many methods have been used to release the adhered objects from magnetic probe 

[179, 180]. However, these methods could cause damage to the probes. They are also 

not suitable for releasing MNPs from the magnetic probe. In this research, a method 

of using a biaxiably-oriented polypropylene (BOPP) film together with an external 

magnetic field is developed for releasing MNPs from MFM probe tips.   

 

 

4.1 Synthesis of Fe3O4 

 

The chemical co-precipitation method together with the dispersant of polyethylene 

glycol 2000 (PEG-2000) were used to synthesise MNPs with well dispersed Fe3O4. It 

was found that poor MNPs were obtained with the stoichiometric ratio of Fe
2+

/Fe
3+

 

1:2 and the ratio was changed to 2:3 for improving the yield of the reactants. The 

X-ray diffractometer (XRD), scanning electron microscope (SEM) and MFM were 

used to characterize the MNPs. SEM images were acquired with and without the use 

of PEG-2000 to compare the effect of the polymer on the dispersion of MNPs.  

 

4.1.1 Materials and Methods 

Chemical co-precipitation for Fe3O4 formation can be expressed as [111] 

 
OHOFeOHFeFe 482 43

32  
 (4.1) 
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To synthesise Fe3O4 MNPs, several chemicals and instruments were used, as shown in 

Table 4.1. 

Table 4.1 Chemicals and instruments used in Fe3O4 MNPs synthesis. 

 Chemical Instrument 

1 FeCl2·4H2O Beaker 

2 FeCl3·6H2O Conical Flask 

3 HCl Magnetic Stirrer (HJ-3) 

4 NH3·H2O 
High-speed Centrifugation 

(5430R, Eppendorf) 

5 PEG-2000 Diffractometer (TongDa TD-3000) 

6 N2 SEM (FEI QUANT-250 FEG) 

7 C2H6O MFM (CSPM-5500, BENYUAN) 

 

NH3·H2O (0.5 mol/L) was used as the precipitant and PEG-2000 was used for 

dispersing the particles. High purity N2 was used to protect the process in the 

experiment. Magnetic stirrer (HJ-3) was used for the synthesis and the high-speed 

centrifugation (5430R, Eppendorf) was used to separate the MNPs. 

Properties of Fe3O4 MNPs synthesised by chemical co-precipitation together with 

PEG-2000 were analysed by a diffractometer using Cu-Kɑ (λ=0.154 nm). The sizes 

and structures of the particles were examined by SEM at the 5 kV accelerated voltage, 

from which the samples were prepared by dispersing the particles in absolute ethyl 

alcohol and then depositing the MNPs on a clean silicon wafer surface and 

subsequently dried in the air at room temperature. MFM system was used to analyze 
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the nanoscale magnetic properties of the Fe3O4 MNPs at a lift height of 15 nm. The 

employed magnetic probe was the BudgetSensors‟ Multi75M-G, and the resonant 

frequency was 75 kHz. The MFM images of Fe3O4 MNPs were acquired under the 

conditions of the clean room environment with controlled room temperature, and the 

tapping-lift mode was used for imaging. 

No further purification was applied to chemicals used in the experiment. The Fe3O4 

MNPs were fabricated by chemical co-precipitation in liquid and several steps were 

performed:  

1) 0.0795 g FeCl2·4H2O was diluted with ultrapure water to 50 mL.  

2) A few drops of concentrated hydrochloric acid were added into 0.1621 g 

FeCl3·6H2O to prevent the hydrolysis of Fe
3+

, and then ultrapure water was added 

to 50 mL. 

3) The two solutions were mixed together in a conical flask after the dissociation of 

them with ultrasonic oscillation completely.  

4) 1 g PEG-2000 was then added as dispersant and mixed with the solution again by 

ultrasonic oscillation.  

5) The solution was continuously stirred for 10 minutes, and then NH3·H2O was 

gradually added into the solution as precipitant until the colour of the mixture was 

changed from yellow to black. 

6) 45 minutes later, the synthesis was completed.  
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The constant temperature magnetic stirrer was set to work at the temperature of 70°C 

ensure the required synthesis temperature. The whole synthesis process was protected 

with N2. After the reaction, the solution was naturally cooled down to the room 

temperature, and the MNPs were separated using a power permanent magnet. Large 

particles and unreacted materials were then removed with the centrifugation (1000 

rpm/min, 5 min), and the MNPs were washed with absolute ethyl alcohol (C2H6O) 

until the washing liquid became neutral. The resultant MNPs were dispersed in 

absolute ethyl alcohol. 

 

4.1.2 Results and Discussions 

It was found in the experiments that the Fe3O4 synthesis results with the 

stoichiometric ratio of Fe
2+

/Fe
3+

 of 1:2 is poor, as given in Fig. 4.1 (a-c). After 12 

hours standing, the solution is still in muddy, shown in Fig. 4.1(a). Although with the 

applied magnetic fields, the particles were concentrated to the magnet, depicted in Fig. 

4.1(b), which indicates that the obtained particles were with magnetic characters, the 

particles size of the obtained nanoparticles were unregularly and they were 

aggregative together as shown in Fig. 4.1(c). 

Fe3O4 MNPs synthesised with the stoichiometric ratio of Fe
2+

/Fe
3+

 of 2:3 and its XRD 

pattern are shown in Fig. 4.1(d-f). Fig. 4.1(d) is the resultant solution after standing 

for 1h and it has clearly been separated. Fig. 4.1(e) is the resultant solution in a 

magnetic field. It can be observed that when the reaction solution is placed adjacent to 

a permanent magnet, it becomes limpid in a few seconds. This indicates that the 

obtained MNPs have good magnetism. Fig. 4.1(f) shows the XRD pattern of Fe3O4 

MNPs synthesized by the chemical co-precipitation method and it clearly shows the 
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XRD signals. It is worth to point out that, when comparing with the obtained results, 

all the diffraction peaks were assigned to the pure Fe3O4 structure and the broadening 

of reflection peaks is obvious, which includes the formation of ultrafine particles.  

 

Fig. 4.1 Fe3O4 MNPs after reaction. (a) is the solution after standing for 12 hours and 

(b) is the solution in a magnetic field, and (c) is the SEM results of the obtained 

nanoparticles (Fe
2+

/Fe
3+

 is 1:2). (d) is the solution after standing for 1 hour and (e) the 

solution in a magnetic field, and (f) is the XRD pattern of Fe3O4 MNPs (Fe
2+

/Fe
3+

 is 

2:3). 

It can be conclude from Fig. 4.1 that the precipitation reactions of the Fe
2+

 and Fe
3+

 

solutions using aqueous ammonia usually produce a mixture of magnetite and 

maghemite. Compared with the Fe
2+

/Fe
3+

 ratio of 1:2, the ratio of 2:3 produces much 

better results in the sense of efficiency, regular MNP size and separate individual 

MNPs. Although the differentiation between them is not possible from the X-ray data 

in Fig. 4.1(f), magnetite presence is evident due to the black colour of the result 

products.  
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To analyse the dispersion and nanostructure of the obtained Fe3O4 MNPs with the use 

of PEG-2000, SEM was applied to detect their size and dispersion, as shown in Fig. 

4.2. It can be seen that the Fe3O4 MNPs are of quasi-spherical shaped and are well 

dispersed. The average diameter of the particles is 100 nm. Some large Fe3O4 MNPs 

are also observed and this suggests that part of Fe3O4 MNPs could be agglomerated 

during the reaction process.  

For comparison, the SEM image of the agglomerated Fe3O4 MNPs synthesized 

without the use of PEG-2000 is shown in Fig. 4.3. All reactions have rendered the 

black colour of the particles and there is no visually difference between the particles 

fabricated with and without the use of dispersants. According to the formation 

principle of Fe3O4 MNPs, PEG-2000 is significant in the process. It is clear that the 

Fe3O4 particles obtained without the use of PEG-2000 aggregate with each other and 

the polymer affects the crystallinity of the precipitation reaction products.  

 

Fig. 4.2 SEM image of Fe3O4 MNPs obtained with PEG-2000. 
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Fig. 4.3 SEM image of Fe3O4 MNPs without the use of PEG-2000. 

To estimate the actual magnetic information of Fe3O4 MNPs, their magnetic 

characteristics were analyzed by MFM, as shown in Fig. 4.4. It shows the MFM 

images of Fe3O4 MNPs and they present the paramagnetic behaviours of the Fe3O4 

particles. In the MFM images, magnetic signals from the MNPs are obvious. 

Although the magnetic anisotropy barrier is low and the magnetization of particles can 

be changed easily by the external magnetic fields, the particles have their stable 

magnetic domains. Fig. 4.5 shows the cross-sectional curves extracted from Fig. 

4.4(a). It can be seen that the diameter of the MNPs was about 100 nm. 

 

Fig. 4.4 MFM images of Fe3O4 MNPs. (a) is the topography image and (b) is its 

corresponding magnetic force image. 
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Fig. 4.5 Cross-sectional curves extracted from Fig. 4.4(a). 

 

 

4.2 Helical Curve Path for MNPs Lifting up 

 

4.2.1 Theory 

The diameter of particle size being less than 100 nm, leads to the particle 

superparamagnetic or paramagnetic character [181]. The significant feature of 

superparamagnetic particles is that they will only be magnetized by an applied 

magnetic field, consequently presenting a single magnetic domain with a moment of 

the magnetic direction being impacted by the applied magnetic field [182, 183]. The 

MNPs magnetized by a magnetic probe are shown in Fig. 4.6. Additionally, the single 

magnetic domain direction of MNPs is presented. 



 

79 

 

Fig. 4.6 Magnetic domain directions of MNPs magnetized by magnetic probe. 

A helical curve was designed as the capture path and it was followed by the magnetic 

tip for manipulating the MNPs, as shown in Fig. 4.7(a). The lift-tapping mode was 

first used for scanning the distributions of MNPs on the mica surface and a 

nanoparticle was selected as the target to be picked up. It was then switched to the 

manipulation mode drawn a helical curve, and moved the tip along the designed 

helical path with a specified speed and pushing force to approach the target 

nanoparticle, as presented in Fig. 4.7(b). The force for the scanning was smaller than 

that for operating the nanoparticle. Finally, the tip was retracted from the mica surface 

and the nanoparticle was picked up, as shown in Fig. 4.7(c).  

 

Fig. 4.7 Mechanical manipulation of MNPs. (a) A helical curve was designed as the 

capture path. (b) The probe followed the capture path to approach the target MNP. (c) 

The target MNP was picked up by magnetic tip and removed from the mica surface.  
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The interaction forces between the magnetic probe and the MNP in the approaching 

process are presented in Fig. 4.8. Fig. 4.8(a) shows the forces acting on the MNP 

during the process of tip approaching to the target nanoparticle on the mica surface in 

the x/y plane. Fm is the magnetic force to attract the nanoparticle attached to the tip 

surface. Fr is the resistance force against the particle to move, whereas it constitutes 

with the van der Waals‟, capillary, electrostatic and friction forces between the 

particle and the substrate surface. In the approaching process, there should be a 

maximum value for Fr. When Fm is not large enough, the nanoparticle does not move 

on the surface, namely at the equilibrium state, thus Fm=Fr. Apparently, the magnetic 

force direction always changes when the tip move along the capture path and the 

value of Fm increases with the decrease of the distance between the probe and the 

particle. The Fm acting onto the particle is presented in Fig. 4.8(b). 

 

Fig. 4.8 Forces acting on the MNP on the substrate surface in the process of tip 

approaching. (a) Forces acting on the particle when the magnetic tip approaching to 

the particle. (b) Magnetic force alteration when the magnetic tip approaching to the 

particle. (c) Forces acting on the MNP when the magnetic tip contacts the particle.  

As shown in Fig. 4.8(c), the magnetic force Fm will reach its maximum value with the 

direction towards the tip when the magnetic tip contacts the target particle. The 

tangential force Fv is parallel to the tangential direction of the tip and the particle 
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contact surface. The push force Fp is opposite to the direction of Fm, and Fp is proven 

to be controllable and set by the MFM system. Fr is opposite to the tangential 

direction of the moving path against the particle moving on the surface. The directions 

of Fm, Fv, Fp and Fr are always changed during the movements of the tip following the 

designed helical path. Due to the existence of Fv and Fp, when the tip moves along the 

capture path and pushes the particle, the particle will be slid on the substrate and then 

Fr will be decreased to the minimum [118, 184, 185]. 

The tip will retract from the mica surface when the MNP is attached on the tip surface, 

as shown in Fig. 4.7(c). The force model of the magnetic tip picking up the MNP 

vertically is presented in Fig. 4.9 [40, 116, 117]. 

 

Fig. 4.9 Force model of magnetic tip picking up the MNP vertically. (a) Forces during 

the pick-up of the particle by the tip. (b) Angle between the tip and the particle.  

In Fig. 4.9(a), the forces are expressed as [186] 

 pttetctvpt fFFFF    (4.2) 

 psgsescsvps fFFFFF    (4.3) 

where, Ft-p and Fs-p are the tip-particle and surface-particle forces, respectively, 
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including the van der Waals‟ force Ftv and Fsv [187], capillary force Ftc and Fsc [188, 

189], electrostatic force Fte and Fse [46]. ft-p is the friction force between the tip 

surface and the particle, fs-p is the adhesive force between the substrate surface and the 

particle [117, 190], and Fg is the gravity of the particle.  

Fm is the magnetic force between the probe and the particle [41], it is expressed as Eq. 

(2.5). Ftot is the total interaction force of Ft-p and Fm in the vertical direction. It can be 

expressed as 

  cosFcosFF mpt  tot  (4.4) 

Because the tip radius R is smaller than 60 nm and the radius of nanoparticle r is 

smaller than 50 nm, the value of cosα is close to 1. The tip height is 17 μm and 

significantly larger than the particle size. The angle β is very small and it can be 

assumed to be 0. Thus, Eq. (4.4) can be calculated by 

 mpt FFF  tot  (4.5) 

The vertical direction force of the particle is: 

 pstotzp FFF   (4.6) 

Since the van der Waals‟, capillary, electrostatic forces and friction exist 

simultaneously at the tip and the mica surface, it can be assumed that Ftv =Fsv, Ftc=Fsc, 

Fte=Fse and ft-p=fs-p. Combining Eqs. (4.2), (4.3) and (4.5), Eq. (4.6) can be rewritten 

as 

 gmzp FFF   (4.7) 
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Due to the small particle gravity of the particles used ranging from 10 nm to 100 nm 

in diameter [191], and the superparamagnetic character of nanoparticles, Fm will be 

large enough if the particle is attached on the tip surface and the following relation is 

observed: Fm>>Fg. Thus, the particle can be separated from the mica surface and 

picked up by the magnetic tip. 

 

4.2.2 Experiment Setting 

The co-precipitation method was used to synthesize Fe3O4 MNPs [192]. Then the 

MNPs were functioned by acetate for the dispersion. 2.5 μg/mL of MNPs were 

dispersed by ultrasounds for 30 minutes below 30°C. 2.5 μL of the solution was 

deposited on the surface of mica and dried at room temperature in the air. The 

diameters of MNPs were in the range of 10 nm to 100 nm. 

A JPK (NanoWizard®3, Germany) MFM system was used for the imaging and 

manipulation of MNPs carried out in the air condition. The MFM used in the 

experiment was equipped with a closed loop scanner. The typical spring constant of 

the utilized magnetic probe was 3 N/m and the resonant frequency was 75 kHz 

(MagneticMulti75-G, BudgetSensors). The tip was magnetized by an external magnet 

field in the vertical direction. 

A manipulation mode (contact) was used for drawing the capture path on the substrate 

surface and picking up the target magnetic nanoparticle. To successful pick up the 

target nanoparticle, the helical curve was drawn from the outer to inside and the 

ending position was located on the target nanoparticle, and the curve with at least 3 

turns. 
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4.2.3 Results and Discussions 

In the experiment, the MNPs with a diameter of 30 nm were manipulated by the 

proposed method. The results were presented in Fig. 4.10. The target particle was 

selected and labelled by a circle, as shown in Fig. 4.10(a), whereas the corresponding 

magnetic domain distribution was presented in Fig. 4.10(b). The capture path used for 

the target particle manipulation was drawn as a green helical curve, as presented in 

Fig. 4.10(c). The magnetic tip followed the designed helical path approaching to the 

target particle and finally the particle was attached onto the tip surface. The particle 

was removed from the mica surface after the tip retracted, as presented in Fig. 4.10(d) 

and the corresponding magnetic domain of the particle did not exist, as shown in Fig. 

4.10(e). The lift height was 7 nm for MFM imaging. The speed for the capture of the 

particle was 0.3 μm/s and the applied force was 45 nN. 

 

Fig. 4.10 Images of MNPs previous to and following the manipulation by MFM. (a) 

The topography image of MNPs before the pick-up. (b) The corresponding MFM 

image of (a). (c) The helical curve designed as the capture path for the particle pick-up. 

(d) The topography image of the target particle after the pick-up. (e) The 

corresponding MFM image of (d).  
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For the evaluation of the method in terms of flexibility and control capability, a series 

of manipulations were successively carried out for three targeted MNPs. The results 

were presented in Fig. 4.11. It can be clearly observed that particle P1 with a diameter 

of 25 nm, particle P2 with a diameter of 15 nm and particle P3 with a diameter of 40 

nm were successively picked up. In the experiment, the lift height was 7 nm for MFM 

imaging. The capture speed of particles was 0.3 μm/s and the push force was 60 nN. 

The arrows were corresponding to the target particles. 

 

Fig. 4.11 Successive manipulations of three MNPs. (a) Topography image of MNPs 

previous to the pick-up, particles P1, P2 and P3 displayed with arrows. (b) The result 

following the pick-up of particle P1. (c) The removal result of particle P2. (d) The 

following pick-up result of particle P3.  

Xu et al. [193] used a hybrid-conductive AFM probe to manipulate Au nanoparticles. 

Mirowski et al. [194] provided the magnetic field gradient by magnetic probe to sort 

out magnetic particles on an microfluidic platform with an array of magnetic trap 

elements and the particle size was 1 μm in diameter. Currently, the common methods 

used for the manipulation of single nanoscale objects by AFM are pushing, rolling, 
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cutting, drilling and dissecting [113-115]. Also, the main methods are pushing and 

sliding of the particle along a linear path. With the methods, the target particle can be 

moved from one position to another position on the surface [115-117]. For the 

particles with disordered and complicated distributions, it is hard to design a simple 

straight line path for the tip to push a selected particle to the target location. In 

practice, the linear path should be precisely determined for each operation, and it is 

difficult to be successfully performed. Due to the limitation of the tip radius, 

reliability and repeatability of the AFM system, flexible manipulation of particles with 

a size below 100 nm is still a challenge [117].  

Because the interaction forces between the substrate surface and the particle are 

difficult to overcome in the vertical direction, it is hard to separate the particle away 

from the surface and pick up it by the method of simple tip approaching and 

retracting.  

For the proposed helical path method, the pushing force and tangential force in the 

horizontal direction make the particle moving on the surface when the tip contacts the 

particle. Due to the role of tangential force, the particle will be rotated under the 

moment and the contact area between the particle and the surface will be decreased. 

Accordingly, the forces between the particle and the substrate surface are reduced.  

In the experiments, MNPs were successfully picked up and removed with the 

proposed method. The success rate of pick up the MNPs by the proposed method 

was >90 % for the MNPs with the diameters of 10~90 nm, and the success rate was 

~50 % for the MNPs with the diameters of 100~200 nm. 
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4.3 External Magnetic Field Aided MNPs Releasing 

 

4.3.1 Application of External Magnetic Field 

The probe cleaning process is shown in Fig. 4.12. With this method, the MNPs can be 

releasing from MFM probe tips. The BOPP film with a square size of 10 mm×10 mm, 

which was pasted on the magnet and put on the sample stage, was used as a sample. 

Before pushing the tip into the BOPP film by manipulating the MFM, the contact 

mode was used for imaging the BOPP film and a relatively flat area was selected as 

the target area. In the cleaning process, the probe was placed above the target area, as 

shown in Fig. 4.12(a). The system parameters were adjusted to provide a loading force 

on the probe to push the tip into the BOPP film with a depth of 50-100 nm and hold 

for 5 seconds, as shown in Fig. 4.12(b), and then the probe was lifted from the BOPP 

film, as shown in Fig. 4.12(c). The procedure was repeated five times. 

 

Fig. 4.12. Illustration of a probe cleaning process. 1 is the sample stage, 2 is the 

permanent magnet, 3 is the BOPP film, 4 is the probe tip, and 5 is the magnetic 

particle (contaminant). 

The Young‟s modulus of the BOPP film was 2.2 GPa, far less than that of the silicon 

probe ranged from 132 GPa to 190 GPa [195]. Because of the good stretch property 

and the Young‟s modulus of the BOPP film, it was suitable for the cleaning of 

contaminated probes and no damage was caused to the probes.  
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There are mainly four types of adhesive forces between the MFM probe and the 

magnetic contaminants including the magnetic force, van der Waals force, 

electrostatic force and capillary force. The mechanisms and characteristics of the 

forces are different, and the separation force should be larger than those adhesive 

forces to remove the contaminants from the magnetic probe.  

Fig. 4.13 shows the mechanical model of cleaning magnetic particles. In Fig. 4.13, A 

is a BOPP film, B is a permanent magnet, F1 is the resultant force between the 

magnetic particle and the probe, F2 is the resultant force of the magnetic particle in the 

vertical downward direction during cleaning, Z is the vertical axis, β is the angle 

between F1 and the Z axis, ɑ1 and ɑ2 are the angles viewed from the probe side with 

the centre line on the both sides, and ɑ2 > ɑ1. The angle ɑ1 was 10 degrees and ɑ2 was 

30 degrees in the experiments. 

 

Fig. 4.13 Mechanical model of cleaning magnetic particles. 

The force between the magnetic particle and the probe can be written as 

 cevanmg FFFFF 1  (4.8) 

where, Fmg is the magnetic force, Fvan is the van der Waals force, Fe is the electrostatic 

force and Fc is the capillary force.  
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The component of F1 in the Z axis can be computed by 

 )cos(FcosFFZ 211 90    (4.9) 

The sum of adhesive forces in the Z direction can be expressed as 

 aFMGF 2  (4.10) 

where, G is the gravity of the magnetic particle, M is the magnetic force from the 

magnet, and Fa is the adhesive force between the magnetic particle and the BOPP film. 

The magnetic contaminants can be adhered to the BOPP film if F2 > Fz, so that the 

component M in F2 needs to be large enough. A high retentivity permanent magnet 

was used in the experiments. The experiments are described in the following sections. 

 

4.3.2 Experiments 

A common BOPP film with the thickness of 25 µm was used in the experiments. The 

density of the BOPP film was 0.91 g/cm
3
, and the tensile strength in the machine 

direction was ≥125 MPa and that in the transverse direction was ≥ 220 MPa. The 

Young‟s modulus in the machine direction was 2.2 GPa [196]. A permanent magnet 

(NdFeB N52) with the retentivity of 12200 Gauss, diameter of 10 mm and thickness 

of 2 mm was used together with the BOPP film in the experiments. Fe3O4 magnetic 

particles with the diameter range from 50 nm to 100 nm were used as magnetic 

contaminants.  

An MFM (JPK Nona Wizard) was used for the manipulation and measurement of the 

magnetic samples. The magnetic probe Magnetic Multi75-G (Budget Sensors) was 

used in the experiments. The resonant frequency of the magnetic probe was 75 kHz 
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and the spring constant was 3 N/m. The FEI QUANT-250 FEG SEM was used for 

observing the probe with an everhart-thornley detector in a high vacuum environment. 

 

4.3.3 Results and Discussions 

The separation force and the adhesive force between the contaminated probe and the 

BOPP film and the magnet have been studied, and the force-displacement curves of 

the contaminated probe pushing into the BOPP film are shown in Fig. 4.14. It can be 

seen from each of the curves that there is a jump of the cantilever in the process of 

retraction. It indicates that an attractive force was presented when the tip was 

separating from the surface of the BOPP film. For curve A, the loading force was 35 

nN and the separation force was 280.3 nN. The loading forces of curves B and C were 

60 nN and 90 nN, and their corresponding separation forces were 298.1 nN and 314.9 

nN. When the tip was separated from the surface of the BOPP film there was a pulling 

force generated by the BOPP film, as marked by a black square in Fig. 4.14. 

 

Fig. 4.14 Force-displacement curves of the contaminated probe pushing into the 

BOPP film. 
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In the cleaning process, the magnetic particles and the probe were both affected by the 

permanent magnet. To study the adhesive force between the magnetic particles and 

the BOPP film, the relationships between the loading forces and the separating forces 

from the uncontaminated magnetic probe and the contaminated magnetic probe were 

obtained, as shown in Fig. 4.15.  

 

Fig. 4.15 Relationships between the loading forces and the separating forces of the 

uncontaminated magnetic probe and the contaminated magnetic probe. 

In the experiments, different setpoint voltages were set to change the loading force of 

the cantilever. It can be seen that the separating forces are slowly increased with the 

increase of the loading force for the uncontaminated probe. Because of the good 

stretch property and the Young‟s modulus of BOPP film, the separating force from the 

BOPP film is larger than that from the magnet surface, and the separating force from 

the BOPP film together with the magnet is larger than that from the BOPP film itself 

due to the effect of the external magnetic force field. For a contaminated probe, 

separating forces are rapidly decreased with the loading force increased from 0 nN to 

50 nN which indicates that the magnetic particles are removed from the magnetic 
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probe, and the separating forces are changed slowly with the increase of the loading 

force from 50 nN to 300 nN. It can be observed that the separating forces obtained 

from the BOPP film together with the magnet are all rapidly decreased, which 

demonstrates that the adhesive force between the magnetic contaminant and the BOPP 

film together with the external magnetic field is greater than the magnetic force 

between the magnetic contaminant and the probe. 

The cleaning results of a magnetically-contaminated MFM probe were observed by 

SEM, as shown in Fig. 4.16. Fig. 4.16(a) and (b) show the results before and after 

cleaning once, respectively. It can be seen that part of the magnetic contaminants 

marked by the circle was removed. Fig. 4.16(c) is the probe image before the cleaning 

and Fig. 4.16(d) shows the result after cleaning three times. It is clear that the 

magnetically-contaminated MFM probe can be cleaned by the method of using the 

BOPP film together with the external magnet field. In 40 experiments, the success rate 

was ~50% for cleaning once, and the success rate was ~85% after cleaning 6-8 times 

for the magnetically-contaminated MFM probes. 
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Fig. 4.16 SEM images of the magnetically-contaminated MFM probes before and 

after cleaning. (a) is the image of the probe before cleaning and (b) is its 

corresponding result after cleaning once. (c) is the image of the probe before cleaning 

and (d) is its corresponding image after cleaning three times. 

To examine the imaging capability after the cleaning of the 

magnetically-contaminated MFM probe, the morphological images of magnetic 

particles and their corresponding magnetic images were obtained, as shown in Fig. 

4.17. It can be seen from the figure that there are drag lines in the morphological and 

MFM images caused by the contaminated MFM probe, as shown in Fig. 4.17(a) and 

4.17(b). The magnetic particles in the morphological image and the magnetic features 

of the MFM image are clearly recognized by the probe after the cleaning, as shown in 

Fig. 4.17(c) and 4.17(d).  
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Fig. 4.17 MFM images of magnetic nanoparticles. (a) and (b) are the morphological 

and magnetic images obtained by a contaminated MFM probe; (c) and (d) are the 

morphological and magnetic images obtained by the MFM probe after cleaning. 

It is clear that the quality of the morphological and magnetic images obtained with the 

cleaned MFM probe is significantly improved. The experiment results indicate that 

the BOPP film together with an external magnetic field is effective for cleaning the 

magnetically-contaminated MFM probe. 

 

 

4.4 Summary 

 

This chapter firstly represents the research in the using of chemical co-precipitation 
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method for the synthesis of Fe3O4 MNPs. PEG-2000 was used as the dispersant to 

prevent the particles from agglomeration. XRD, SEM, AFM and MFM were used to 

characterize the properties of Fe3O4 MNPs. The experiment results have shown that 

the Fe3O4 MNPs with the average diameter of 100 nm were successfully obtained by 

changed the stoichiometric ratio of Fe
2+

/Fe
3+

 from 1:2 to 2:3 and the chemical reaction 

were efficient, and the fabricated Fe3O4 MNPs were paramagnetic and easily 

separated from the solution by external magnetic field. 

Secondly, this chapter presents a helical curve as the capture path for MNPs lifting up. 

Due to the interactions of tangential, pushing and magnetic forces caused by magnetic 

probe movements, the resistance force was reduced and the particle attached on the 

surface of the magnetic probe tip when the tip contacted the particle. The 

experimental results indicate that with this method MNPs can be picked up 

successfully. The method significantly improves the precision and flexibility of 

manipulations, and provides a guide for the manipulation of MNPs for different 

applications.  

Finally, this chapter introduces the method of separation of MNPs from tip surface to 

release them using a BOPP film together with an external magnetic field, which was 

developed in this research. An MFM system was used for manipulating the tip to push 

into the BOPP film with a depth of 50-100 nm under a magnetic field and hold for 5 s. 

The experimental results have shown that this method is effective for separation of 

MNPs from MFM probes. It can greatly improve quality of magnetic imaging, 

prolong the service life of magnetic probes, and reduce the experimental costs in 

many MFM applications. Especially, the work develops applications of the MFM 

working in biomedicine.  
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CHAPTER 5  

SELECTION OF CANCER CELLS THROUGH 

INVESTIGATING MORPHOLOGICAL FEATURES AND 

MECHANICAL PROPERTIES 

 

 

It is necessary to select cancer cells that have certain levels of viability for the further 

investigations of the effect of anticancer drugs. Changes in the morphological features 

and mechanical properties of cancer cells, after applying anticancer drugs to the cells, 

reflect their viability [197, 198]. Inspired by the research that found that some tumour 

cells have single nucleus and others have more nuclei [143-145, 154-156], this 

research investigated the differences in viability of the two types of cells in terms of 

their drug resistance after being treated with anticancer drugs. This research 

discovered the differences from the perspectives of the morphological features and the 

mechanical properties between multinuclear and mononuclear cancer cells. The 

differences have the significance to the selection of cancer cells for the further 

MNPs-based treatment investigation.  

Research presented in this chapter aims to produce recommendations regarding the 

selections of multinuclear or mononuclear cancer cells according to their 

morphological features and the mechanical properties. To achieve this goal, the 

morphology features (height, roughness, length and width) and mechanical properties 

(adhesive force and Young‟s modulus) of multinuclear and mononuclear SW480 
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colon cancer cells were measured with AFM and fullerenol (C60(OH)x) was used as 

an anticancer drug in this research.  

 

 

5.1 Morphological Feature Investigation 

 

The aim of this investigation is to find the relation between cell viability and cell 

morphological features. Experiments carried out in this research confirmed the 

relation and, more important, revealed the differences in drug resistance between 

mononuclear cells and multinuclear cells. MTT (methyl thiazolyl tetrazolium), which 

can measure the cell viability of cancer cells before and after being treated with 

anti-cancer drugs but is unable to show the morphological features, was used as a 

reference so that the changes in morphological features can be linked to the cell 

viability.  

 

5.1.1 Experiments  

Colon cancer cells SW480 (CBTCCCAS, Shanghai, China) were used in the 

experiments. Fullerenol (C60(OH)x) [199-201] (Hengqiu Tech, China) was used as 

anticancer drugs [202-206] due to its unique structures and properties. Dimethyl 

thiazolyl tetrazolium bromide (MTT) was used measure cell viability. An Agilent 

5500 AFM system, as shown in Fig. 5.1, was used for the measurement of 

morphology features (height, length, width and roughness) of SW480 cells in the air. 

SPSS 18.0 software was used to perform statistical analysis. 
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Fig. 5.1 Agilent AFM system. 

SW480 cells were maintained under 5% CO2 at 37°C. This is the standard condition 

for biological experiments which causes the least damages to the cell. Also by 

following the biological standard, the cells were attached to 0.01 mg/mL 

Poly-L-Lysine (HyClone) treated glass bottom culture dishes (18 mm × 18 mm) and 

were cultured in the RPMI-1640 media (HyClone) including 10% fetal bovine serum 

(FBS) (HyClone).  

In this work, SW480 cells were divided into three groups, namely, control group 

where no fullerenol was applied to the cells, 1 mg/mL group where the fullerenol 

concentration of 1 mg/mL was applied to SW480 cells, and 2 mg/mL group where 

fullerenol concentration of 2 mg/mL was applied. The cells in the last two groups 

were further divided into three sub-groups where the cells were treated by fullerenol 

for 24, 48 and 72 hours before the measurement experiment to study their 

drug-resistance difference. It is normal in biological experiments that cells are 

examined after they are treated for different time periods.  

In the experiments with MTT, SW480 cells were planted (2×10
4
) in a 96-well plate 
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and incubated at 37°C for 48 hours to confirm that the number of the cells is sufficient 

and the cells are in the state that is good enough to assay MTT. They were then 

divided into the three groups treated with 0 mg/mL, 1 mg/mL and 2 mg/mL of 

fullerenol and incubated for 24 hours for 1/3 cells of each group, 48 hours for the 

second 1/3 cells in each group and 72 hours for the rest cells in each group, 

respectively, as mentioned earlier. Following the normal practice in biological 

experiments, three steps were performed:  

 20 μL of 5 mg/mL dimethyl thiazolyl tetrazolium bromide (MTT) was added to 

each well. 

 Each well was treated with the 150 μL DMSO solution after the incubation at 

37°C for 4 hours and all media were aspirated 

 The growth inhibitory of cells was measured using the microplate reader (Sanco, 

China) at an absorbance wavelength of 570 nm. 

These three steps were repeated to all three sub-groups.  

To study the morphological features of the cells by AFM, SW480 cells were also 

divided into three groups and further three sub-groups, as described earlier. They were 

immersed in 2.5% gluteraldehyde for 15~20 minutes to have their structures best 

fixed at their status and save their morphology. The samples were then rinsed three 

times with phosphate buffer saline (PBS) and naturally dried up at the room 

temperature and humidity. The prepared samples were stored at 2~4°C in the dark to 

minimise changes in morphological features from their current status.  

With the AFM, the tapping mode was used for imaging, the scanning rang was varied 
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from 20 μm × 20 μm to 90 μm × 90 μm, and the scanning speed was 0.2 line/s. The tip 

radius was 10 nm. The thickness of cantilever was 4 μm, and the width and length 

were 30 μm and 125 μm, respectively. The normal spring constant of cantilever was 

40 N/m, and the resonance frequency was 300 kHz (Tap300, BudgetSensors). 

10 mononuclear cells from the control group, the 1 mg/ml group and the 2 mg/ml 

group, respectively and 10 multinuclear cells from the control group, the 1 mg/ml 

group and the 2 mg/ml group, respectively were used to measure their morphological 

features with AFM. In the experiments, with the help of optical microscope, the target 

cell was selected. Moving the tip located the selected cell and set the scanning 

parameters, including scanning range, speed, pixels and setpoint. Approaching the tip 

and scanning to obtain the images of the cells. The height, length, width and 

roughness features of each cell in each group were produced by applying image 

processing on the images obtained by the AFM using the software called “Pico Image 

Expert 6.2” from Agilent (USA).  

Statistical analysis was then performed using SPSS 18.0 software. One-way analysis 

of variance (ANOVA) was used to evaluate the data distribution. Data were shown as 

Mean±SD. The value of p<0.05 was considered significant and p<0.01 was 

considered highly significant.  

 

5.1.2 Results and Discussions 

Fig. 5.2(a-c) show the optical images of SW480 cells of the control group, the 1 

mg/ml group and the 2 mg/ml group, respectively, with 48 hours incubation. In Fig. 

5.2(a), the shapes of the SW480 cells are normal (like fusiform) and there are a large 
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number of cells in control group. The shapes of SW480 cells treated with 1 mg/ml 

fullerenol are spherical and the numbers of the cells decreased, as shown in Fig. 5.2(b). 

Those cells treated with 2 mg/ml fullerenol are with more round shapes and with the 

numbers is further reduced, as shown in Fig. 5.2(c). It clearly observed that with the 

increase of the concentration of fullerenol, the number and the size of cells are 

declined. This result is in line with the result with MTT assay which evaluates cell 

viability through the growth inhibitory. Fig. 5.2(d) shows the results of cell viability 

distributions of SW480 cells after treated with two concentrations of fullerenol for 24, 

48 and 72 hours with MTT. It can be seen that the viabilities of SW480 cells after the 

treatment with 2 mg/mL fullerenol are smaller than those cells that were treated with 1 

mg/mL fullerenol. 

 

Fig. 5.2 Optical images and viabilities of SW480 cells after the treatment with two 

concentrations of fullerenol. (a) Control group, (b) treatment with 1 mg/ml fullerenol, 

(c) treatment with 2 mg/ml fullerenol, and (d) distributions of SW480 cell viabilities 

(p<0.05, when compared with the control group). 
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Fig. 5.3 shows the AFM morphological images of control group, 1 mg/mL group and 

2 mg/mL group, respectively, fullerenol treated for 24, 48 and 72 hours. The colour 

bar indicates the height of the cells. The image resolution is 512×512 pixels. The scan 

range is 60 μm × 60 μm. It has been found that the shapes of SW480 cells treated with 

the fullerenol have been changed, whilst, the shape of the cells in control group are 

normal (like fusiform) as shown in Fig. 5.3(a, d, g). The cell heights increased and 

length/width decreased with the treated time and fullerenol concentrations increased. 

For the groups treated with fullernol for 24 hours, Fig. 5.3(a-c), the shape changes of 

cells are smallest compared with 48 and 72 hours groups. The shape changes of cells 

after treatment with 1mg/mL and 2 mg/mL fullerenol for 48 and 72 hours are 

obviously, as shown in Fig. 5.3(e, f, h, i). And it can be seen from Fig. 5.3(i) that the 

cells after 2mg/mL fullerenol treatment for 72 hours, the height of the cells too higher 

to be scanned and lead distortions where the drag lines can be found.  

To analysis of the morphological features of mononuclear and multinuclear cancer 

cells, the groups treated with fullerenol for 48 hours were selected because the cells 

after 48 hours culture have the best states (not too higher to be scanned) and changed 

obviously. Fig. 5.4 shows AFM images of mononuclear and multinuclear SW480 cells 

incubated with fullerenol for 48 hours. Fig. 5.4(a) is the 3D structure of mononuclear 

SW480 cell. Fig. 5.4(b, c) show the 3D structures of multinuclear cells. It can be 

clearly seen that there are two nuclei in Fig. 5.4(b) and three nuclei in Fig. 5.4(c).  
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Fig. 5.3 AFM images of SW480 cells incubated with fullerenol. 

 

Fig. 5.4 AFM images of mononuclear and multinuclear SW480 cells incubated with 

fullerenol for 48 hours. (a) is the 3D structure of mononuclear SW480 cell. (b) and (c) 

are the 3D structures of multinuclear SW480 cells. 
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Fig. 5.5 shows the distributions of height, length, width and roughness of 

mononuclear and multinuclear SW480 cells in the control group and the two groups 

treated with fullerenol for 48 hours. Fig. 5.5(a) is the mononuclear SW480 cell and (b) 

is the two-nuclear SW480 cell. From the optical images, the number of nuclei can be 

seen clearly and they are labelled by arrows.  

The height distributions of the mononuclear and multinuclear SW480 cells are shown 

in Fig. 5.5(c). The height of mononuclear cells in the control group is 2.16±0.29 μm, 

and after 2 mg/mL fullerenol treatment it is increased to 3.32±0.15 μm. The height of 

multinuclear cells in the control group is 1.74±0.20 μm and it is changed to 2.47±0.38 

μm after 2 mg/mL fullerenol treatment.  

 

Fig. 5.5 Effects of fullerenol on the morphological features of SW480 cells. (a) and (b) 

are the optical images of mononuclear and multinuclear SW480 cells, respectively. (c) 

and (d) are the height and length distributions of mononuclear and multinuclear 

SW480 cells. (e) and (f) are the width and roughness distributions of mononuclear and 

multinuclear SW480 cells. p<0.05, when compared with the control group. 
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The length distributions of mononuclear and multinuclear SW480 cells are shown in 

Fig. 5.5(d). The length of mononuclear cells in the control group is 41.78±1.90 μm, 

and after 2 mg/mL fullerenol treatment it is decreased to 10.13±1.02 μm. The length 

of multinuclear cells in the control group is 46.82±3.68 μm and it is changed to 

30.32±6.36 μm after 2 mg/mL fullerenol treatment.  

The width distributions of mononuclear and multinuclear SW480 cells are shown in 

Fig. 5.5(e).The width of mononuclear cells untreated with fullerenol is 10.36±1.39 μm, 

and after 2 mg/mL fullerenol treatment it is decreased to 8.31±1.03 μm. For the 

multinuclear SW480 cells, the width in the control group is 10.78±2.64 μm, and after 

2 mg/mL fullerenol treatment it is reduced to 9.27±1.03 μm.  

The roughness distributions of mononuclear and multinuclear SW480 cells are shown 

in Fig. 5.5(f). The roughness of mononuclear cells untreated with fullerenol is 

0.42±0.10 μm, and after 2 mg/mL fullerenol treatment it is increased to 0.74±0.07 μm. 

For the multinuclear SW480 cells, the roughness in the control group is 0.30±0.02 μm, 

and after 2 mg/mL fullerenol treatment it is increased to 0.49±0.15 μm. p<0.05.  

The followings can be concluded from the experimental results: 

 The changes in morphological features of SW480 cells are in line with the 

changes in the number of the cells after being treated with anti-cancer drug 

fullerenol.  

 The changes morphological features of mononuclear SW480 cells are 

significantly larger than the multinuclear cells. Therefore, mononuclear SW480 

cells are more sensitive to fullerenol than the multinuclear SW480 cells, and 

multinuclear SW480 cells have much stronger drug resistance than mononuclear 
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cells and, therefore, much stronger viability.  

 For further MNPs-based treatment investigation, multinuclear cancer cells are 

more proper than mononuclear cells due to their stronger viability.  

 

 

5.2 Mechanical Properties Investigation 

 

Research represented in this section confirmed the stronger drug resistance of 

multinuclear cells than mononuclear cells from the aspect of their mechanical 

properties.  

The mechanical properties referred in this work are adhesive force and Young‟s 

modulus which have a significant implication on drug resistance of cells. Young‟s 

modulus was obtained through Hooke‟s law and Hertz model. The former calculates 

adhesive force between AFM tip and cell based on the displacement of the cell when 

manipulated using the tip. The latter calculate Young‟s modulus with the obtained 

force [187, 207]. Hooke‟s law is expressed as 

 LkF   (5.1) 

where, k is the spring constant of the cantilever (k=0.03 N/m). △L is the deflection of 

the cantilever.  

The original Hertz theory is an approximation for the contact of the very shallow 

indentation of two spheres in contact. For a pyramidal tip, the Hertz model can be 

modified as [208] 
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where, F is the force. E is the Young‟s modulus of the sample. v is the Poisson‟s ratio 

(v=0.5). δ is the indentation depth calculated from the force-displacement curve. In 

this work, δ is in the range of 350-600 nm. α is the angle of the pyramidal tip (α=15°).  

 

5.2.1 Experiments 

In this work, SW480 cells were prepared in the same way as in the investigation into 

the morphological features. They were divided into three groups, that is, control group, 

the 1 mg/mL fullerenol (Hengqiu Tech, China) concentration group and 2 mg/mL 

group. Each of these groups were further divided into three sub-groups according the 

time period they were treated, namely 24, 48 and 72 hours, before the experiments. 

To investigate the mechanical properties of living cells using AFM, the cell culture 

glass slides were washed three times by the PBS to sweep away the suspend cells, and 

then immersed in RPMI-1640 media to keep the living environment. All steps were 

taken in a super-clean bench.  

A JPK AFM system (NanoWizard®3, Germany) was used for the measurement of the 

mechanical features (adhesive force and Young‟s modulus) of living SW480 cells in 

the RPMI-1640 medium. The quantitative imaging (QI) mode was applied to obtain 

the force mapping images of the living cells and the loading speed is 200 μm/s. The 

scan rate was in the range of 0.5-0.8 Hz. The probe used in the experiments was 

MLCT (BRUKER). The tip radius was 20 nm. The thickness of cantilever was 0.55 

μm, and the width and length were 20 μm and 225 μm, respectively. The resonance 
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frequency of cantilever was 15 kHz and the spring constant was 0.03 N/m.  

For measuring the adhesive force, at least 10 cells were detected in each of the groups 

(control group, 1 mg/ml and 2 mg/ml groups) and 15 force curves were recorded for 

each cell. The AFM force-displacement curves were obtained from measuring the 

nucleus areas of cells [209]. 5 cells were studied in each of the groups and 100 

measurements were made for each cell to investigate the Young‟s moduli. The 

distributions of Young‟s moduli were obtained by Gaussian curve fitting. The probing 

positions were the nucleus areas of cells. The adhesive forces and Young‟s moduli 

were obtained by image processing software “JPKSPM Data Processing” from JPK 

Instruments AG (Germany).  

 

5.2.2 Results and Discussions 

Fig. 5.6 shows the adhesive force images of mononuclear and multinuclear SW480 

cells after the treatment with 1 mg/mL fullerenol for 48 hours. The colour bar 

indicates the adhesive force of the cells. It can be seen that the adhesive forces 

between mononuclear cells and multinuclear cells are different. The optical 

microscope images in Fig. 5.6(b, d) show that the multinuclear cells are normal but 

the mononuclear cells are in apoptosis. 
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Fig. 5.6 Adhesive force images of mononuclear and multinuclear SW480 cells after 

the treatment with 1 mg/mL fullerenol for 48 hours. (a) is the adhesive force image of 

a mononuclear SW480 cell. The image resolution is 64×64 pixels. (c) is the adhesive 

force image of a multinuclear SW480 cell. The image resolution is 64×45 pixels. (b) 

and (d) are the detected cells captured by optical microscope. 

Fig. 5.7 shows the force-displacement curves of living SW480 cells after the treatment 

with fullerenol for 48 hours. Fig. 5.7(b) is the enlarged image of the square area in Fig. 

5.7(a). The distance between the lowest position and the base line is the adhesive 

force of tip-cell. It can be seen that the adhesive forces between the mononuclear and 

the multinuclear SW480 cells are different. It can be found that the adhesive forces 

are declined with the increase of the concentration of fullerenol and the adhesive 

forces of multinuclear cells are larger than those of mononuclear cells after the 

treatment with fullerenol with the same concentration. 
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Fig. 5.7 (a) Shows the force-displacement curves of living SW480 cells in culture. (b) 

Shows the enlarged image of the square area of (a). 

Fig. 5.8 shows the adhesive force distributions of multinuclear and mononuclear 

SW480 cells in the control group and the two groups treated with the two 

concentrations of fullerenol for 24, 48 and 72 hours. For the control groups untreated 

with fullerenol, the adhesive forces of mononuclear cells and multinuclear cells after 

incubation for 24 hours are 49.4±2.5 pN and 50.3±2.4 pN, respectively. The values 

are almost the same. After incubation for 48 hours, the adhesive force of mononuclear 

cells is 44.9±4.2 pN and the adhesive force of multinuclear cells is 49.0±2.4 pN. After 

72 hours incubation, the adhesive force of mononuclear cells is 42.7±3.2 pN and the 

adhesive force of multinuclear cells is 47.6±1.9 pN. It can be seen that the adhesive 

force differences of multinuclear and mononuclear cells untreated with fullerenol are 

insignificant in the same time periods. 

Fig. 5.8(a) shows the SW480 cells treated with fullerenol for 24 hours, the adhesive 

forces of mononuclear cells and multinuclear cells after treatment with 1 mg/mL of 

fullerenol are 42.2±2.9 pN and 48.7±1.5 pN, respectively. For the SW480 cells treated 

with 2 mg/mL of fullerenol for 24 hours, the adhesive forces of mononuclear cells and 

multinuclear cells are 33.9±3.5 pN and 48.5±3.5 pN.  
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Fig. 5.8 Adhesive force distributions of multinuclear and mononuclear SW480 cells 

treated with fullerenol. p<0.05, when compared with the control group. 

Fig. 5.8(b) presents the SW480 cells treated with fullerenol for 48 hours, the adhesive 

forces of mononuclear cells and multinuclear cells treated with 1 mg/mL of fullerenol 

are 30.6±3.6 pN and 43.7±2.0 pN. For the SW480 cells treated with 2 mg/mL of 

fullerenol for 48 hours, the adhesive forces of mononuclear cells and multinuclear 

cells are 29.7±4.0 pN and 42.4±1.1 pN.  

Fig. 5.8(c) shows the SW480 cells treated with fullerenol for 72 hours, the adhesive 

forces of mononuclear cells and multinuclear cells treated with 1 mg/mL of fullerenol 

are 28.5±3.6 pN and 39.4±3.0 pN. For the SW480 cells treated with 2 mg/mL of 

fullerenol for 72 hours, the adhesive forces of mononuclear cells and multinuclear 

cells are 26.6±3.0 pN and 36.3±3.6 pN, respectively. 

Significantly higher adhesive forces of multinuclear cells are observed than the 
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mononuclear cells after the treatment with 1 mg/mL or 2 mg/mL fullerenol for the 

same time periods. It can be concluded that after the treatment with fullerenol, the 

multinuclear SW480 cancer cells exhibit significant drug-resistance than the 

mononuclear cells. 

Fig. 5.9 shows the distributions of Young‟s moduli of multinuclear and mononuclear 

SW480 cancer cells after treatment with fullerenol for 24, 48 and 72 hours. The 

Young‟s moduli are calculated from 5 cells in each of groups and 100 measurements 

were made for each cell, as shown in Table 5.1. p<0.01, when compared with the 

control group.  

Fig. 5.9(a) shows the distributions of Young‟s moduli of SW480 cells exposed to 

fullerenol for 24 hours. For the multinuclear cells, the Young‟s moduli are distributed 

between 150-400 Pa. The Mean±SD modulus of the control group is 295.0±112.1 Pa, 

and those of the SW480 cells treated with 1 mg/mL and 2 mg/mL fullerenol are 

297.7±104.3 Pa and 302.5±109.8 Pa, respectively. For the mononuclear cells, the 

Young‟s moduli of control group and the group treated with 1 mg/mL fullerenol 

SW480 cells are distributed between 150-400 Pa, and there are insignificant 

difference between their Mean±SD moduli, 311.8±142.3 Pa and 310.3±113.8 Pa, 

respectively. The Young‟s moduli of mononuclear SW480 cells treated with 2 mg/mL 

fullerenol are distributed between 200-500 Pa and the Mean±SD modulus is 

357.8±111.8 Pa. It can be observed that after 24 hours treatment with fullerenol, the 

Young‟s moduli distributions of multinuclear cells and their Mean±SD values were 

not significantly changed. However, there is a significant difference in Young‟s 

moduli of the mononuclear cells treated with 2 mg/mL fullerenol group. 
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Fig. 5.9 Distributions of the Young‟s moduli of multinuclear and mononuclear SW480 

cancer cells treated with fullerenol. p<0.01, when compared with the control group. 

Fig. 5.9(b) shows the distributions of Young‟s moduli of SW480 cells exposed to the 

fullerenol for 48 hours. The Young‟s moduli of the multinuclear cells and 

mononuclear cells of control groups are distributed between 250-500 Pa and their 

Mean±SD moduli are 375.8±93.6 Pa and 395.9±113.5 Pa, respectively. The Young‟s 

moduli of the multinuclear cells treated with 1 mg/mL and 2 mg/mL fullerenol are 

distributed between 350-650 Pa and their Mean±SD values are 528.4±130.0 Pa and 

536.3±125.1 Pa, respectively. The Young‟s moduli among the groups of multinuclear 

cells treated with fullerenol showed a small variation in their distributions and 

Mean±SD values. For mononuclear cells, the Young‟s moduli of the SW480 cells 

treated with 1 mg/mL fullerenol are distributed between 350-650 Pa and the 

Mean±SD value is 538.5±137.1 Pa. The Young‟s moduli of the SW480 cells after 2 



 

114 

mg/mL fullerenol treatment are distributed between 500-850 Pa and the Mean±SD 

value is significantly increased to 724.7±207.1 Pa. It can be stated that the Young‟s 

moduli of the mononuclear cells are significantly different from the multinuclear cells 

groups. 

Table 5.1 Young‟s modulus (Pa) of SW480 cancer cells treated with fullerenol. 

Group Control Group 1 mg/mL 2 mg/mL 

24 h 
Multi 295.0±112.1 297.7±104.3 302.5±109.8 

Mono 311.8±142.3 310.3±113.8 357.8±111.8 

48 h 
Multi 375.8±93.6 528.4±130.0 536.3±125.1 

Mono 395.9±113.5 538.5±137.1 724.7±207.1 

72 h 
Multi 202.5±80.2 301.1±101.8 302.0±95.8 

Mono 235.5±83.0 316.8±152.2 377.2±226.5 

 

Fig. 5.9(c) shows the distributions of Young‟s moduli of SW480 cells treated with 

fullerenol for 72 h. The Young‟s moduli of the control group of the multinuclear cells 

and mononuclear cells are distributed between 100-350 Pa, and their Mean±SD values 

are 202.5±80.2 Pa and 235.5±83.0 Pa, respectively. For the groups treated with 1 

mg/mL fullerenol, the Young‟s moduli of multinuclear cells and mononuclear cells 

are distributed between 150-400 Pa, and their Mean±SD values are 301.1±101.8 Pa 

and 316.8±152.2 Pa, respectively. For the groups treated with 2 mg/mL fullerenol, the 

Young‟s moduli of multinuclear cells and mononuclear cells are distributed between 

150-450 Pa and 150-400 Pa, respectively and the Mean±SD value increased from 

302.0±95.8 Pa to 377.2±226.5. It can be observed that after the treatment with 
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fullernol, there is a significant change of the Young‟s moduli of mononuclear cells 

groups.  

The experimental results can be summarised as: 

 Young‟s modulus of multinuclear SW480 cells is significantly smaller than that 

of mononuclear cells after they were treated with fullerenol, regardless the dose 

of the drug and the time period treated to the cells.  

 Young‟s modulus of multinuclear cells shows smaller changes than that of 

mononuclear cells when the dose of fullerenol increased from 1 mg/ml to 2 

mg/mL 

 Young‟s modulus of multinuclear cells shows similar changes as that of 

mononuclear cells when the dose of fullerenol was 1 mg/ml, but smaller changes 

with 2 mg/mL fullerenol.  

The reason behind these experimental results may be explained as the following. 

Fullerenol influenced the conformation and the function of membranes of cells and 

deformed the protein in the binding residues [205, 210]. Thus, the skeleton and 

structure of cells were changed [211] and led to the alterations of mechanical 

properties [139]. Therefore, it can be conclude that the mononuclear SW480 cells are 

more sensitive to fullerenol than the multinuclear SW480 cells, and multinuclear cells 

have stronger drug resistance compared with mononulcear cells, as indicated by their 

adhesive force and Young‟s moduli.  
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5.3 Summary 

 

Works reported in this chapter show that there are significant differences in the 

morphological features and mechanical properties between the mononuclear and 

multinuclear SW480 cells after treating them with fullerenol. The distributions of the 

height, length, width and roughness of the multinuclear SW480 cells untreated with 

fullerenol and treated with two concentrations of fullerenol are similar, but for the 

mononuclear SW480 cells, their distributions are clearly different. The adhesive force 

of mononuclear SW480 cells is significantly less than that of the multinuclear cells 

after the treatment with fullerenol for the same time period. The variation of Young‟s 

modulus of mononuclear SW480 cells is significantly larger than the multinuclear 

SW480 cells after exposure to the fullerenol for the same time period. The AFM 

results indicated that the mononuclear SW480 cells are more sensitive to fullerenol 

than the multinuclear SW480 cells, and the multinuclear SW480 cells exhibit a 

stronger drug-resistance than the mononuclear SW480 cells. This work provides a 

recommendation of selecting multinuclear cells as the target cells for the purpose of 

MNPs-based cancer treatment investigation.  
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CHAPTER 6 

MNPS IMPLANTATION AND CELL-MNPS 

MANIPULATION 

 

 

Culturing cells with drugs is a common method used to investigate cancer therapy in 

experiments [212]. However, traditionally the application of this method to cancer 

treatment is limited because of the lack of means of handling cells, targeting specific 

cells and measuring the nanoscale changes in cell structures to tailor the treatments. 

MNPs provide a new way to enhance the application. MNPs can be adhered to the 

surface of the cells and swallowed by the cells due to cells‟ cytophagic capability. The 

magnetic features of MNPs allow MNPs coated with drugs to be implanted into cells 

in more controllable manners and allow the cells treated with MNPs (cell-MNPs) to 

be manipulated by magnetic force. This chapter reports the research in MNPs 

implantation into the target SMCC-7721 cancer cells for tracing and manipulating the 

target cancer cells. For investigating the MNPs‟ toxicity, cell viabilities of 

SMCC-7721 and HL-7702 cells were studied. The distributions of SMCC-7721 

cancer cells including cell-MNPs and those that were untreated with MNPs, both of 

which were manipulated with magnet were studied to evaluate the magnetic force 

manipulated capability of cell-MNPs. For more flexibly moving cell-MNPs to the 

target locations, a more controllable method with controllable electromagnetic 

magnets was studied.  
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6.1 Implant MNPs into the Cells 

 

6.1.1 Method 

To implant MNPs into cells, the process of penetrating cells with MFM probe was 

analysed. The process is illustrated in Fig.6.1. At the first, the tip approaches towards 

the cell at a constant rate and contacts the cell, as shown in Fig. 6.1(a). Then, the tip is 

pushed with an appropriate force further against the cell, resulting in the change in the 

shape of cell membrane, as shown in Fig. 6.1(b). When the membrane cannot bear the 

stress, it is punctured, as shown in Fig. 6.1(c). It is known that puncturing cell 

membrane is an instant process and the tip penetrates into the cell within a pretty short 

time. For the withdraw process of the tip from the cell, the cell membrane was 

gradually constricted to pull the tip surface, as shown in Fig. 6.1(d), and the MNPs 

will be stripped from the tip surface and remained within the cell. 

 

Fig. 6.1 Illustration of cell penetrating with magnetic tip functioned with the MNPs. (a) 

approached the tip and then contacted the cell membrane. (b) Continue approaching 

caused cell membrane changed. (c) Tip inserted into the membrane. (c) Tip retracted 

process. The arrows show the tip movement directions. 
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The process for implanting fluorescein functioned MNPs into a target cell is shown in 

Fig. 6.2. Before implanting the particles into the cells using the functioned magnetic 

probe, one of the SMCC-7721 cells is selected (as described in Chapter 5) as the 

target. Then, the probe is moved above it, as shown in Fig. 6.2(a). The “Setpoint” 

value of the MFM system is adjusted to provide an appropriate loading force on the 

magnetic probe to push the functioned tip into the target cell and keep for 3 ms, as 

shown in Fig. 6.2(b). Then the probe is retracted from the target cells. Because of the 

squeeze of the cell membrane, the fluorescein functioned MNPs could be remained 

into the cells, as shown in Fig. 6.2(c).  

 

Fig. 6.2 Illustration of the MNPs implanted into the target cell by magnetic tip. (a) 

Selected the target cell. (b) Approached the tip and inserted into the target cell. (c) 

Retracted the tip from the cell surface. 

 

6.1.2 Experiments 

Human hepatoma cells SMCC-7721 (CBTCCCAS, Shanghai, China) were seed on 

the glass slide and cultured in RPMI-1640 media with a 10% FBS all from HyClone, 

and maintained at 37°C and 5% CO2. The cells were cultured for 48 hours to well 

adhere to the glass. Before implanted using magnetic probe, the cell culture glass 

slides were washed three times by the PBS to sweep away the suspend cells, and then 

immersed in RPMI-1640 media to keep the living environment. All steps were taken 
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in a super-clean bench. 

Fluorescein isothiocyanat (FITC) fluorescein functioned Fe3O4@SiO2 MNPs 

(FITC-MNPs) (Xi‟an Ruixi Biological Technology, Shanghai, China) with diameter 

of 50 nm were used in the experiments. Due to MNPs‟ superparamagnetic properties, 

attractive magnetic forces exist between the magnetic tip and the MNPs, resulting in 

the MNPs being attached onto the tip surface. The magnetic probe was immersed in 

FITC-MNPs solution (50 μg/mL) for 8 hours to function these particles onto the tip 

surface. The functioned process was implemented in dark at 4°C to prevent the 

fluorescence quenching. The tip was rinsed three times by the deionized water before 

the implanted manipulation [213]. 

The implanted manipulation was operated by JPK (NanoWizard®3, Germany) MFM 

system. The force spectroscopy mode was used to puncture the cell membrane. The 

tip used in the experiments was MagneticMulti75-G (BudgetSensors). The typical 

spring constant of the magnetic probe was 3 N/m and the resonant frequency was 75 

kHz.  

In the experiments with MTT, human hepatoma cells SMCC-7721 and hepatic cells 

HL-7702 were placed (3×10
3
) in a 96-well plate and incubated at 37°C for 24 hours. 

They were then treated with 0 μg/mL, 50 μg/mL, 100 μg/mL, 200 μg/mL and 500 

μg/mL of MNPs and incubated for another 24, 48 and 72 hours, respectively. After 

that, MTT was assay as the steps described in Chapter 5. 
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6.1.3 Results and Discussions 

Fig. 6.3 shows extend and retract force-displacement curves for implanting the MNPs 

into the target cells with a loading force of 160 nN. In the approaching process, 

magnetic tip contacted the cells firstly, as shown in point P1. Continually approaching 

the tip with the loading force leaded to a force relaxed (point P2) in the extend curve. 

The presence of P2 proved that the tip is penetrated into the membrane of the cells 

[214]. The force relaxed at point P3 is find in the retracted curve when the tip 

withdrawn. It confirmed that there is an adhesive force to prevent the tip away from 

the cell membrane. 

 

Fig. 6.3 Force-displacement curves of the tip inserted into the cell. 

Fig. 6.4 shows the curves of the tip penetrated into a cell with different loading forces 

(extend curve). It is found that with the loading force of 120 nN, there is a force 

relaxed point P1. With the loading force of 130 nN, the relaxed point P2 and P3 are 

found. With the loading force of 140 nN, the relaxed point P4 and P5 are detected. 

With the loading force of 150 nN, the relaxed point P6 and P7 are explored. The first 

relaxed point is caused by the cell membrane inserted and the second relaxed point is 
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leaded by the nucleus membrane penetrated [214, 215]. It can be seen that with the 

increase of the loading force the cell membrane can be punctured and even the 

nucleus membrane. 

 

Fig. 6.4 Curves of the magnetic tip inserted into the cell by different loading forces. 

The functioned magnetic tip is used to insert into the cells to implant the FITC-MNPs 

into the target cells and the results are shown in Fig. 6.5. Before observed by the 

fluorescence microscope, the cultured cells were rinsed by PBS at least 3 times to 

carry away the particles on the surface of the cells. It can be seen that the FITC-MNPs 

are released into the cells successfully by observe the fluorescence expression. The 

targeted cells which are implanted the FITC-MNPs into the cells are labelled by the 

circles. 
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Fig. 6.5 Fluorescence microscope images of the target cells after the injected. The 

injected cells were labelled by the circles. 

The toxicity of MNPs on the cancer cells was assayed by the MTT. The cell viability 

after the treatment with 50 μg/mL, 100 μg/mL, 200 μg/mL and 500 μg/mL 

concentrations of the MNPs for 24, 48 and 72 hours are studied, the results as shown 

in Fig. 6.6. After the 24 hours treatment with MNPs, the cell viability is shown in Fig. 

6.6(a). The viability of SMMC-7721 cancer cells treatment with MNPs for 24 hours is 

97.9% after the affected by 50 μg/mL, and it is reduce to 91.1% after the treatment 

with 100 μg/mL, and the cell viabilities are changed to 74.2% and 53.1% after 200 

μg/mL and 500 μg/mL MNPs treatment, respectively. After the 48 hours and 72 hours 

treatments with MNPs, the cell viability is shown in Fig. 6.6(b) and (c).  

The viability of HL-7702 cells after treated with MNPs for 24 hours is shown in Fig. 

6.6(a). After the treatment with the MNPs concentration of 50 μg/mL, the cell 

viability is 93.9%. When the concentration of MNPs increased to 100 μg/mL, the cells 

viability raise to 98.1%. And after the 200 μg/mL and 500 μg/mL MNPs treatment, 

the cells viabilities decrease to 85.9% and 60.7%, respectively. It can be seen from Fig. 

6.6(b) and(c) that the cells viabilities are increased under the concentrations of 100 
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μg/mL MNPs. However, the viabilities are decreased when the MNPs concentrations 

larger than 100 μg/mL. Fig. 6.6(d) is the 96-well culture dish after added the drugs of 

MTT, the culture dish seed with SMMC-7721 and HL-7702 cells and treated with the 

concentrations of MNPs of 24 hours. 

 

Fig. 6.6 Viabilities of SMCC-7721 cells and HL-7702 cells after treated with different 

concentrations of MNPs. (a) After 24 hours treatment. (b) After 48 hours treatment. (c) 

After 72 hours treatment. (d) The 96-well culture dish used for MTT assay. 

It indicates that the cell viabilities are reduced with the increase of MNPs 

concentrations for the SMMC-7721 cancer cells and there is toxicity of the MNPs for 

the SMMC-7721 cancer cells. However, the cell viabilities are increased under the 

appropriate MNPs concentrations for the HL-7702 cells and there is nontoxicity of the 

MNPs for the HL-7702 cells under that concentration. For different cell lines, the 

MNPs toxicities are different. 
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6.2 Manipulation of Cell-MNPs with Magnet 

 

6.2.1 Method 

Cell-MNPs can be manipulated by external magnetic field. Fig. 6.7 shows cell-MNPs 

manipulation using a magnet. Before the magnet is applied, cells untreated and treated 

with MNPs are dispersed freely, as given in Fig. 6.7(a, c). After applying the magnet, 

the cell-MNPs are concentrated to the magnet because of the attractive force, as 

shown in Fig. 6.7 (b, d). In the experiments, a permanent magnet with magnet field 

intensity of 500 mT and diameter of 10 mm was used to affect the cell-MNPs. 

 

Fig. 6.7 Magnet manipulation of the cell-MNPs. (a) and (c) are cells/cell-MNPs 

distributes in the culture dish dispersedly. (b) is the result with the effect of a magnet 

in the horizontal direction. (d) is the result with the effect of a magnet in the vertical 

direction. 

 

6.2.2 Experiments and Discussions 

Human hepatoma cells SMCC-7721 (CBTCCCAS, Shanghai, China) were cultured in 

the RPMI-1640 media (HyClone) including 10% FBS (HyClone). The cells were 

maintained in 5% CO2 at 37°C. In the experiments, SMCC-7721 cells without MNPs 
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treatment and SMCC-7721 cells treated with a concentration of 20 μg/mL MNPs with 

a diameter of 50 nm were used to manipulate using magnet. The cells treated with 

MNPs for 12 hours to ensure the cells carried MNPs. They were then treated with 

pancreatin to separate them from the substrate and make them suspension in the 

medium to be affected by magnetic force.  

The untreated SMCC-7721 cells and those that are treated with MNPs are scanned by 

MFM, as shown in Fig. 6.8. Fig. 6.8(a) and (b) are the topography and phase shift 

images of the untreated SMCC-7721 cells. Fig. 6.8(c) and (d) are the topography and 

phase shift images of the SMCC-7721 cells treated with 20 μg/mL MNPs (50 nm in 

diameter) for 12 hours. It seems that there are clearly magnetic domains (black dots) 

distributed on the cells, as shown in Fig. 6.8(d). It concludes that after 12 hours 

culture of the MNPs together with the cells, MNPs will adhere to the cells surface or 

swallowed by the cells. In the experiments, the lift height used for MFM imaging was 

20 nm. 

To study the magnetic manipulation capability along the horizontal directions, a 

magnet is placed under the culture dish that is set up horizontally, as shown in Fig. 

6.9(a). In the experiments, the untreated and treated SMCC-7721 cells were mixed 

and the magnet was applied for 12 hours. Fig. 6.9(b, c) are cell images taken from the 

locations with and without magnet, respectively. It can be seen that the cells are 

gathered to the area where magnet is and the density of the cells in this area is larger 

than the areas where no magnet is applied. It indicates that the cells after the treated 

with the MNPs can be manipulated on the horizontal plane by the external magnetic 

field. 
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Fig. 6.8 MFM images of SMCC-7721 cells. (a) is the topography image of the 

SMCC-7721 cell without MNPs and (b) is its corresponding MFM image. (c) is the 

topography image of the SMCC-7721 cell treated with MNPs and (d) is its 

corresponding MFM image. 

 

Fig. 6.9 Cells/cell-MNPs in the culture dish affected by a magnet. (a) The culture dish 

with the effect of magnet. (b) Cell-MNPs distribution of the location under the magnet 

effects. (c) Cells distribution of the location without the magnet effects.  
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To study the magnetic manipulation capability along the vertical direction, a magnet 

is put on the side of the culture dish, as shown in Fig. 6.10(a). In the experiments, the 

untreated and treated SMCC-7721 cells were mixed and a magnet was applied for 12 

hours. The cell-MNPs concentrated to the location where the magnet is and it is 

labelled by an arrow in Fig. 6.10(b). Fig. 6.10(c) is taken from the bottom of the 

culture dish and there is no magnet. The cells are randomly and dispersedly 

distributed in that area. Fig. 6.10(d) shows that because of the magnet cell-MNPs are 

gathered together and there are a mass of MNPs accumulated (circle labelled). It 

indicates that cell-MNPs have capability overcome the gravity under the stronger 

magnetic force affected and they can be manipulated by magnetic force in the vertical 

direction. 

The SMCC-7721 cells treated with MNPs for 12 hours are suspending in the medium 

and a magnet is added on the side of the culture bottle and cultured the cells erectly, as 

shown in Fig. 6.11(a). After other 12 hours cultured, the cells gathered to the location 

where the magnet is, as labelled by the red circle in Fig. 6.11(b). Fig. 6.11(c) shows 

the result of cell-MNPs after magnet is applied. The MNPs accumulated on the cells 

surface or inside the cells by the cytophagy. Fig. 6.11(d) shows the results of the 

bottle bottom location labelled by the green circle. It can be seen that there are only 

the suspended cells in the medium and without any living cells adhered to the 

substrate. It indicates that all of the cell-MNPs are attracted to the magnet.  

It can be concluded that the cells without MNPs treatment are non-affected by magnet 

and the cell-MNPs can be influenced by the magnetic force. Thus, MNPs could be 

used to separate and manipulate the cells using external magnetic fields. 
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Fig. 6.10 Cells/cell-MNPs in the culture dish and affected by a magnet. (a) A magnet 

is put on the side of culture dish. (b) Cell-MNPs are concentrated to the location of the 

magnet affected. (c) Cell distribution of the location without the magnet effects. (d) 

Cell-MNPs distribution of the location under the magnet effects.  

 

Fig. 6.11 Cell-MNPs in the culture bottle were affected by a magnet. (a) A magnet is 

put on the side of culture bottle. (b) Cell-MNPs are concentrated to the location of the 

magnet affected and adhered to the culture bottle. (c) Optical image of cell-MNPs 

affected by the magnet. (d) Optical image of the location labelled by the green circle. 
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6.3 Manipulation of the Cell-MNPs by Electromagnet 

 

6.3.1 Method 

Fig. 6.12 shows four electromagnets, namely, A, B, C and D, used for the 

manipulation of the target cell-MNPs in the X and Y directions. The direct current 

(DC) was used as the electricity supply. Magnetic force in the back direction 

generated from electromagnet A and the cell-MNPs will be attracted by the magnetic 

force to the back direction. Magnetic force in the right direction generated from 

electromagnet B, the cell-MNPs will be attracted by the magnetic force to the right 

direction. Magnetic force in the front direction generated from electromagnet C, the 

cell-MNPs will be attracted by the magnetic force to the front direction. Magnetic 

force in the left direction generated from electromagnet D, the cell-MNPs will be 

attracted by the magnetic force to the left direction. Accordingly, cell-MNPs can be 

manipulated by the electromagnet in X and Y directions flexibly by controlling the 

electricity supplies to those electromagnets.  

 

Fig. 6.12 Electromagnet manipulation of the cell-MNPs. 
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6.3.2 Experiments and Discussions 

Yeast cells were cultured for 8 hours before treated with MNPs (Fe3O4 MNPs) in a 

test tube at room temperature. The MNPs with the concentration of 20 μg/mL was 

used to treat the yeast cells for 12 hours, which ensures good cell viability and the 

cells to carry enough MNPs before the manipulation experiment. As smaller size 

MNPs are easy to be swallowed by cells, MNPs with the diameter of 10 nm were used 

in the experiments to make the yeast cells easy carry or swallow enough MNPs. 

To effectively manipulate the cell-MNPs, the gap between the electromagnets and the 

cell-MNPs must be decided. The following experiments were undertaken for this 

purpose. An electromagnet was designed as described in the last sub-section, and the 

electric current of 1 A and voltage of 6.3 V was firstly applied to the electromagnet. 

The magnetic flux densities (Tesla) are measured using a Teslameter from different 

distances away the electromagnet, as shown in Fig. 6.13(a). To select the appropriate 

working distance and current, the electric current of 2 A and voltage of 13.6 V is 

applied. The magnetic flux densities measured from different distances are shown in 

Fig. 6.13(b).  

It can be seen that with the increase of the distances between the Teslameter and the 

electromagnet, the magnetic flux density reduces exponentially. It can be seen from 

Fig. 6.13(a, b) that there are insignificant changes in flux density when the distance 

larger than 16 mm and hence the distance of 15 mm between the centre of samples 

and the electromagnetic is selected to successful manipulate the cell-MNPs in the 

culture dish (culture dish with a radius of 15mm) by electromagnetic. And under the 

distance of the 15 mm, the magnetizations are measured under differ currents, the 
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results shown in Fig. 6.13(c). Fig. 6.13(d) is the detector and the electromagnet used 

to measure the magnetic flux density. 

 

Fig. 6.13 Magnetic flux density of the electromagnet. (a) Obtained with the current of 

1 A and voltage of 6.3 V. (b) Obtained with the current of 2 A and voltage of 13.6 V. (c) 

Obtained at a distance of 15 mm. (d) The instruments used for measuring the magnetic 

flux density. 

Experiments with electric currents ranged in 0.2-3.0A were performed to the range of 

the current that is able to effectively manipulate cell-MNPs. It was found from optical 

microscopy results that the cell-MNPs can be flexibly manipulated with the electric 

current of 1.4-3.0 A under the distance of 15 mm. The trajectories of the cell-MNPs 

under the electromagnet field with five different electric currents, including 1.4 A, 1.8 

A, 2.0 A, 2.3 A and 2.5 A, are shown in Fig. 6.14. Fig. 6.14(a) is the illustration of the 

experiments and the cell-MNPs‟ moves along Y-direction with the effect of 
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electromagnet. Five cell-MNPs were randomly selected from each group and their 

moving trajectories in 25 seconds were recorded. To easily compare, their trajectories 

are draw together, as shown in Fig. 6.14(b). It seems that the average migration 

distance of cell-MNPs under the effect of electromagnet with electric current of 1.4 A 

is ~60 μm in 25 seconds. Under the effect of electromagnet with electric current of 1.8 

A and 2.0 A, the average migration distance of cell-MNPs are ~100 μm and ~140 μm 

in 25 seconds, respectively. Under the effect of electromagnet with electric current of 

2.3 A, the average migration distance of cell-MNPs is ~180 μm in 25 seconds. Under 

the effect of electromagnet with electric current 2.5 A, the average displacement 

distance of cell-MNPs is ~320 μm in 25 seconds. It seems that for the same time 

period, higher speed of cell-MNPs moved under larger electric current.  

 

Fig. 6.14 Trajectories of the cell-MNPs under the electromagnet effects. 

It was also found that with the electric current larger than 2.2 A, the electromagnetic 

coil generate heat quickly and this will cause an unsafe experiment. To manipulate the 

cell-MNPs successfully under a safe environment, the electric current of 2.0 A was 

selected and the magnetic flux density was 9.86 mT at the distance of 15 mm. 

Results of manipulations of the cell-MNPs by the electromagnetics are shown in Fig. 

6.15. The moving path of the cell-MNPs is shown in Fig. 6.15(a). The target 
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cell-MNPs will be manipulated to the left direction (L) from original location (O) first 

and then to the right location (R). Next the target cell-MNPs is going to the downward 

direction (D) and finally move to the upward location (U).  

 

Fig. 6.15 Electromagnetic manipulation of the cell-MNPs. (a) Cell-MNPs moving 

path. (b) Yeast cells in the environment without the magnetic field. (c) Yeast cells 

manipulated to the left. (d) Yeast cells manipulated to the right. (e) Yeast cells 

downward manipulated. (f) Yeast cells upward manipulated.  

The original locations of the cells are labelled by circles before the manipulation, as 

shown in Fig. 6.15(b). The original locations are used as the reference for the 

manipulation and labelled by points. After the affected by the “Left” electromagnet, 

the cells are moved to the left side, as shown in Fig. 6.15(c). Then the cells moved 

from the left side to the right side under the effect of the electromagnetic fields of 

“Right”, as shown in Fig. 6.15(d). Under the combined effect of the electromagnetic 

fields of “Front” and “Left”, the cells moved from right side to the downward side, as 

shown in Fig. 6.15(e). After the “Back” electromagnetic field affected, the cells 
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moved to the up side, as shown in Fig. 6.15(f). It shows that the electromagnet can be 

used to manipulate the cell-MNPs flexibly. This method can manipulate the 

cell-MNPs to any directions on a plane, cell-MNPs can be moved not only along a 

straight line but also curve lines with the combined of two neighbouring 

electromagnets. 

 

 

6.4 Summary 

 

This chapter firstly implanted FITC-MNPs into the target cancer cells by functioning 

them onto the magnetic tip surface. The extend curves were studied and found the 

relaxed points that indicated the tip was successfully inserted into the cell membrane. 

It clearly seen from the fluorescence microscope images that the fluorescence 

exhibited and this indicated that the FITC-MNPs were released into the cells 

successfully. The viabilities of SMCC-7721 and HL-7702 cells after treatment with 

MNPs were measured to evaluate the toxicity of MNPs. Cell viabilities were reduced 

with the increase of MNPs concentrations for the SMMC-7721 cancer cells, but there 

is nontoxicity of the MNPs for the HL-7702 cells under appropriate MNPs 

concentrations. This work provides guide for target treatment of the cancer cells by 

MNPs. 

Secondly, magnetic force manipulated capability of cell-MNPs was evaluated. 

SMCC-7721 cancer cells untreated and treated with MNPs were studied by MFM. 

Clearly magnetic domains were distributed in the cells and indicated that MNPs can 

adhere to the cells surface or swallowed by the cells. The distribution of SMCC-7721 
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cancer cells, including cell-MNPs and those that were untreated with MNPs, after 

affected by magnet were studied in the horizontal and vertical direction and the results 

indicated that the cell-MNPs concentrated to the position of the magnet affected. It 

can be concluded that cell-MNPs can be manipulated by the external magnetic field 

and they can overcome the gravity under the stronger magnetic force. Thus, 

cell-MNPs can be manipulated by magnetic force in the horizontal and vertical 

directions.  

Finally, controllable electromagnetic magnets were used to manipulate the MNPs 

treated yeast cells. Four electromagnets used for manipulation of the target cell-MNPs 

in the X/Y directions. The results shown that cell-MNPs can be handled by controlling 

these four electromagnets to have the leftward, rightward, upward and downward 

flexibilities. It indicated that cell-MNPs can be flexibly manipulated to the aimed 

position by the control of the magnetic forces. This method can be used for the 

purpose of specific treatment of cancer cells.   
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

 

 

7.1 Conclusions 

 

The research presented in this thesis focuses on magnetic force imaging and handling 

of targeted cancer cells on the nanoscale for possible new cancer therapies. This work 

has demonstrated the accuracy of the proposed new magnetic force imaging technique, 

the effectiveness of implanting MNPs into the target cells by magnetic probe and the 

feasibility of manipulating the cell-MNPs with magnetic force. This work forms a part 

of foundation from engineering perspective for research in new cancer therapies at 

cell level. The innovative parts of this work are highlighted in the followings: 

 MFM imaging quality improvement – A method of differentiating MFM imaging 

by magnetic probe magnetized upward and downward was developed. The image 

contrast and SNR of the obtained differential image were significantly improved. 

Three different scanning directions with the angles of 0°, 45° and 90° were used 

to measure the magnetic domain structures distributions of magnetic sample, and 

a distortion compensation method was used to improve the accuracy of the MFM 

images. With this compensation method, the distortion structures were corrected 

and the effect of scanning directions on the MFM imaging was significantly 

reduced.  

 MNPs picking up and releasing – A helical curve was designed as the capture 
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path for MFM probe to follow and to pick up target MNPs. Compared with 

pushing and sliding methods, this proposed method was able to pick up and to 

move MNPs of the diameters of 10~90 nm with the success rate over 90%. A 

BOPP film together with an external magnetic field was used for releasing MNPs 

from MFM probe tips. The magnetic tip was manipulated to push into the BOPP 

film with a depth of 50-100 nm under a magnetic field and hold for 5 seconds. 

The experimental results have shown that this method was effective for the 

separation of MNPs from MFM probes. These two methods enable the flexible 

manipulation of MNPs. 

 Identification of differences in morphological features and mechanical properties 

between multinuclear and mononuclear cancer cells – Morphological features 

(height, length, width and roughness) and mechanical properties (adhesive force 

and Young‟s modulus) of mononuclear and multinuclear SW480 cells after 

treating with fullerenol were studied. The results indicated that the mononuclear 

SW480 cells were more sensitive to fullerenol than the multinuclear SW480 cells, 

and the multinuclear SW480 cells exhibited a stronger drug-resistance than the 

mononuclear SW480 cells. This work provides a recommendation of selecting 

multinuclear cells as the target cells for the purpose of MNPs-based cancer 

treatment investigation.  

 MNPs implantation and cell-MNPs manipulation – FITC-MNPs were functioned 

onto the magnetic tip surface and implanted them into the target cancer cells by 

inserted the tip into the cells. Fluorescence microscope images indicated that the 

FITC-MNPs were released into the cells successfully. This provides a guide for 

target treatment of the cancer cells by MNPs. Magnet was used to evaluate the 
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magnetic force manipulated capability of cell-MNPs and results found that 

cell-MNPs can be manipulated by magnet in the horizontal and vertical directions. 

Controllable electromagnetic magnets in four directions were used to flexibly 

manipulate cell-MNPs and the results found that the cell-MNPs can be handled to 

have the leftward, rightward, upward and downward flexibilities. It indicates that 

cell-MNPs can be flexibly manipulated to the aimed position by the control of the 

magnetic forces. This method can be used for the purpose of specific treatment of 

cancer cells. 

 

 

7.2 Future Work 

 

The work presented in the thesis has attained a number of significant achievements in 

the fields of magnetic force imaging and MNPs handling, which have the potential for 

new cancer therapies. The following issues may need to be further explored.  

 Imaging and manipulation of MNPs by MFM in liquid environments – Although 

MFM imaging improved techniques and MNPs manipulation methods have been 

developed in Chapters 3 and 4, there are still challenges in imaging and handling 

MNPs in liquid environments because the hydration forces resist the oscillation of 

the cantilever and make the low magnetic forces between the magnetic probe and 

the MNPs hard to be detected. Thus, a further investigation into MFM imaging 

and manipulation techniques to successfully obtain the MNPs distributions in 

liquid environments and manipulate the target MNPs in liquid environments is 

needed.  
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 Techniques to separate the multinuclear cells from mononuclear cells to specific 

treatment of the multinuclear cells – As it was mentioned in Chapter 5, 

mononuclear SW480 cells were more sensitive than multinuclear SW480 cells 

and multinuclear SW480 cells exhibited stronger drug-resistance than 

mononuclear SW480 cells. This means that multinuclear cells are more likely to 

survive from the anti-cancer drug and they are difficult to be killed in the cancer 

treatment. Thus, techniques that can label multinuclear cells and to separate them 

from mononuclear ones are needed.  

 Techniques for target cancer cells treatment and manipulation in large scale – In 

Chapter 6, the target cells were successfully treated with MNPs by implanted 

MNPs into the cells using the MFM tip. This means that functioned MNPs need 

to be injected into each target cell using the magnetic tip. In large scales where 

there are a large number of cancer cells, the implantation will take a longer time 

period with the current manual method. To improve the efficiency, automation 

techniques which can identify and label target cancer cells, and can implant 

MNPs into multiple cells simultaneously and automatically are needed.  
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