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Abstract 

One of the holy grails in cancer detection and therapy is to simultaneously image and 

deliver drugs to the tumor site using a safe nanoparticle. Liposomes are a well-known safe and 

stable nanoparticles that can be loaded with a drug and suitable contrast agent for magnetic 

resonance imaging (MRI). However, the loading of a contrast agent such as gadolinium in 

liposomes generally results in poor contrast and various artifacts in in vivo experiments, compared 

to free gadolinium chelate experiments. Current work demonstrates the effective filtering of 

artifacts and contrast enhancement to obtain high quality images of the tumor sites in mouse 

models using paramagnetic liposome nanoparticles as contrast agent, a novel pulse sequence in 

active-feedback MRI, and nonlinear fitting. Our results show a significant improvement in 

eliminating artifacts and increasing contrast compared to the standard MRI techniques, and a close 

correlation with histopathology and inductively coupled mass spectrometry results. This newly 

developed protocol could be used for any paramagnetic nanoparticle to improve detection 

sensitivity. We expect this methodology to produce similar improvements in human imaging, 

having the potential to significantly improve early tumor detection in clinical practice and opening 

up the possibility of its theranostic use. 
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Graphical Abstract 

 

 

1. Introduction 

Magnetic resonance imaging (MRI) is a non-invasive tool to obtain high-resolution 

anatomical images of a tumor site. Recent advances1–4 in targeting a tumor site by  nanoparticles 

such as liposomes5–7 carrying both drug and an MRI contrast agent have added a new dimension 

in cancer therapy. The possibility of online monitoring of the tumor site during the drug release 

process, as well as the detection of early tumors, would significantly improve the prognosis of 

cancer patients. However, MR imaging suffers from poor contrast and the problem of artifacts that 

originate from calcification, fat, hemorrhage, blood clots etc., mimicking MRI signals from the 

contrast agent.8 The problem is further aggravated when the imaging is performed by loading the 

contrast agent in a nanoparticle such as a liposome for theranostic applications.  

Biocompatibility, size controllability, and functional versatility make liposomes ideal 

nanovehicles for carrying and delivering cargo inside the human body. Such self-assembled 

spherical lipid bilayer are already clinically approved5,6,9–12 and are capable of carrying both 
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hydrophilic and hydrophobic drugs in their aqueous core and in lipid membrane respectively. 

Liposomal nanoparticles can be modified into in vivo long-circulating nanovehicles by engineering 

them with a conjugating moiety and polyethylene glycol (PEG) for active and passive targeting, 

respectively. Gd3+ chelates have been extensively studied in the past and a couple of them have 

been approved as MRI contrast agents for clinical use. However, for theranostic use, Gd3+ chelates 

have to be encapsulated in a nanoparticle such as a liposome that can simultaneously carry drug 

molecules and target the tumor site. Moreover, the toxicity of Gd3+ for renal patients could be 

somewhat alleviated by its encapsulation in liposomes. On the other hand, the encapsulation of 

Gd3+ restricts the relaxivity of the contrast agent compared to the free chelate due to limited water 

flux between the aqueous core and the outside bulk water,13–16 resulting in limited contrast and the 

problem of artifacts in the conventional T1-weighted images. There have been many efforts to 

solve these problems in previous studies,13,16–18 such as optimizing the size of the liposomes, 

increasing the load of Gd3+- chelates, etc., however the problem still exists.  

Contrast in conventional MRI techniques largely depends on the differing molecular 

dynamics of different tissues, resulting in variations of the relaxation times of the signal.19 These 

imaging techniques have limited efficiency to differentiate between tissues or materials with only 

a slight difference in the relaxation parameters.  The online monitoring of the tumor or the 

detection of the early tumors is associated with a slight shift in magnetic susceptibility and 

conventional MR imaging techniques often fail to identify such small changes. This meager shift 

in the local field is independent of molecular dynamics and is thus essentially invisible to the 

conventional relaxation-based imaging mechanisms such as T1, T2 or T2
*.19,20 Another related 

methodology, susceptibility-weighted imaging (SWI)21 is a post-processing technique where 

further enhancement of the contrast is achieved by applying phase mapping to the T2* images. 
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However, SWI struggles in cases where T2
* decays limit the amount of phase shift, or where the 

resonance offset change across the imaging plane is inadequate. Hence, a highly sensitive and safer 

MRI approach capable of theranostic application is highly desirable for the online monitoring of 

the tumor during the drug release process at the tumor site and also for detecting early tumors. 

It was demonstrated previously that the use of the radiation damping feedback field, a 

nonlinear approach that relied on Lenz’s law, could enhance the contrast by amplifying a small 

magnetic difference of the system.22–26 In general, radiation damping effects are more pronounced 

in a high-field condition, but an active-feedback circuit can produce the same effect in a low 

magnetic field. A small change in the magnetization is collected and fed back into the sample in a 

loop during the evolution of the magnetization. Such nonlinear dynamics are highly sensitive to 

the initial magnetization conditions, and in some cases produce chaotic dynamics.23 The selective 

nature of this active-feedback field has been found to magnify the contrast between tissues with 

only a slight variation in magnetic properties.24–28 However, the reactionary nature of the 

previously used active-feedback27,29–36 pulse sequence efficiently return the sample magnetization 

back to its equilibrium orientation on a short time scale and limits the extent of the contrast by 

restricting its nonlinear evolution.  

In this work, we have designed a new pulse sequence by introducing a continuous-wave 

(CW) radio-frequency field in the presence of an active-feedback field to extend the nonlinear 

evolution of magnetization over time. This improved pulse sequence having a CW component can 

stabilize and preserve the contrast against decay, and can ameliorate the sensitivity of the active-

feedback method. We find from theoretical simulations of the active-feedback process that the new 

pulse sequence produces a characteristic biexponential temporal variation of the longitudinal 

magnetization in the difference images between the proton spins with and without Gd-liposomes. 
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We have used the difference imaging technique with and without Gd-liposome (paramagnetic 

liposome) to locate a tumor site and have taken anatomical MR images of paramagnetic liposomes 

attached to the tumor site. Removal of artifacts and enhancement of contrast have been 

demonstrated by exploiting the biexponential temporal characteristic of MRI signal coupled with 

difference imaging. This new technique results in significantly superior imaging contrast of the 

positions of Gd-liposomes, compared to conventional MRI methods in subcutaneous glioblastoma 

multiform (GBM) mice models. These findings are verified by inductively coupled plasma mass 

spectrometry (ICP-MS) results.  

 

2. Results and Discussion 

2.1 Material Characterization 

The liposomes were prepared by the thin layer evaporation method and Gd was 

incorporated into the bilayer. PEG lipids were incorporated into the surface of the liposome for 

longer circulation time in the blood in order to increase the chances of targeting cancer cells 

through the enhanced permeability retention (EPR) effect. Liposomes were characterized by 

negative stain transmission electron microscopy (TEM) and dynamic light spectroscopy (DLS). 

DLS study has shown that the nanoparticles have a mean diameter of 168.0 nm with standard 

deviation of 76.6 nm, consistent with Figure 1 demonstrating the representative TEM images for 

the synthesized nanoparticles, indicating a uniform distribution and successful formation of 

bilayered liposomes. 
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Figure 1. Schematic diagram with material characterization a) Schematic diagram of 

paramagnetic liposomes (Gd-liposomes), where red dots show the presence of Gd on the bilayer 

and the orange lines representing polyethylene glycol (PEG) for EPR effect b) TEM images 

show successful formation of bilayered liposome c) Demonstrates homogeneous distribution 

and morphology of nanoparticles under TEM. 

 

2.2. Relaxation Measurements 

 Different relaxation parameters like longitudinal and transverse relaxation decay rates (T1 

and T2) at different concentrations were probed for the Gd-liposome solution in a 300MHz Varian 

microimaging setup and plotted to obtain the longitudinal and transverse relaxivity values, r1 and  

r2, respectively . Further, those were compared with the standard contrast agents, such as Gadavist 

and Magnevist. As shown in Figure 2, the nanoparticle solution exhibited an r1 value of 1.68 s-1 

mM-1, whereas Gadavist and Magnevist showed r1 values of 4.70 and 4.32 s-1 mM-1 respectively. 

In contrast, the nanoparticles demonstrated a higher r2 value of 8.93 s-1 mM-1 compared to for 

Gadavist and 5.34 s-1 mM-1 for Magnevist. Hence, the prepared Gd-liposomes are much weaker T1 

contrast agents, compared to the standard, clinically used Gd compounds, whereas they are much 

stronger T2 contrast agents compared to others. This feature of Gd-nanoparticles could be 

attributed to their particular structure, where the amphiphilic Gd-DTPA-BSA molecules were 

incorporated into the hydrophobic bilayer of the liposome through the hydrophobic interaction. 

The hydrophilic head with Gd3+ should orient itself towards either the inner aqueous core of the  
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Figure 2. Relaxation rate measurement of paramagnetic liposomes (Gd-liposomes) and 

comparison with commercial contrast agents a) Longitudinal relaxation rate (1/T1) 

measurement at different concentrations. Relaxivity (r1) is calculated from the slopes of the fitted 

line; black represents paramagnetic liposome (Gd-liposome) with r1 = 1.68 mM-1s-1 , green 

represents Gadavist with r1 = 4.70 mM-1s-1 , purple represents Magnevist with r1 =  4.32 mM-1s-

1 b) Transverse relaxation rate (1/T2) measurement at different concentration. Relaxivity (r2) is 

calculated from the slopes of the fitted line; black represents paramagnetic liposome (Gd-

liposome) with r2 = 8.93 s-1 mM-1 , green represents Gadavist with r2 = 5.92 s-1 mM-1, purple 

represents Magnevist with r2 = 5.34 s-1  mM-1 (Uncertainty in  all the results are 10%) 

 

liposome or the outer water sphere. If the Gd3+ ions are in contact with the continuous water flow 

of the bulk water, then nanoparticles should behave like strong T1 agents. However, our results are 

not consistent with such a conclusion. Therefore, we have hypothesized that Gd3+ ions might be 

preferentially located at the side of the inner aqueous core rather than the outer surface, restricting 

their access to the bulk water.  Moreover, the high concentration of the Gd3+ in the small bilayer 

of 2-5 nm would act as a source of strong magnetic dipolar field, making the nanoparticles a good 

T2 agent. In the following sections, we have compared MR images taken by standard T2 and T1 

pulse sequences versus those with the active-feedback MR images obtained by employing a 

continuous wave pulse sequence.  
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2.3. Continuous wave active-feedback (cwaf) pulse sequence and theoretical simulation 

 An electronic feedback (active-feedback) device was used to mimic the non-linear nature 

of the radiation damping to prevent instabilities in the time evolution of magnetization.30,31 Radio-

frequency continuous wave (CW) was incorporated in a new pulse sequence design (Figure 3a) to 

extend the non-linear evolution of the magnetization by preventing the system from reaching 

equilibrium. As a result, the return of the magnetization to the equilibrium orientation was delayed 

by stabilizing the proton spins of the sample with a different alignment called a fixed point. 

 

Figure 3. Pulse sequence and simulation result a) Pulse sequence for active-feedback (fb) 

imaging with continuous wave (cw) and feedback phase; lastly acquisition with fast spin echo 

image sequence (fsems). b) Simulation result for the decay of longitudinal magnetization with 

(black) and without (red) Gd respectively. c) The temporal variation of longitudinal 

magnetization of Gd-liposome. 
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Additionally, phase alteration of the electronic feedback was done to enhance the natural radiation 

damping effect for contrast enhancement purposes under specific conditions, leading to potentially 

chaotic dynamics for simple-spin systems.29  

Let m(r) = M(r)/Meq be the normalized magnetization vector, where M(r) is 

magnetization vector and Meq is the equilibrium magnetization. The time evolution of m(r) is 

governed by the classical Bloch equations37,38 and depends: on the local magnetic field B(r,t) 

defined in the rotating frame; the longitudinal (T1) and transverse  (T2) relaxation times, and the 

self-diffusion coefficient (D). Information concerning the CW and active-feedback is contained in 

B(r,t). In an appropriate frame of reference, we can write the local magnetic field  B(r,t)=Bz+Bcw 

+ B+,af , where Bz, Bcw, B+af are the longitudinal component of the magnetic field, the contribution 

from CW and the contribution from active-feedback field, respectively. The active-feedback field 

can be modeled as a time-dependent magnetic field,39,40 given by 

𝛾𝑩+,𝒂𝒇(𝑡) =
𝑖𝑒−𝑖𝜑

𝜏𝑟𝑉
∭ 𝒎+(𝒓, 𝑡)𝑑3𝒓                                                                                                           1) 

Here, the active-feedback time constant r = (2πηM0Qγ)−1,22 η and Q being the filling and quality 

factors of the coil, ϕ, usually assumed to be zero, depends on the tuning efficiency of the probe,40 

is gyromagnetic ratio, m+ is the transverse magnetization; and V is the total volume. The time 

evolution of the system will minimize ∫ 𝒎+(𝒓) 𝑑3𝒓, and fixed points correspond to 
𝜕𝒎

𝜕𝑡
= 0.  

The time evolution of the system finally proceeds to the creation of stable fixed points 

(Figure S1). However, the effect of relaxation impedes the long-term stability of the fixed points, 

as the signal in vivo is not expected to last for more than a few hundreds of milliseconds. In fact, 

we would expect the in vivo signal to saturate completely long before the magnetization would be 

able to arrive at the stable fixed points. Despite the nature of the signal to eventually saturate, the 
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simulations show that the evolution of the magnetization proceeds towards the fixed points. 

Considering a realistic system and modeling Gd-liposomes as sources of strong dipolar magnetic 

fields, the simulations results with the pulse sequence (Figure 3a) for the decay of the longitudinal 

magnetization (MZ) with and without Gd-liposomes-are shown in Figure 3b. The figure shows that 

there is an en route difference of longitudinal decay between decays with and without Gd-

liposome. Assuming Gd-liposomes are targeted to the tumor site, this variation represents the 

difference between healthy and tumor tissue. Since, we are mostly interested in this change, point-

to-point differences were calculated and Figure 3c shows the corresponding predicted temporal 

variation of MZ for Gd-liposomes. The predicted temporal variation exhibits biexponential 

behavior and provides a strong handle for discriminating between artifacts and spurious points.   

2.4. In vivo mice experiments 

In this experiment, the PEGylated nanoparticles were injected through the tail vein of a 

mouse at a concentration about 30 μg/g, and we relied on passive targeting through the EPR effect. 

The in vivo mice experiments were done in a 7T Varian microimaging instrument. The MR images 

were taken  before and after a few hours of injecting the Gd-liposomes in an otherwise identical 

experimental setup, where the position of the animal was kept fixed. Thus, any changes in the 

images taken before and after injecting Gd-liposome could be assigned to the presence of Gd-

liposomes in the mouse body. In order to image Gd-liposomes, we have acquired the direct 

differences of the intensity images taken before and after injecting Gd-liposome; these images will 

be referred to as difference images. The temporal evolution of the difference images has been 

obtained by taking such images at different time points. Figure 4 shows such a difference image  
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Figure 4. Difference imaging: The absolute intensity difference between two images taken 

before and after injecting paramagnetic liposome (Gd-liposome), acquired by active-feedback 

pulse sequence for the same slice under identical experimental conditions. 

 

taken with active-feedback technique (employing CW pulse sequence as shown in Figure 3a) for 

a part of the right hind leg of a mouse, where a tumor was grown. However, the difference image 

in Figure 4 lights up quite a few places in the image because of various artifacts making it difficult 

to accurately identify the position of the Gd-liposomes attached to the tumor. We have exploited 

an important characteristic feature of the active-feedback image with CW pulse sequence to 

eliminate artifacts and false imaging and compared with the images obtained by various 

conventional MR imaging protocols. 

After injecting Gd-liposomes, the images were acquired under different preparation times 

of 33, 66, 99, 165 and 231 ms with our specially designed CW active-feedback pulse sequence. 

The difference images obtained at different preparation times are shown in Figure 5a. The 

longitudinal intensity differences correspond to the differences in longitudinal (z) magnetization 

and its temporal variation should be biexponential (Figure 3c) given by  

𝑰𝒏𝒕𝒆𝒏𝒔𝒊𝒕𝒚 𝑫𝒊𝒇𝒇𝒆𝒓𝒆𝒏𝒄𝒆 = 𝑨 × (𝒆
−

𝒕

𝑻𝑨𝑭𝟏 − 𝒆
−

𝒕

𝑻𝑨𝑭𝟐  )………………………2) 

 where TAF2 and TAF1 are rise-time and decay-time constants respectively. A typical temporal 

variation of the difference images obtained from the experiment is shown in Figure 5b along with  
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Figure 5. Time evolution of difference imaging a) The difference imaging is shown for 

different preparation times of 33, 66, 99, 165 and 231 ms for a particular slice. b) The temporal 

variation of the difference images fitted with a bi-exponential equation. c) Shows the parameter 

(TAF1) at different points where goodness of fit>0.7, poorly fitted points have been removed as 

artifacts. The position of the tumor site is most intense and unambiguous.  

 

a biexponential fit. The characteristic pattern of the plot in 5b is in good accordance with the 

predicted temporal variation in Figure 3c. The intensity points whose temporal variation of 

longitudinal intensity difference cannot be fitted by a biexponential curve with the goodness of fit 

(R2) >0.7 were removed as artifacts or false imaging. The threshold R2 value has been chosen based 

on pixel-wise R2 mapping. In Figure 5c, we show the values of the parameter TAF1 extracted from 

such fits at different points after eliminating artifacts.  

In left panel of Figure 6, we show the difference images for the two mice and in the middle 

panel the same image for the points that follow the characteristic biexponential temporal variation 

with the goodness of fit >0.7 and eliminate the points that do not show this characteristic feature.  
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Figure 6. Parameter corrected difference image: Left column is showing the difference 

images for two mice. Middle column is demonstrating the same difference image for points that 

show the expected temporal behavior with the goodness of fit>0.7. The highest concentrations 

of paramagnetic liposomes (Gd-liposomes) are clearly seen at the tumor site. Right column is 

showing an overlay of this parameter corrected difference image with a standard MR image. See 

text for the details.  

 

The middle panel shows the results for tumors in two mice (mouse-1 and mouse-2) with excellent 

contrast and without artifacts. Based on the observations and theoretical justifications, we claim 

that the images only contain the points where Gd-liposomes actually exist. The relative intensities 

are indicating the concentrations of the Gd-liposomes in this image. The right column of Figure 6 

shows an overlay of the parameter-corrected difference images with a conventional MR image of 

the mouse to understand the anatomy. The yellow circle indicates the tumor position and the darker 

regions are parts of the liver. The images obtained by our new technique show clearly the positions 
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of Gd-liposomes as white and grey dots with an excellent contrast, thus clearly displaying the 

location of the tumor. 

This method was compared with conventional techniques such as inversion recovery T1, 

spin echo multi slice T2 (SEMS T2), gradient echo multi slice (GEMS T2) and T2-weighted 

techniques. We followed identical procedures of acquiring images before and after injecting the 

Gd-liposomes and obtained the parameter-fitted difference images for the conventional MR 

techniques to compare with our specially designed active feedback technique. In Figure 7, we show 

MRI images obtained by various conventional techniques versus our new technique for the two 

mice, clearly demonstrating that our new technique shows the best contrast to locate the Gd-

liposomes very efficiently without any background noise, artifacts or false imaging. 

 

Figure 7. Comparison with conventional techniques: The comparison among different MR 

images taken using conventional techniques and our parameter-corrected difference imaging 

technique with active-feedback continuous-wave pulse sequence. Results are shown for mouse-

1 and mouse-2. The yellow circles show the positions of the tumor. See text for the details.  
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2.5. Histopathology and targeting efficiency 

The mice were sacrificed after the experiment and histological sections were made to locate 

the position of the tumor shown in Figure 6 with yellow circles. Inductively coupled mass 

spectrometry (ICP-MS) results for Gd are displayed in Figure 8, showing the highest concentration 

of the Gd at the tumor site (74.80 μg/g) followed by a concentration of 21.8 μg/g at the parts of 

liver. Notably, the kidney has only 0.6 μg/g Gd, while other body parts have 0.13-1.05 μg/g Gd. 

In this context, it is worthwhile to mention that the clinical dosage for humans is usually 15 μg/g 

in regular use, however a 3 times higher dose of Magnevist and a 15 times higher dose for Gadavist 

were found to be well tolerated for healthy human.41,42 Figure 8 shows the percentages of Gd 

concentration in different parts of the mouse indicating 75% concentration at the tumor site, even 

for passive targeting. The use of active targeting6,43 could enhance this efficiency very significantly 

 

Figure 8: Inductively coupled mass spectrometry (ICP-MS) result: It demonstrates the 

concentration of Gd is 74.80 μg/g at tumor, 21.80 μg/g in the parts of the liver and 0.13 - 1.05 

μg/g in other parts of the body. Uncertainties in the results are 10%. 
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and better images could be obtained. Moreover, the incorporation of Gd-chelate into the bilayer of 

liposome should reduce the chances of leakage.  

 

3. Conclusions 

The ability to obtain artifact-free high-contrast images of the tumor site by encapsulating both 

the contrast agent and drug molecules in a nanoparticle plays a key role for the success of cancer 

theranostics. However, generally the encapsulation of the contrast agent reduces its ability to 

generate high-contrast images. In this work, we have demonstrated how high-contrast, artifact-free 

images could be obtained by employing a specially designed active feedback technique compared 

to available conventional MR imaging techniques. This newly developed MRI pulse sequence is 

based on an active-feedback technique employing a CW radio-frequency field in the transverse 

plane to extend the nonlinear evolution of the proton spins by preventing them from reaching 

equilibrium. The technique stabilizes and preserves the generated contrast in the context of fixed-

point dynamics. We have developed a novel analytical procedure to obtain high-contrast 

background-free and artifact-free images by exploiting the characteristic biexponential temporal 

variation of the intensity points of the difference images. The technique successfully lights up the 

positions of the nanoparticles accurately with a close correlation with histopathology and 

inductively-coupled mass-spectrometry results, where other conventional techniques give 

ambiguous images full of various artifacts.  

Under clinical conditions, the field strength, filling and quality factors of the coil are 

usually not enough to produce an observable radiation damping field. We have shown how to 

overcome this problem with the implementation of an active feedback circuit, designed to read the 
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free induction decay (FID), amplify and then retransmit the signal back onto the sample, thus 

emulating the effect of the radiation damping feedback field.28 While the process is not the true 

radiation damping feedback field, the system exhibits the same non-linear response for the total 

magnetization and can thus be used in settings where radiation damping is negligible, i.e. at clinical 

setting using a low magnetic strength MRI. 

The liposomal nanoparticles used in this work have been well studied for drug delivery and 

imaging purposes, however the sensitivity is poor because of insufficient interaction of Gd3+ with 

bulk water.13,16 This work shows a superior contrast mechanism to solve this long-standing 

problem. Here we have shown the nanoparticle accumulation at the tumor site through passive 

targeting. The dosage is within the clinical limit and could be reduced significantly by active 

targeting.  This nanostructure provides high stability, limits the chances of releasing free Gd in the 

body, ensures better targeting to cancer cells and has the capability to be a potent theranostic for 

early cancer with high sensitivity without compromising contrast.  

This protocol employing a characteristic temporal biexponential feature of the difference 

image under the new pulse sequence could be used as a powerful analytical tool for the robust 

detection of other paramagnetic nanostructures that generally suffer from limited contrast. Hence, 

our technique is an important step to achieve success in cancer theranostics using paramagnetic 

nanoparticles and it has the capability to generate high quality PET-like MR images. 

 

4. Methods 

4.1. Preparation of Gd-liposomes 

A total of 112.5 micromole of 1,2-distearoyl-sn-glycero-3-phosphocholine(DSPC) 

(Corden pharma),1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene-
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glycol)2000] (DSPE-PEG2000) (Corden pharma), DTPA-bis(stearylamide) (Gadolinium salt) 

(Gd-DTPA-BSA) ) (Avanti Polar Lipids, Inc), Cholestrol (Sigma Aldrich), (in a molar ratio of 

1.10:0.15:0.75:1) were dissolved in chloroform/methanol (2:1) (Sigma Aldrich) mixture to yield a 

uniform solution of density typically between 10-20 mg/ml.44,45 The homogeneous solution was 

evaporated under high vacuum at 40 ºC and kept for 8 hours in a rotatory evaporator for the 

complete evaporation of organic solvent. The produced thin film was hydrated with phosphate 

buffer saline (10 mM PBS) (Sigma Aldrich) at pH 7.4 for 1 hour above its transition temperature 

(65 ºC) in a rotatory evaporator at a constant speed of about 60 rpm with occasional vertexing and 

sonication . The resulting solution was passed through a 400 and 100 nm filters with 61 times each 

during extrusion using a mini extruder from Avanti Polar Lipid. 

4.2. Characterization of Gd-liposomes 

 The size and morphology of the nanoparticles were verified with negatively stained 

transmission electron microscopy (TEM). The Gd-liposome solution was diluted 75-100 times and 

6μL was taken on carbon coated copper grid, stained with 2% uranyl acetate solution, and dried. 

The grid was loaded with a Gatan specimen holder into T12 cryo-electron microscope (Electron 

Imaging Center for NanoMachines, California NanoSystems Institute) microscope for imaging. 

The images were acquired by operating the machine at 120 kV with a Gatan 2k×2k CCD camera. 

The hydrodynamic diameter was measured with dynamic light scattering (DLS) after 

diluting by 300 times in 10 mM PBS buffer using a Coulter Beckman Dynamic Light Scattering 

Analyzer – N4 Plus (UCLA Molecular Instrumentation Center). 

4.3. MRI measurements 

All MR images and relaxation measurements were performed in a 300 MHz, 7T Varian 

INOVA microimaging system with 5 mm bore.  In order to obtain relaxation parameters, the 
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nanoparticle solution was diluted to different concentrations and Gadavist 

(Radiologysolutions.Bayer) and Magnevist (Radiologysolutions.Bayer) were brought for 

comparison. Number of scans was taken as 1 and relaxation delay time was 3 s for each.  T1 was 

measured using inversion recovery pulse sequence with inversion time (TI) ranging from 1 ms to 

3 s. T2 was obtained with CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence and the half of the 

interval between successive 180o pulses in the CPMG pulse sequence (τCP) was = 1 ms.  Time of 

echo (TE) was ranging from 4 to 300 ms. The relaxation rates were plotted with the concentration 

of Gd to obtain a linear fit. The longitudinal and transverse relaxivity parameters (r1 and r2) were 

calculated from the slope of the fitted straight line. 

All MR images in this work were acquired after preparation stage by fast spin echo image 

sequence with repetition time (TR) = 7.5 s, echo spacing time = 10 ms, number of echos = 8, 

number of scans = 1, on transverse plane (axial), the field of view (FOV) = 3.2. cm × 3.2 cm, 

thickness = 1 mm, matrix size = 128 × 128, zero padding = 512 × 512. The T2*-weighted images 

were acquired by GEMS with flip angle 30o, TR= 0.15 s, TE is 5, 5.1, 6, 10, and 15 ms respectively. 

The T2-weighted images were acquired by SEMS sequence with TR= 7.5 s and time of echo (TE 

or ) 10, 30, 50 and 70 ms respectively. T1-weighted images were obtained by inversion recovery 

(IR) pulse sequence with TR= 7.5 s and TI = 97 ms , 197 ms, 297 ms, 597 ms, 1.297 s and 3.097s. 

Active-feedback pulse sequence with CW was used, as shown in Figure 3 a) with different 

preparation times of 33 ms, 66 ms, 99 ms, 165 ms and 231 ms. Details of hardware design of the 

active-feedback instrument could be found elsewhere.28,46   

4.4. Cell Culture 

The U87-MG cell lines were purchased from Bioresource Collection and Research Center 

(BCRC, Taiwan), derived from American Type Culture Collection (ATCC). It is cultured in 
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minimum essential medium Eagle (MEM, Sigma-Aldrich) supplemented with 10% fetal bovine 

serum (FBS) (Gibco) and 100 U/mL penicillin-streptomycin antibiotics (Sigma-Aldrich). The cells 

were plated in T-75 flasks and maintained in a 5% CO2 humidified incubator at 37 oC. About four 

flasks of cells were collected after washing with PBS three times and treatment with trypsin 

(Biowest) treatment. The suspended cells were centrifuged at 967.5 g for 5 minutes and 

concentrated to 1 × 105 cell/L before implantation. 

4.5. Animal Surgery 

All animal experiments were done in accordance with the regulations approved by the 

Institution Animal Care and Utilization Committee at National Taiwan University, Taiwan. The 

male NOD CB17-Prkdscid/IcrCr1B1tw (NOD/SCID) mice were obtained from BioLASCO, 

Taiwan.  In vivo subcutaneous glioblastoma multiform (GBM) mouse models were prepared by 

injecting the U87-MG cells on the right hind legs of the mice. After injecting the mouse with the 

GBM cells, we waited for 8 days. Then, about 200 microliters of the nanoparticle solution with 

2% heparin to prevent coagulation was injected (Hamilton 30 gauge syringe, equipped with pump 

to push the drug) through the tail of the mouse. During the measurement, mouse was anesthetized 

with about 1.5% isoflurane and its position was held fixed inside the instrument. The heart rate 

and respiratory signs of the mice were carefully monitored. The measurements were taken once 

just before injecting the Gd-liposomes nanoparticle solution and again a few hours after injecting 

the mouse with Gd-liposome solution. The mouse position was kept undisturbed between these 

two measurements.  
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4.6. Histopathology 

After the experiment, the mouse-1 was sacrificed, and its different tissues were dissected. 

Then all the dissected tissues were digested separately in concentrated nitric acid. Concentrated 

hydrofluoric acid was added as required to dissolve any undigested material. The solution was 

evaporated just to dryness and taken up in 2 washes of 5% nitric acid for inductively coupled mass 

spectrometry (ICP-MS) analysis for elemental Gd at the Agilent 7500c quadrupole ICP-MS with 

hydrogen/helium octopole collision cell. 

4.7. Computer simulations for theoretical calculations 

Spin dynamics code was run using MATLAB (The Mathworks, Inc., South Natick, MA, 

USA). The Gd-nanoparticle was modeled as an impenetrable sphere of 168 nm diameter. The 

nanoparticle was placed at the center of a cubic box with volume fraction 0.000005 and the root 

mean square (rms) angular frequency shift at the particle surface Δωr = 50 × 107 rad/s. 50000 

average voxels of magnetic moment with diffusing proton spins were simulated randomly. 

Constant background relaxation and inhomogeneity were modeled by taking a magnetic dipolar 

field at healthy tissue with Δωr = 40 × 107 rad/s.  The diffusion process was modeled as a random 

walk in a cubic lattice with each diffusion step of size √6 × 𝐷 × 𝑡, where D is the diffusion 

coefficient of water (D = 2.5×10−5 cm2/s) and t is the diffusion time step.47,48  After each step, 

different magnetization offset and phase shift along the z-direction in the rotating frame 

experienced by the spins were calculated according to the following equation 4) for each voxel,  

𝐵𝑧(𝑑, 𝜃) = √(
5

4
) 𝑟3∆𝜔𝑟(3𝑐𝑜𝑠2𝜃 − 1)/𝛾𝑑3                                                                                          3) 

Here, γ is the gyromagnetic ratio of proton, r is the particle radius, d is the distance from the particle 

center and θ is the angle between the z-axis and the position where Bz (magnetic field along z 



23 
 

direction) is evaluated. Another set of 50000 average voxels of proton spins was taken to take care 

of healthy tissues, where no Gd-nanoparticle should be present, considering a perfect targeting 

case.  

At every step the resonance offset at the rotating frame was evaluated according to the 

formula Δωoffset = Bz for each spin. The average transverse magnetizations experienced by both 

sets of spins were numerically integrated taking care of CW pulse and accordingly substituted for  

B(r,t) (where, B(r,t)=Bz + Bcw+ B+,af, ; B+,af, calculated from equation 1) to solve Bloch equation 

for every voxel. 
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