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中 文 摘 要 ： 磁振造影已被廣泛使用在醫學影像當中，其對軟組織具有相當優異
的造影能力，為結構性影像。而磁粒子造影則是一種能提供磁粒子
分佈影像的功能性造影工具。然而功能性影像需要與結構影像共定
位後疊合，才能提供磁粒子分布與生物組織的相對位置。因此為了
提高共定位的準確性。磁振造影/磁粒子造影混和系統的開發，將能
在同一系統中取得氫原子分布的結構性影像以及磁粒子分布的功能
性影像，避免兩次影像取得過程中的定位誤差。而在本計畫中，將
進一步採用多通道接收線圈的架構，改善低場磁振造影的影像品質
，並與陣列式磁粒子造影系統結合，對生物仿體進行造影特性測試
與最佳化，做為未來生醫磁性影像工具的基礎研究。研究工作細分
如下：
1. 高溫超導量子干涉元件的製作與其特性檢測
2. 多通道接收線圈的架設與最佳化，以提高磁振造影系統的靈敏度
。
3. 生物仿體整合影像的建立，包含磁振造影/磁粒子造影混和系統
的影像共定位與特性分析以及生物仿體整合影像的建立與特性分析
。

中文關鍵詞： 磁振造影、磁粒子造影、功能性影像

英 文 摘 要 ： Magnetic resonance imaging (MRI) is a powerful imaging tool
for clinical application which is a structure imaging tool
for soft tissue. Magnetic particle imaging (MPI) is a kind
of functional imaging tool for tracing magnetic particle.
In order to localize the source position obtained from
functional images, the imaging co-registration and fusion
of functional image and structure image is necessary. If
the functional imaging (MPI) and structure imaging (MRI)
can be obtained in one system, the error form the co-
registration will be minimized. Therefore, in this project,
entitled “The study on multi-channel detector for the
application on hybrid ultra low field magnetic resonance
imaging/ magnetic particle imaging system for biomagnetic
imaging”,
We will further design and develop multi-channel pick-up
coils to improve the imaging quality of low-field MRI
system, and with the array of magnetic particle imaging
system, the imaging characteristics of the gelatin-agar
phantom to test and optimize, as the future of medical
magnetic imaging Tools for basic research. The detail works
are described as follows:
1.The fabrication of high-Tc superconducting quantum
interference device (SQUID)
2.The fabrication and optimization of array pick-coils for
improving the sensitivity of low-field MRI system
3.To establish the integration image of gelatin-agar
phantom, including the characteristic of MRI/MPI co-
registration imaging for gelatin-agar phantom and magnetic



particle.

英文關鍵詞： magnetic resonance imaging, magnetic particle imaging,
functional imaging
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報告內容： 
The results of the project include two aspects: (1) Sensitive detection of liver tumors in rats ex vivo via the 

analysis of spin-lattice relaxation time by using high-Tc SQUID magnetometer at ultralow magnetic fields, (2) 

Scaling characteristics of the magnetization increments of functionalized nanoparticles 

determined using a vibrating sample magnetometer for liquid magnetic immunoassays 

 

(1) Sensitive detection of liver tumors in rats ex vivo via the analysis of spin-lattice 

relaxation time by using high-Tc SQUID magnetometer at ultralow magnetic fields 

 

I. Introduction 

Magnetic resonance imaging (MRI) has been widely used for soft tissue diagnosis in hospitals. In 

addition to providing structure images, T1-weighted images and T2-weighted images, MRI also 

distinguishes different tissues, such as tumor tissues in the human body. In conventional nuclear magnetic 

resonance (NMR) and magnetic resonance imaging (MRI), a strong magnetic field higher than 1 Tesla is 

usually applied to enhance the signal-to-noise ratio (SNR) for biomedical applications. On the other hand, 

the SNR of NMR/MRI is weak under ultralow magnetic fields (ULF). This presents challenges for 

biomedical applications. Despite the weakness of SNR, NMR/MRI under UFL shows several merits, 

which include: 1) T1-weighted imaging shows enhanced image contrast (1); 2) T1-weighted imaging 

using antibody-activated magnetic nano-particles shows enhanced image contrast (2); 3) low system cost, 

etc. By applying a pre-polarization field and using SQUIDs, the advances of UFL NMR/MRI are 

significant; readers may refer to numerous references (3-13). In particular, recent studies have 

discriminates prostate tumors in human beings ex vivo using a low-Tc SQUID gradiometer (14,15). Such 

studies reveal the promise of ULF NMR/MRI technologies in clinical applications. On the other hand, 

novel technology based on resonant flux coupling and high-Tc SQUIDs has also promoted the research of 

the tumor detection under ULF (16-18).  

In clinical practice, the immediate confirmation of malignancy for a surgical specimen depends on 

pathologic examination. Frozen section examination under a microscope has been applied for checking 

the cell morphology of removed tissue to determine whether the histology represents cancer tissue or 

normal tissue. However, this process requires tedious steps and trained pathologist, presenting a difficult 

burden in hospitals more remote areas. Developing detection equipment that provides fast analysis, with 

simple and automatic interpretation, is a matter of considerable urgency. 

This work differentiates hepatocellular carcinoma (HCC) from normal liver tissue in animal studies. The 

technology of high-Tc SQUID-based NMR/MRI is optimized to further improve the detection sensitivity 

in weight at clinical sites. We observe T1 = ~(286  33 ) ms for HCC tissues and T1 = ~(182  16 ) ms for 

normal liver tissues, and  significant differences. The minimum detection in weight is 50 mg for HCC 

tissues and 100 mg for normal liver tissues at a hospital. Furthermore, six human specimens were 

obtained by a survey were examined by our low-field NMR system. The high-Tc SQUID-based NMR is 

compact and shows promise for clinical applications such as diagnosing various tumors ex vivo. 

 

II. Experimental method 

Figure 1 shows the schematics of the high-Tc SQUID-based NMR/MRI system. Such high-Tc 

SQUID-based NMR/MRI systems have been reported previously (9-13). In this work, the system is 
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optimized to improve the detection sensitivity in weight by 1) optimizing the design of the detection coil 

for a small amount of samples down to 50 mg; 2) using a flux gate to monitor the fluctuated measurement 

fields to reduce the effects of noises on NMR signals; 3) increasing the measurement field to ~150 T to 

enhance the NMR signals; 4) applying a method of "lock-in" analysis to eliminate the fluctuated NMR 

signals for samples in magnetically unshielded environments (13); 5) reducing the eddy current by adding 

copper meshes in RF shielding; 6) performing a simulation of SNR and comparing the results with 

experimental results, etc. Finally, the NMR system under ULF was applied to evaluate human specimens 

at National Taiwan University Hospital for biomedical applications after obtaining approval from the 

Institutional Review Board (No 9561705070). 

 

As a function of TBp, the detected NMR signals Sy(TBp,t) follow the formula: 

   

Sy(TBp, t) = A0[1- exp(TBp/T1)]exp(t/T2
*
)sin(rt),      (1) 

 

where A0 is the intensity, TBp is the duration of pre-polarization time, T1 is the spin-lattice relaxation time, 

T2
*
 is the effective spin-spin relaxation time, r is the resonance angular frequency and t is the time. We 

varied the duration time of pre-polarization field, TBp, to measure the NMR signal S(TBp), as shown in the 

following equation:  

 

     S(TBp) = A0[1 - exp(-TBp/T1)],      (2) 

 

The above equation was fitted to the data of S(TBp)-versus-TBp to derive T1s for HCC tissues and normal 

liver tissues of rats. 

Figure 3 shows the sequences used for the detection of T1 for normal liver tissues and HCC tissues. The 

magnetic fields induced from the eddy current after we turned off the pre-polarization field are decayed to 

zero in less than 10 ms for a high pre-polarizing field at 100 mT. A compensation field is applied to 

cancel the Earth's magnetic field perpendicular to the measurement field, Bz,0. The Earth's horizontal field 

is added to the measurement field, resulting in a net field for NMR detection. A magnetic-field gradient, 

Gz,c, was applied to compensate for the stray gradient field in B0,z. A 90
o
 pulse field, B1, was applied to 

tilt the direction of magnetization, M, resulting in processing of M along the B0,z. The NMR signal is then 

detected via the pick-up coil which is coupled to high-Tc SQUID via a tuned resonant circuit. Finally, the 

free induction decay (FID) NMR signal, Sy(TBp, t), as a function of the pre-polarizing time TBp, was 

measured to derive T1 so as to differentiate HCC tissues from normal tissues in rats. 

We represent the ratio of the detected NMR signal  and Johnson noises as vn. The ratio  can be 

represented as:  

 = LN(r
2
)Bzcos(Lt) ,      (3) 

where N is the number of turns of the pick-up coil, N(r
2
)Bzcos(Lt) is the total time-varying flux 

treading the pick-up coil, L is the Larmor frequency under the measurement field, Bz. vn can be described 

by the following formula: 

vn = (Ri+Rp) [(4kbTRi)
1/2

 + (4kbTRp)
1/2

] ,      (4) 

where Ri and Rp are the resistance of the input coil and pick-up coil, respectively, kb is the Boltzmann 

constant and T is temperature. The input coil is cooled at liquid nitrogen temperature and the pick-up coil 
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is at 300 K. The /vn) are calculated and compared with experimental results based on Eqs. (3) and (4). 

III. Results and discussion 

   Figure 4(a) shows the normalized signal-to-noise ratio (SNR) for the simulation and Figure 4(b) 

shows the experimental results measured at Larmor frequency fL = 6350 Hz. The experimental results 

show an optimized SNR at N = ~318 turns, which is close to the theoretical prediction. In Figure 4(c), we 

show the geometry of the pick-up coil wound with a 0.25 mm diameter copper wire. The total number of 

turns of the pick-up coil is 318. We achieve a SNR of ~(90.0  8.1) for detecting the NMR signal using 

0.5 mL of de-ionized water. The signal is significant when applying existing technology high-Tc SQUID 

based on NMR under ULF. We note that the SNR of the present design is better than that of previous 

designs when used for tumor detection (12). The proposed approach results in 510 pick-up coil turns and 

shows an SNR of ~20 with 0.5 mL of water.  

Figure 5(a) shows the NMR intensity as a function of TBP for the HCC tissues with weights varied from 

0.1 g to 0.5 g. The corresponding T1s are also shown. Figure 5(b) shows the NMR intensity as a function 

of TBP for the normal liver tissues with weights varied from 0.1 g to 0.5 g. The corresponding T1s in 

Figure 5(c) show NMR intensity as a function of TBP for the HCC tissues with 50 mg and 80 mg weights. 

Below 50 mg, the environmental noises affect the signals significantly and T1 deviate from the average 

value. We have optimized the NMR system under ULF and pushed down the detection limit for HCC 

tissues to 50 mg in the present system at hospital sites.  

Figure 6 shows T1 as a function of weights for normal liver tissue and HCC tissues.  We measured the T1 

of normal liver tissues and HCC tissues with three independent replicates and show the averaging value 

and error bar. The measured T1 remain constant for the different weights studied here. The average T1 for 

HCC tissues is ~(286  33) ms, while the average T1 for normal tissues is ~(182  16) ms. The T1s of the 

HCC tissues are significantly longer than those of the normal liver tissues. Longer T1s are due to the 

higher amount of water content in the HCC tissues, as demonstrated in a previous study (17). 

In order to further prove the feasibility of clinical application of T1 measurement by low-field NMR, 

specimens from six liver cancer patients were obtained during surgical procedures and preserved at a low 

temperature of -80 
o
C. Then, the specimens were defrosted to room temperature before NMR 

measurement was performed. Figure 7(a) shows the NMR intensity as a function of TBP for the HCC 

tissue and normal liver tissue from one patient. The signal characteristics for HCC tissue and normal liver 

tissue were distinguished by normalizing the strength of the NMR signal to the saturated NMR signals. 

The solid lines in Figure 7(a) are the fitting curves. The T1 for HCC tissue was equal to 495 ms and the T1 

for normal liver tissue was equal to 241 ms. Figure 7(b) shows the T1 of liver tissues obtained from 6 

HCC patients. The average T1 value of HCC tissue is 451.7±82.6 ms, and the average T1 value of normal 

liver tissue is 209.5±31.6 ms. The p-value of 0.000165 was calculated via paired t tests. The p-value, 

which is less than 0.001, presents statistically high significance between the T1 of normal liver tissue and 

HCC tissues. The feasibility of using T1 to discriminate cancerous liver tissues from normal liver is 

demonstrated. 

IV. Progress and Challenges 

  Progress has been made in developing sensitive high-Tc SQUIDs and biomagnetic applications (17-25). 

By using biofunctionalized magnetic nano-particles and SQUID-based immuomagnetic reduction assays, 

the detection of bio-markers for diagnosing Alzheimer’s disease in vitro has been reported (10,26-28). 

Regarding the high-Tc SQUID-based NMR/MRI, we have previously achieved a detection sensitivity of 

http://dict.cn/big5/to%20preserve
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~200 mg for HCC tissues and ~400 mg for normal tissues at microtesla fields in unshielded environments 

(12). The detection sensitivity has been further improved to 100 mg for cancerous liver tissues and 

normal liver tissues (13).  

 

In this work, high-Tc SQUID-based NMR is optimized to achieve a high detection sensitivity. Magnetic 

field fluctuations in the hospital sites can reach hundreds of nT, which causes the Larmor frequency to 

drift randomly, thus seriously deteriorating the averaging effect (29). This problem is overcome by 

applying the lock-in analysis technique (13,30). Using the gradient coil from MRI, we applied gradient 

field compensation along the direction of the measurement field (z-direction). The line width of the 

frequency-domain NMR spectrum is reduced to 0.8 Hz at the resonance frequency. The present detection 

sensitivity in weight is improved to ~50 mg for cancerous tissues and ~100 mg for normal tissues, which 

is less than the clinic requirement of 200 mg. The system can be promoted in clinics so that surgeons can 

immediately clarify the status of tissues at the operation sites before biopsy tests, etc. The SQUID-based 

NMR/MRI shows promise in future biomedical applications. 

  

V. Conclusion 

A high-Tc SQUID-based NMR/MRI via a tuned resonant circuit is optimized for discriminating 

cancerous liver tissues from normal liver tissues for future clinical applications at hospitals. As an 

example, cancerous and normal liver tissues of animals are investigated before clinical applications. We 

observed T1 = ~(286  33) ms for cancerous liver tissues and T1 =~(182  16) ms for normal tissues. The 

minimum detection in weight is 50 mg for HCC liver tissues and 100 mg for normal liver tissues. 

Furthermore, the T1 measurement of human normal liver tissues and HCC tissues shows statistically high 

significance. In this biomedical application, cancerous tissues can thus be characterized by T1 at operation 

sites in hospitals. The high-Tc SQUID-based NMR is compact and shows promise in future clinical 

applications. 
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Figure  

Figure 1 The schematics of the high-Tc SQUID-based NMR/MRI system under microtesla magnetic 

fields.  

 

Figure 2 The resonance frequency of de-ionized water as a function of fluxgate output. 
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Figure 3 Sequences for the detection of T1 for normal liver tissues and HCC liver tissues. 

 

Figure 4 (a) normalized SNR in simulation; (b) SNR as a function of the number of turns wound in 

pickup coils in the experiments; and (c) geometry of the pick-up coil with 318 turns for the 

experiments.  
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Figure 5 (a) NMR intensity as a function of TBP for liver tumors with different weights. The measured T1 

relaxation times are also shown. (b) NMR intensity as a function of TBP for the normal liver 

tissues with different weights. the measured T1 relaxation times are also shown. (c) NMR 

intensity as a function of TBP for cancerous liver tissues with weights of 50 mg and 80 mg. 

 

 

 
Figure 6 T1 as a function of weights for cancerous liver tissues and normal liver tissues. 
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Figure 7(a) Normalized NMR intensity as a function of TBp for human normal liver tissue and HCC tissue. (b) 

T1 relaxation time of human HCC tissue was larger than that of normal liver tissue. There was a 

highly significant difference between normal tissues and HCC tissues. 
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(2) Scaling characteristics of the magnetization increments of functionalized 

nanoparticles determined using a vibrating sample magnetometer for liquid 

magnetic immunoassays 

 

I. Introduction 

C-reactive protein (CRP) is a primary marker of inflammation in response to infectious or noninfectious 

diseases and acute tissue injury. Therefore, the detection of CRP levels in the blood is useful for 

diagnosing such conditions. Currently, several optical technology-based quantitative methods, such as 

enzyme-linked immunosorbent assay [1], radioimmunoassay [2], and immunonephelometry [3], are used 

for detecting CRP levels. In recent years, magnetic immunoassays have received considerable attention 

because of their unique advantages over traditional detection methods such as the low magnetic 

background in biological samples. Therefore, magnetic nanoparticles (MNPs) can be used to perform 

highly sensitive measurements with reduced sample preparation in turbid samples. 

When reagents composed of biofunctionalized magnetic nanoparticles (BMNs) are mixed with 

to-be-detected biotargets, magnetic clusters will be conjugated. The changed magnetic properties of the 

reagents after the BMNs become associated with the biotargets provide a sensing basis for assaying 

biotargets. Characterization of the physical properties enables determining an unknown quantity of 

biotargets. Immunoassays can be performed through the measurements of remanent magnetization (MR) 

[4,5], saturation magnetization (MS) [6], magnetorelaxometry [7-9], Brownian relaxation [10-12], 

spin–spin relaxation time [13,14], ac magnetic susceptibility reduction [15-22] and affinity 

immobilization [23]; the sensitivity of these technologies demonstrates the potential for the immunoassay 

of CRP.  

  MR refers to the magnetization that is left behind in a material after applying and then removing an 

external magnetic field. MR measurements are performed in zero magnetic fields, and detection 

mechanisms that utilize MR have been proposed for biomolecule detection [4,5] with high sensitivity. 

However, environmental noise can affect weak MR signals, which deteriorates the detection sensitivity. 

Magnetic shielding can be employed to reduce the field noise and superconducting quantum interference 

devices (SQUIDs) can be used to enhance the signal-to-noise ratio, but such systems are equipped with 

complex and expensive components, and thus promoting their use in clinical applications is difficult. If 

magnetization is measured in a field where H >> H = 0 Oe, which shows higher signal strength compared 

with MR, then magnetic fluctuations at H = 0 Oe can be neglected. To verify this concept, we propose a 

detection mechanism based on changes in magnetization at field strengths higher than H = 0 Oe. Using 

the proposed detection mechanism, we found that the detection sensitivity can be enhanced in comparison 

with that derived from the increment of MR (M). In this study, the BMNs were anti-goat CRP coated 

onto dextran-coated magnetic nanoparticles (Fe3O4–anti-CRP), and the biotargets were human CRP. We 

found that M(H) was enhanced when the concentration of CRP (CRP) increased and H was varied from 

200 to 1500 Oe. We attributed this to the conjugation of magnetic clusters, which enhanced the 

magnetization after the reagent became completely associated with the CRP. The detection signals 

derived from M at a field strength of H >> 0 Oe were superior to those derived from MR at H = 0 Oe. 

The signal of M/MR was enhanced by one order of magnitude. The normalized M/M was scaled to a 
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universal logistic function, which provided a foundation for characterizing an unknown quantity of 

biomarkers. 

II. Experiments 

The protocol of synthesizing reagents was previously reported [24] and is briefly described here. The 

magnetic reagents used in this study were composed of magnetic nanoparticles (MagQu Co, Ltd). To 

prepare the anti-CRP (i.e., antibody against CRP), dextran was bound to the outermost shell of Fe3O4 

particles, and a NaIO4 solution was added to the magnetic solution to oxidize the dextran to create 

aldehyde groups (–CHO). Subsequently, the dextran reacted with the anti-CRP through –CH=N–. Thus, 

the anti-CRP was bound covalently to the dextran. Through magnetic separation, unbound anti-CRP was 

removed from the solution to obtain a reagent consisting of Fe3O4–anti-CRP. The magnetic reagent was 

further divided into the desired size through filtration chromatography. A dynamic laser scattering 

instrument (Nanotrac-150, Microtrac) was used to disperse the reagents in a phosphate-buffered saline 

solution (pH = 7.4). In this study, the mean diameter of the Fe3O4 particles was 45.8 nm with a standard 

deviation (SD) of  15 nm and the MS was 0.15 emu/g, which was measured using vibrating sample 

magnetometers (VSMs) (MagQu Co., Model HysterMag and EG&G, Model 4500), corresponding to a 

concentration of 4.25 mg of Fe per milliliter of solution.  

In this study, the human CRP (Sigma-Aldrich, St Louis, MO) was prepared by diluting with 

phosphate-buffered saline solution before experiments. In the assaying of CRP, a reagent composed of 40 

μL of Fe3O4–anti-CRP was mixed with 60 μL of CRP in a sample tube at 20 °C. After 4 hours of 

incubation, we measured the M–H curves in 10 minutes and analyzed the magnetization enhancement 

(M) at different field strengths (H). The relationship between M/M and the CRP concentration was 

characterized using a VSM. The magnetic hysteresis curves were measured after the BMNs became 

associated with the biotargets. The M(H) and MR were characterized, where M(H) denotes the 

change of magnetization at H. The change in the normalized magnetic susceptibility increment (χ/χ) 

provides the sensing mechanism. 

III. Results 

Figure 1(a) shows a TEM picture a magnetic cluster composed of Fe3O4-antiCRP-CRP. The size of 

magnetic clusters is about several hundred nm which are labeled in figure 1(a). Figure 1(b) shows 

magnetic clusters studied with SEM and the magnetic cluster is marked by a large dashed circle while 

Fe3O4-antiCRPs are marked with small dashed circles. The magnetic clusters will affect the magnetic 

properties after the association. The effect of magnetic clustering on magnetic properties such eff during 

the association of Fe3O4-antiCRP with CRPs was reported by Chen et al. [25]. The authors showed the 

formation of magnetic clusters via the study of TEM images. In this work in addition to magnetic clusters 

composed of Fe3O4-antiCRP-CRP is verified via the study of TEM. Additionally we show the association 

of CRPs onto Fe3O4-antiCRP and magnetic clusters Fe3O4-antiCRP-CRP via SEM studies. 

Figure 2 shows the magnetic hysteretic curves with CRP varied from 0 to 20 ppm and applied external 

fields up to 1500 Oe. Each magnetic hysteretic curve presented in figure1 reports three independent 

biological replicates and was shown by averaging value and error bar. We observed that M increased 
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from M(H = 1500 Oe) = 0.1412 ± 0.0033 emu/g to M(H = 1500 Oe) = 0.3439 ± 0.0041 emu/g when we 

increased CRP systematically from 0 to 20 ppm. Because more magnetic clusters were conjugated when 

we assayed higher concentrations of CRPs, M(H = 1500 Oe) increased with CRP.  

Figure 3 shows MR as a function of CRP when the Fe3O4–anti-CRP reagent completed the association 

with CRP. We found that MR increased with CRP. When we assayed CRP with CRP = 0.01 ppm, we 

determined that MR = 0.00073 ± 0.0046 emu/g, and MR increased systematically to 0.02751 ± 0.0045 

emu/g when we assayed CRP with CRP =20 ppm. The signals of MR fluctuated below CRP = 1 ppm 

because of the presence of system noise. The sensitivity threshold in MR was determined using the SD of 

the data at the lowest concentration of 0.01 ppm, yielding a detection limit of 1.07 ppm. 

Figure 4 shows M as a function of H for the reagent mixed with 1 ppm CRP (CRP = 1 ppm). At this 

concentration, M(H) increased with H. Moreover, M was equal to 0.005 emu/g when 1 ppm CRP was 

assayed at H = 0 Oe, and it was enhanced to 0.05 emu/g when 1 ppm CRP was assayed at H = 1000 Oe. 

The M(H = 1000 Oe)/M(H = 0 Oe) [or M(H = 1000 Oe)/MR] was enhanced by one order of 

magnitude when 1 ppm CRP was assayed. Therefore, the data of MH versus CRP with H >> 0 provided 

a stronger signal for magnetic immunoassays in comparison with the data of MR versus CRP.  

 

Figure 5 shows M as a function of CRP at H = 200, 400, 600, 1000, and 1600 Oe. We found that at H = 

200 Oe, MH=200 was equal to 0.00721 emu/g when CRP = 0.01 ppm, and it increased to 0.12 emu/g 

when CRP = 20 ppm. We noted that MR = 0.00073 emu/g at H = 0 Oe. Therefore, we obtained an 

enhancement in MH=200/MR = 0.00721/0.00073 = 9.9 when CRP was assayed with CRP = 0.01 ppm. 

Analyzing the SD of the data at a concentration of 0.01 ppm yielded a detection threshold of 0.071 ppm. 

Additionally, from the data of MH=1600 as a function of CRP at H = 1600 Oe, we observed that MH=1600 

was equal to 0.012 emu/g when CRP = 0.01 ppm, and it increased to 0.143 emu/g when CRP = 20 ppm. 

Therefore, we obtained an enhancement in MH=1600/MR = 17.8 when CRP was assayed with CRP = 

0.01 ppm and MH=1600 Oe/MR = 6.3 when assayed with 20 ppm CRP at H = 1600 Oe. Analyzing the SD 

of the data at a concentration of 0.01 ppm yielded a detection threshold of 0.028 ppm. Hence, compared 

with M at H = 0 Oe, M was enhanced at both H = 200 and 1600 Oe; thus, the detection sensitivity will 

be enhanced at these increments of magnetization.   

Figure 6 shows M/M (or χdc/χdc) as a function of CRP at H = 200, 400, 600, 800, 1000, and 1600 Oe. 

The terms χdc and χdc denote the increment of dc susceptibility and dc susceptibility measured using the 

VSM. The value of χdc/χdc is equals to 0.1 when 0.01 ppm CRP was assayed, and M/M (or χdc/χdc) 

increased to 0.15 when 20 ppm CRP was assayed. The normalized M/M (or χdc/χdc) exhibited similar 

scaling characteristics at H = 200, 400, 600, 800, 1000, and 1600 Oe. Additionally, we found that, at 

different field strengths, all of the M/M (or χdc/χdc) data can be scaled to a characteristic logistic 

function [16,26,27]:  
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(1) 

where A and B are dimensionless quantities and 0 is measured in parts per million. Figure 6 shows the 

scaling characteristics of M/M (χdc/χdc) with the fitting curve. The fitting parameters are A = 0.056 ± 
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0.003, B = 17.7 ± 3.1, Φ0 = 2690 ± 215 ppm, and  = 0.483 ± 0.089. Therefore, the relationship between 

M/M (or χdc/χdc) and CRP was established, providing a foundation for characterizing unknown 

quantities of biomarkers.  

IV. Discussion 

Enpuku et al. have proposed a detection mechanism based on MR by using a high-Tc SQUID device, and 

the mechanism demonstrated sensitive detection of biomolecules [28,29]. An alternative detection 

mechanism based on an ac susceptibility reduction (IMR) assay (χac/χac) was proposed in another study 

[17], where χac denotes the ac susceptibility reduction and χac denotes the ac susceptibility. Studies using 

IMR have demonstrated sensitive detection of the biomarkers of liver tumors [15], colorectal tumors [19], 

and Alzheimer’s disease [20,21]. Another study proposed a detection mechanism based on the phase lag 

of M relative to H in assaying CRPs and reported a detection sensitivity of more than 1.0 ppm [30]. The 

present study proposes a detection mechanism on the basis of M. Hysteresis loops were measured after 

the reagent was conjugated with the biotargets in order to characterize M. The basic mechanism is the 

dynamic equilibrium between magnetization and relaxation. When a reagent is conjugated with biotargets, 

the increment of particle size causes an increment of Brownian relaxation time. Therefore, the dynamic 

equilibrium magnetization increases. When the number of CRPs that conjugated with BMNs increased at 

high CRP concentrations, the effective particle size of the BMNs increased considerably. Therefore, the 

change in magnetization increased with the increment of the concentration of CRP. The experimental 

results showed that M increased with the CRP concentration. Additionally, the signals of M/M (or 

χdc/χdc) in different magnetic fields were scaled to a universal logistic function, which provided a 

foundation for characterizing unknown quantities of biomarkers at H >> H = 0 Oe. 

CRP levels increase markedly in the event of injury or infection and have become key indicators of 

infectious/noninfectious disease and of acute conditions. A clinical study assayed CRP and found that the 

curve for the IMR signal versus CRP, indicating the sensitivity in terms of concentration, was as low as 

10
-2

 to 10
-3

 mg/dL for CRPs in the IMR assay [22]. The sensitivity based on M/M (or χdc/χdc) in the 

present study was 0.071 ppm and 0.028 ppm at the magnetic field strength of 200 Oe and 1600 Oe 

respectively. The detection sensitivity is two orders of magnitude higher than that required by clinical 

criteria (5 ppm). The scaling characteristics of magnetization increments also show potential for 

developing a compact VSM system with low field strength in the range of several hundreds of oersteds 

for clinic applications. 

V. Conclusion 

In summary, the present study investigated the assaying of CRPs on the basis of M in magnetic fields. 

We characterized M as a function of CRP after reagents composed of Fe3O4–anti-CRP conjugated with 

CRPs. The results revealed that M was enhanced when CRP increased. We attribute this to the 

conjugation of magnetic clusters, which enhanced the magnetization after the association. The signal of 

M(H = 200 Oe)/MR was enhanced by one order of magnitude in the low concentration regime (>0.1 

ppm). Therefore, the detection sensitivity can be enhanced if M(H = 200 Oe) is applied for magnetic 

immunoassays instead of MR in magnetically unshielded environments. Additionally, M/M (or χdc/χdc) 
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at different magnetic field strengths was scaled to a characteristic logistic function that provided a 

foundation for assaying unknown quantities of biomarkers. The proposed detection method is novel and 

the platform is robust, easy to use, and can be applied to assay various biomolecules such as tumor 

markers, viruses, and proteins. 
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Figure  

Figure 1  

Figure 1(a) TEM picture of a magnetic cluster composed of Fe3O4-antiCRP-CRP, and (b) SEM picture of 

magnetic clusters.  

 

  

 

Figure 2  Magnetic hysteretic curves of a reagent conjugated with various 
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Figure 3  MR as a function of CRP. 

 

 

 

Figure 4  M as a functionof H with CRP = 1 ppm. 
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Figure 5  M as a function of CRP in magnetic fields with H = 200, 400, 600, 1000, and 1600 Oe. 

 
Figure 6 M/M as a function of CRP in different magnetic fields was scaled to a characteristic logistic 

function. 
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科技部補助專題研究計畫出席國際學術會議心得報告 

                                     日期：   年   月   日 

                                 

一、參加會議經過 

本人於 9/15 中午搭機出發，於 9/16 抵達瑞士/日內瓦，並於隔日 9/17 開始參與本次會議，當

日晚間有 welcome reception 讓與會的學者能行初步的交流。隔天旋即開始緊湊的會議議程。

每日上午都有大會安排的 Plenary talk。之後有邀請演講與壁報論文展示。此部分則是同時有

數個主題平行進行，讓與會的學者可以依照自己的研究主題或感興趣的議題進行交流。除了

聆聽演講並和與會學者交流外， 亦於 9/18 下午進行壁報論文展示， 發表的論文主題是：

『High-Tc SQUID detected low-field NMR and MRI for biomedical application』，於壁報發表時

間與許多來自不同國家的學者進行討論、交流，由於本實驗室採用高溫超導量子干涉元件進

行仍能得到相當不錯的訊號特性，因此受到很多國際學者的討論。過程中亦互相分享與交換

研究經驗，收獲相當豐富，對後續研究工作的進程具有相當大的助益。會後於 9/22 搭機返台。 
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二、與會心得 

1. 2017 European Conference on Applied Superconductivity是歐洲最大的應用超導會議，每兩年舉

辦一次，與目前本計畫的研究方向一致，因此參加此會議與參加會議的學者進行交流對於計

劃的推行，以及拓展國際視野相當有幫助。 本會議含括的研究領域與範圍主要以

ELECTRONICS、LARGE SCALE以及MATERIALS為主。本計畫研究的領域主歸屬於超導電

子學範疇。  

2. 本次會議共有4場Plenary talk，探討最新的超導應用發展趨勢，講者與講題如下：  

1) Charge Density Waves in underdoped High-Tc materials 

Ted Forgan, University of Birmingham, United Kingdom 

2) HTS versus LTS: physics, technology, and application prospects 

Michael Eisterer, ATI Vienna, Austria 

3) The NHMFL 32 T superconducting magnet 

Huub Weijers, W.d. Markiewicz, A.J. Voran, S.R. Gundlach, Y.L. Viouchkov, A.V. Gavrilin, 

P.D. Noyes, T.a. Painter, B. Jarviw, W.R. Sheppard, G. Sheppard, D.K. Hilton, D.v. Abraimov, 

T.P. Murphy, NHMFL, United States of America 

4) Superconducting Computing: An Energy-EfficientQuantum-Based Technology for 

Supercomputers 

Pascal Febvre, Universite Savoie Mont Blanc, France 

3. 發表壁報論文、聆聽口頭眼將以及 break time 時和與會學者進行深入學術交流，也頗有收

穫。口頭演講，有許多相當特別的應用研究，例如應用超導磁感測器開發的食品中微量金

屬殘餘物的研究，或是可以自循環業態氦的腦磁圖儀研究等等，亦頗令人啟發。而在壁報

論文時間，除了與會學者深入討論之外，也同時了解其他國家相關研究成果的進程，在技

術上，也互相交流與分享實驗方法，將對我們後續研究的進程提供相當大的幫助。 
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三、發表論文全文或摘要 

Title : SQUID detected low-field NMR and MRI for biomedical application 

In this work, a high-Tc SQUID-based NMR/MRI is developed for discriminating cancerous liver 

tissues from controlled liver tissues for human via the analysis of spin-lattice relaxation time, T1. In 

T1 detection we pre-polarize the samples with different pre-polarization times, TBp and detect the 

NMR signals S(TBp) as a function of TBp and S(TBp) is fitted to S(TBp) = A0[1- exp(TBp/T1)] to 

derive T1’s. We found that the  T1 for cancerous liver tissues is significantly higher than the T1 for 

normal liver tissues. The high-Tc SQUID-based NMR shows promise in biomedical applications. 

四、建議 

非常感謝科技部能提供出席國際研討會發表論文之經費，這項補助對於台灣學者更快速地了

解國際上研究的新發展十分有幫助，此外亦能促進與國際學者間的交流。對於從事相關研究

領域的學者非常有幫助，希望能持續補助此項經費。 

五、攜回資料名稱及內容 

大會會議資料手冊一本。 

六、其他 
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科技部補助專題研究計畫出席國際學術會議心得報告 

                                     日期：   年   月   日 

                                 

一、參加會議經過 

 10/11 離台抵達大陸武漢，隔日便開始本次研討會，過程中主要聽取各議題演講、壁報報告，並進

行會議邀請演講。此外亦前往鄭州輕工業大學進行學術交流，之後於10/14 返台。  

本人於此次會議發表本計畫的研究成果,為利用高溫超導量子干涉元件，結合磁通轉換器應用於低

場磁共振研究。具高度創新性獲許多學者的討論，尤其是日本多位學者對於本研究所使用的技術

細節相當感興趣，顯示研究成果在國際學術界具有一席之地。在與國外學者交流的過程中亦獲得

些研究方法上的想法，對後續研究工作的進程具有相當大的助益 

二、與會心得 

 International Workshop on Magnetic Bio-Sensing 是每年在亞洲地區舉辦的磁性生醫感

測國際研討會，去年在日本舉辦，今年在大陸，下次則是在日本。本研討會的研究領域針對磁性

生醫技術進行討論，有別於其他大型國際會議，因為範疇涵蓋太廣，以致與本計畫相關的研究領

域報到、交流的機會被縮短，相較之下，小型且主題較為聚焦的研討會將較能加深相關研究領域

的學者間互相交流，以期能促進跨國的研究合作。與會學者的研究領域方向相近，透過技術交流
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與互補獲益良多。 

三、發表論文全文或摘要 

Title : High-Tc SQUID and flux coupling based NMR and MRI at ultralow magnetic fields 

INTRODUCTION Nuclear magnetic resonance (NMR) and magnetic resonance imaging (MRI) are 

usually performed at high magnetic fields to increase the signal-to-noise ratio SNR. Although the 

signal of NMR/MRI at ultralow fields (ULF) is weak, the signal is of interest due to the following 

reasons: 1) to understand the new science used to create and the new technologies inside the 

equipment, 2) MRI can be integrated into the magnetoencephalography (MEG) for the simultaneous 

detection of MEG and MRI, 3) the enhancement of image contrast in T1-weighted imaging for 

biomedical applications, and 4) the absence of magnetic susceptibility artifacts. Much progress has 

been made in low-Tc SQUID-based NMR/MRI. However, low-Tc SQUID-based NMR/MRI requires 

liquid helium (LH), which is expensive and in limited supply. In this work, a high-performance 

NMR/MRI system based on high-Tc SQUID and flux coupling at ULF for samples in magnetically 

unshielded environments is reported. The system shows promise for biological applications and 

clinical research. 
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Figure 1: The geometrical structure of MPI systems. 

MATERIAL AND METHODS Figure 1 shows the schematic of the high-Tc SQUID-based NMR/MRI with 

a flux transformer. In the current work, the system in Figure 1 was optimized to enhance the SNR by 

increasing the pre-polarization field to 120 mT, compensating the x-, y-, and z-gradient fields that 

appear in the measurement field in the sample space. The NMR/MRI system was set up with the 

pre-polarization coil, measurement coil, gradient coils and pulse coil inside an RF-shielded box made 

of an aluminum plate and copper meshes. The pre-polarization coil constructed from a 1680-turn 

copper coil and could generate a pre-polarization field of 50 to 120 mT. The spin precession of protons 

was inductively coupled to the high-Tc SQUID magnetometer via a flux transformer. In the NMR 

measurements, the static field was active along the z-direction and the horizontal component of the 

Earth’s magnetic field was added to the uniform magnetic field, B0,z, The vertical component of the 

Earth’s magnetic field was cancelled by a compensation field, BC,y. A pre-polarization field, Bp,x, of up 

to 100 mT was applied with a duration of pre-polarization time, TBp, to increase the polarization of 

protons in samples. A gradient compensation, BC,z, was applied to compensate the gradient component 

present in B0,z. A 90
o
 pulsed excitation magnetic field, B1, was turned on after the pre-polarization field 

was turned off and the NMR signal of protons was detected at B0,z = ~98 T. 
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RESULTS Figure 2(a) shows the water columns with diameter of 2 mm containing 200 μL of water for 

the MRI study. The image was taken using a back projection technique. The pre-polarization field was 

55 mT and the image was taken in a gradient field of 52.6 μT/m with θ = 0 to 175
 o
 and Δθ = 5

o
, where 

θ is the angle of the direction of the rotated gradient field during back projection imaging. The image 

of the water columns was clearly obtained in a magnetic field of 98 μT with 5 averages. The image 

result showed that the MRI system promises an image resolution of 2 mm and a high sensitivity for a 

sample volume of 200 μL. Figure 2(b) shows the corresponding 2D image of the index and middle 

fingers. The dark regions are bones, while the white regions are muscles and skins. The knuckles of the 

index and middle fingers are also indicated in the images. 

3 mm
2 mm

Each phantom (200 μL)

5 averages(a)

3D Surface 2

Middle finger
Index finger

Knuckles

Bones

Muscle

(b)

 

Figure 2: The measurement of a phantom with two delta samples. 

CONCLUSION A high-performance NMR/MRI at ULF based on high-Tc SQUID and flux coupling for 

samples in magnetically unshielded environments is reported in this work. MRI of water phantoms 

with a spatial resolution of 2 mm was demonstrated. A clear image of fingers was demonstrated. The 

work presented establishes that NMR/MRI at ULF shows potential for biological applications. 

四、建議 

此補助活動對於學術交流十分有幫助，希望能持續及增加補助。 

五、攜回資料名稱及內容 

大會會議資料手冊一本。 
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