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ABSTRACT 

Magnetic relaxation switches (MRS) based on target-induced state changes of magnetic 

nanoparticles are vital approaches for biomolecule detection in in vitro diagnosis. Recently, 

magnetic graphene quantum dots have been employed as magnetic probes instead of iron oxide 

nanoparticles and showed high sensitivity. Introducing magnetic separation into an MRS assay 

before the relaxometry measurements can enhance the sensitivity, elevate accuracy, and expand 

the linear region. In this work, magnetic separation-assisted MRS was developed to detect endoglin 

utilizing iron oxide as the magnetic carrier and magnetic graphene quantum dots as the magnetic 

probe. The assay possesses a broad linear region from 5 ng/mL to 50 μg/mL and a sensitive limit 

of detection of 1.3 ng/mL, which is two orders of magnitude lower than that of MRS without 

magnetic separation. The high accuracy and consistency have been proved for endoglin (CD105) 

detection in real samples. This graphene quantum dot-based MRS involving magnetic separation 

provides a new route for enhancing the sensitivity and accuracy of biomolecule detection. 

KEYWORDS: magnetic separation, magnetic relaxation switch, graphene quantum dots, ultra-

low-field NMR, CD105 
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1. Introduction 

Magnetic nanoparticles in the dispersed or aggregated state usually lead to differences in 

heterogeneous local magnetic fields, which are generally reflected as a change of relaxation time 

(T1 or T2) recorded by nuclear magnetic resonance (NMR) relaxometry [1, 2]. This phenomenon 

can be utilized to realize conventional magnetic relaxation switches (MRS) in sensing biological 

targets like viruses [3, 4], proteins [5-8], cancer cells [9-11], bacteria [12-14], and liposomes [15]. 

The key of quantitative MRS is to have highly monodisperse magnetic nanoparticles of a 

consistent size that result in precise and quantitative changes in relaxation time when cleaved or 

aggregated [16]. Because of its biocompatibility, Fe3O4 is generally employed as the MRS probe 

to convert the bio-interactions into a magnetic signal change [4, 7, 15-18]. To ensure the high 

dispersity of Fe3O4 and protect the magnetic cores from any changes driven by the surrounding 

media, surface coatings on Fe3O4 are universally used [16], which can also provide ligands to bind 

the aptamers for specific sensing. Nevertheless, surface coatings require laborious preparation. 

Although great achievements of MRS involving Fe3O4 have been attained, some carbon-based 

magnetic nanomaterials also reveal a high potential in MRS due to their superior properties. Since 

graphene quantum dots (GQDs) were first reported in 2004 [19], their modifiable structures, 

tunable properties [20], high water dispersibility, and excellent biocompatibility make them well 

suited for biological applications [21-23]. By combining GQDs and paramagnetic Gd3+, the 

obtained magnetic GQDs exhibit high magnetic relaxivity that is mainly contributed by the tunable 

microenvironment of GQDs. Additionally, the abundant groups of GQDs can directly serve as 

binding sites for aptamers. Recently, magnetic GQDs have been applied in the detection of 

biomolecules with high sensitivity due to their high relaxivities [24, 25]. 
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However, MRS assays based on target-induced aggregation or disaggregation of magnetic 

nanoparticles have some shortcomings. MRS usually depends on antibody-antigen recognition, 

but the state of magnetic nanoparticles remains unchanged, resulting in the loss of sensitivity [2, 

26]. High concentrations of magnetic nanoparticles may also impair stability and linear detection 

range, so that sensitivity and accuracy will be sacrificed [27]. To circumvent these limitations, 

magnetic separation can be introduced to MRS, in which magnetic nanoparticles have two roles: 

they serve as ⅰ) magnetic carriers for separation and ⅱ) magnetic probes for signaling. MRS 

involving magnetic separation is usually advantageous in enhancing sensitivity [28, 29]. 

In this work, a magnetic separation-assisted MRS (MS-MRS) composed of Fe3O4 (100 nm) as 

the magnetic carrier and magnetic GQDs as the magnetic probe was developed. As a reference, 

magnetic GQDs independently served as the probe to construct a conventional MRS without 

magnetic separation (denoted as G-MRS). Both the MRS assays were used to detect endoglin 

(CD105), which is a homodimeric transmembrane protein mainly distributed in the extracellular 

region and plays a crucial role in angiogenesis [30]. The CD105 is often expressed at a much 

higher level (20–2000 folds increase) in tumor tissues than in healthy tissues because the 

proliferation of endothelial cells is vigorous [31]. Hence, CD105 can be used as a biomarker for 

the general determination of tumors. In the MS-MRS assay, both the magnetic carrier and probe 

can specifically bind to CD105 at different sites. After that, a magnet was used to remove the 

particles bonded to the magnetic carrier and the magnetic probe was thus left. Using the homemade 

ultra-low field (ULF) NMR relaxometry, the relaxation times of the samples can be measured. The 

MS-MRS exhibits high sensitivity, a remarkable linear region, and more distinguishable relaxation 

times compared with those of G-MRS. Additionally, MS-MRS can be used to detect CD105 in 

human serum with high accuracy and consistency. 
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2. Materials and methods 

2.1. Materials 

The GQDs powder was purchased from CASYUEDA Materials Technology Co., Ltd. 

(Shanghai, China) and used as received. Hexaethylene glycol (PEG6, 97.0%), Gd(NO3)3•6H2O 

(99.9%), bovine serum albumin (BSA), phosphate buffer saline (PBS) buffer (pH = 6.0 and 7.2), 

and tris(hydroxymethyl)aminomethane (Tris) buffer (pH = 8.0) were purchased from Aladdin Co., 

Ltd. (Shanghai, China) and used without further purification. Carboxylated ferroferric oxide 

(Fe3O4) that dispersed in deionized water was purchased from Nanjing Nanoeast Biotech Co., Ltd. 

(Nanjing, China) and used as received. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), 

N-hydroxysuccinimide (NHS), and Tween® 20 were purchased from Sinopharm Chemical 

Reagent Co., Ltd. (Shanghai, China) and stored in accordance with the manual. The CD105 protein 

(Cat.# 10149-H08H), CD105 antibody for capture (Cat.# 10149-MM11, Ab1), CD105 antibody 

for detection (Cat.# 10149-MM05, Ab2), and Anti-G protein alpha S/GNAS Antibody (Cat.# 

100828-T36) were purchased from Sino Biological Inc. (Beijing, China). CD105 Enzyme-linked 

immunosorbent assay (ELISA) kit (Cat.# KIT10149) was purchased from Sino Biological Inc. 

(Beijing, China) and used according to the manufacturer’s protocol. Deionized water (resistivity 

~18.2  MΩ cm at 25  °C) was obtained using a Milli-Q system and used throughout all the 

experiments. 

 

2.2. Preparation of Fe3O4-Ab1 conjugates 

The carboxylated Fe3O4 (100 nm) was decorated with Ab1 through EDC/NHS chemistry. In the 

beginning, 400 μL of Fe3O4 (10 mg/mL) liquid dispersion was centrifuged to remove the solvent 

using a centrifuge (3000 rpm, 3 min). Subsequently, 400 μL of coupling buffer (0.1 mol/L PBS, 
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pH = 6.0) was dropped into that centrifuge tube. The above steps were repeated 3 times to ensure 

the Fe3O4 was completely redispersed in the coupling buffer. Next, 40 μL of EDC (50 mg/mL) and 

40 μL of NHS (50 mg/mL) were added to the tube, the mixture was then incubated in an oscillator 

at room temperature for 20 min. After the carboxyl groups on the surfaces of Fe3O4 were fully 

activated, a centrifuge (3000 rpm, 3 min) was used again to remove the unreacted EDC and NHS. 

The sediment after centrifugation was redispersed in 400 μL of coupling buffer for the connection 

of Ab1. Then, 20 μL of Ab1 (1 mg/mL) was added to the mixture, followed by incubation in a 

shaker at room temperature for 2 h to achieve a valid coupling between Fe3O4 and Ab1. For the 

removal of unbound Ab1, the mixture was centrifuged at 3000 rpm for 3 min. The obtained 

sediment was then resuspended in 400 μL of blocking buffer (20 mmol/L Tris, pH = 8.0) and 

incubated at room temperature for 1 h to block the residual activated carboxyl groups. At last, the 

mixture was centrifuged and redispersed in 400 μL of storage buffer (0.1 mol/L, pH = 7.4) 

containing 0.01% of Tween® 20 and 0.1 % of BSA. 

 

2.3. Preparation of GPG-Ab2 probe 

The Gd3+ loaded PEG6 modified GQDs (GPG) were prepared following the previously proposed 

method. Briefly, 15 mg of GQDs and 0.05 mmol of PEG6 were dissolved in 15 mL of deionized 

water and then transferred into autoclave heating at 240 ℃ for 48 h. After the mixture cooled down 

naturally, Gd(NO3)3•6H2O (225.7 μg, 0.5 μmol) was added to it and then heated for another 24 h 

at 240 ℃. Next, the obtained solution was dialyzed in a 3500 Da dialysis bag against deionized 

water to remove the dissociative Gd3+. At last, GPG powder was obtained by a lyophilizer. 

To prepare the GPG-Ab2 probe, GPG was first activated to be able to bind Ab2. Similar to the 

preparation of Fe3O4-Ab1, 15 mg of GPG powder was dissolved in 1 mL of coupling buffer (0.1 

mol/L PBS, pH = 6.0). Next, 100 μL of EDC (50 mg/mL) and 100 μL of NHS (50 mg/mL) were 
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dropped into the GPG solution in order, the mixture was then incubated in a shaker at room 

temperature for 20 min to activate the carboxyl groups on the surface of GPG. After that, Ab2 (500 

μL, 1 mg/mL) was added to the mixture, which was shaken at room temperature for 2 h to connect 

the GPG. The obtained mixture was placed in the ultrafiltration centrifuge tube (3000 Da, 9000 

rpm, 10 min) to remove the unbound Ab2 and unreacted EDC/NHS. Next, the filtered mixture was 

redispersed in 1 mL of blocking buffer (20 mmol/L Tris, pH = 8.0) and incubated at room 

temperature for 1 h to block the residual activated carboxyl groups. At last, the mixture was treated 

by ultrafiltration centrifugation (3000 Da, 9000 rpm, 10 min) and resuspended in 1 mL of storage 

buffer (0.1 mol/L, pH = 7.4) containing 0.01% of Tween® 20 and 0.1 % of BSA. The above usage 

can be scaled up to obtain a large number of probes. 

 

2.4. Collection and pretreatment of human serum 

Human whole blood samples of 14 human participants were initially collected in anticoagulant 

tubes and stored at 4 ℃. Each human serum sample was separated from the human blood using a 

centrifuge (3200 rpm, 3 min) and then diluted with PBS buffer (pH = 7.2) before use. The studies 

involving human participants were reviewed and approved by The Ethical Committee of Huashan 

Hospital. Human participants provided their informed consent. 

 

3. Results and discussion 

3.1. Strategy of the MRS assays 

As illustrated in Scheme 1, the MS-MRS assay can be divided into 5 steps. In the first step, the 

magnetic carrier (Fe3O4-Ab1), magnetic probe (GPG-Ab2) containing GQDs and Gd3+, and the 

samples containing CD105 are mixed and incubated. Both the magnetic carrier and magnetic probe 

can bind with CD105 through antigen-antibody reaction but via the different binding sites of 
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CD105. Next, the mixture is treated by a magnet outside the sample vial to separate the magnetic 

carriers and biomolecules bound to the carriers from the incubated mixture. Some of the magnetic 

probes will also be separated because of the indirect binding with the magnetic carrier (i.e., the 

magnetic carrier and magnetic probe are bound together to CD105). Thirdly, the supernate of the 

mixture is collected. Fourthly, the ULF NMR relaxometry is used to measure the T1 of supernate. 

Finally, by calculating the difference of T1 values of the test samples and the control samples, the 

amount of CD105 can be derived using the calibration curve. For the G-MRS without magnetic 

separation (Scheme S1), after the incubation of the test samples and the magnetic probes, the 

mixture can be directly used for T1 measurement. 

 

Scheme 1. Illustration of MS-MRS assay. 

 

3.2. Magnetic separation efficiency of Fe3O4 

Before the preparation of Fe3O4-Ab1 conjugates, the optimal size of Fe3O4 and magnetic 

separation time were investigated. The transmission electron microscope (TEM) image (Fig. 1A) 

and scanning electron microscope (SEM) image (Fig. 1B) correspond to the morphologies of 

carboxylated Fe3O4 with different diameters, both the two kinds of carboxylated Fe3O4 show high 
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uniformity in size. The size distribution histogram of carboxylated Fe3O4 (labeled as 50 nm) related 

to Fig. 1A was plotted in Fig. S1. The average diameter was found to be 50.8 ± 0.9 nm. The 

statistical diameter of the other carboxylated Fe3O4 (labeled as 100 nm) was fitted as 136.1 ± 3.0 

nm (Fig. S2). To balance the dispersity in water and the magnetic separation efficiency, these 

carboxylated Fe3O4 nanoparticles with different diameters (50.8 and 136.1 nm) were chosen as the 

candidates to form magnetic carriers in the MS-MRS assay. 

Next, the transverse relaxation rates (1/T2) of those carboxylated Fe3O4 with different 

concentrations were measured with ULF NMR relaxometry by dispersing them in 10 mL of 

deionized water. As depicted in Fig. 1C, linear fits of 1/T2 vs. concentration of carboxylated Fe3O4 

were employed to determine the transverse relaxivities (r2) values. The r2 values are 6278.7 ± 

498.6 and 206.8 ± 14.9 L/(mg·s) of carboxylated Fe3O4 with the diameters of 50.8 and 136.1 nm, 

respectively (R2 > 0.98). Since the carboxylated Fe3O4 particles are designed to capture instead of 

signaling the biomarkers, their relaxivities are insignificant for the choice of the proper size to 

form the Fe3O4-Ab1 conjugates. The r2 values can be regarded as the reference for determining the 

carboxylated Fe3O4 concentrations in the following magnetic separation efficiency studies. 

 

Fig. 1. Characterizations of carboxylated Fe3O4. (A) TEM image of Fe3O4 with the size of 50 nm. 

(B) SEM image of Fe3O4 with the size of 100 nm. (C) The r2 fittings of Fe3O4 with different sizes. 

The comparisons of (D) supernatant T2 values and (E) photographs when the aqueous dispersions 

of Fe3O4 were treated by a magnet at different times. Error bars indicate errors in the fitting. 

 

Before the magnetic separation process, the concentrations of the carboxylated Fe3O4 are 1 and 

20 μg/mL when the diameters are 50 and 100 nm, respectively. Fig. 1D compares the T2 values of 
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supernate acquired after magnetic separation at different times. Without the treatment of the 

magnet, the T2 values of carboxylated Fe3O4 (50 nm) and Fe3O4 (100 nm) are 157.7 ± 4.6 and 

212.3 ± 9.0 ms, respectively. With the increase of magnetic separation time, the T2 value of 

carboxylated Fe3O4 (100 nm) keeps increasing to 1725.8 ± 130.0 ms in the first 120 s and reaches 

the value similar to the T2 of H2O (Fig. S3) measured under the same circumstances, meaning the 

magnetic separation of carboxylated Fe3O4 (100 nm) is sufficient. Oppositely, the supernate of 

carboxylated Fe3O4 (50 nm) shows no remarkable changes in the T2 value. The photographs in Fig. 

1E visually support the above results that carboxylated Fe3O4 (100 nm) can be easily separated by 

a magnet in a short time (120 s), in which the concentrations of carboxylated Fe3O4 (50 nm) and 

Fe3O4 (100 nm) are 20 and 400 μg/mL, respectively. The above results enable carboxylated Fe3O4 

(100 nm) as the magnetic carrier in the MS-MRS assay. 

 

3.3. Characterizations of GPG 

The morphological characterizations of GPG are displayed in Fig. 2A and B. In the TEM image 

of GPG (Fig. 2A), the evenly-distributed state results from the highly dispersed GPG in water. By 

measuring the diameters of the GPG particles, the average diameter was fitted to be 6.6 ± 0.2 nm 

(Fig. S4) by using the Gaussian distribution function. In the high-resolution TEM (HR-TEM) 

image of GPG (Fig. 2B), an unambiguous honeycomb structure of graphene can be observed, 

indicating that GPG has the graphene structure. 
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Fig. 2. Characterizations of GPG. (A) TEM and (B) HR-TEM images of GPG. (C) The XPS Gd 

4d, C 1s, and O 1s spectra of GPG. (D) T1 comparison of GPG after different treating times of 

magnetic separation. Error bars indicate errors in the fitting. 

 

The chemical structure of GPG was investigated by X-ray photoelectron spectroscopy (XPS). 

The atomic ratio of C to O is 2.2, indicating that GPG has abundant oxygen-containing groups. As 

shown in Fig. 2C, two peaks located at 142.6 and 148.1 eV are the signals of Gd 4d5/2 and 4d3/2 in 

the Gd 4d spectrum [25], meaning that the Gd3+ was bound with PEG6 in GPG. The C 1s spectrum 

delivers a piece of important information that the oxygen-containing groups take a large proportion 

(38.3%) of the GPG. In that spectrum, peaks at 284.9, 286.4, and 288.3 eV represent C–C/C=C, 

C–O, and C=O bonds [32], the latter two bonds evidencing the presence of carboxyl. As shown in 

the O 1s spectrum, two peaks located at 531.1 and 532.7 eV can be recognized as C=O and C–

O/C–O–C bonds [33], verifying the abundance of carboxyl groups. 

GPG holds a high longitudinal relaxivity (r1) of 90.9 L mmol–1 s–1 (Fig. S5), such a high value 

ensures a sensitive detection of biomarkers when forming a magnetic probe. As GPG will be used 

to connect Ab2 and serve as the magnetic probe, it should not be separated by a magnet or other 

magnetic fields. GPG was dispersed in deionized water at the Gd3+ concentration of 0.05 mmol/L 

for magnetic separation. As shown in Fig. 2D, when the mixture was untreated with the magnet 

(time = 0), GPG has a T1 of 204.1 ± 3.9 ms. With the increase in separation time, the T1 value 

remains unchanged, indicating that GPG cannot be magnetically separated. 

 

3.4. Monitoring of the binding processes in assays with ULF NMR relaxometry 
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Fig. 3. Optimizations of the assays. (A) T1 comparison of GPG-Ab2 (Probe) with different Ab2 

amounts. (Inset: depiction of the binding between GPG and Ab2) (B) T1 changes vs. time when the 

probe was incubated with CD105 (Inset: depiction of CD105 detection with the probe). (C) T2 

changes vs. time when Fe3O4-Ab1 was incubated with CD105 (Inset: depiction of CD105 detection 

with the Fe3O4-Ab1). Error bars indicate errors in the fitting. 

 

Before carrying out the MS-MRS assay, the magnetic probe should be optimized to make full 

use of the GPG and possess a high sensitivity, the binding amount of Ab2 was thus optimized by 

measuring the T1 of the probe with ULF NMR relaxometry. Different concentrations (0, 0.001, 

0.01, 0.1, 1, and 10 mg/mL) of Ab2 were added when preparing the GPG-Ab2 probe (see 2.3. 

Preparation of GPG-Ab2 probe). As recorded in Fig. 3A, the T1 decreases when the binding amount 

of Ab2 increases and then settles at around 160.0 ms when the concentration of Ab2 is 0.05 mg/mL 

(corresponding to the adding concentration of 1 mg/mL). In Fig. 3A, the abscissa represents the 

concentration of Ab2 that was diluted 20 times (sample volume is 10 mL), and the concentration 

of Gd3+ in GPG is 0.05 mmol/L. Therefore, the probe follows a ratio (1 mmol : 1 g) of Gd3+ to Ab2. 

The incubation time largely determines the time consumption of the MRS assay. To investigate 

the optimal incubation time of MS-MRS assay, the magnetic carrier (Fe3O4-Ab1) and magnetic 

probe (GPG-Ab2) are used to bind the CD105, and ULF NMR relaxometry is used to monitor the 

incubation in real time by measuring the T1 of the mixture. During the incubation, the relaxation 

time (T1 or T2) was measured every 5 min. As displayed in Fig. 3B, the probe with a Gd3+ 

concentration of 0.05 mmol/L was used to detect CD105 (50 μg/mL). T1 at 0 min represents the T1 

value of the control sample. Fig. 3B reveals that with the increase in incubation time, the T1 value 

of the mixture rises in the first 22 min and then stabilizes at 390 ms, which reveals that the binding 

between GPG-Ab2 and CD105 terminates in 22 min. Analogously, the binding between Fe3O4-

Ab1 (20 μg/mL) and CD105 (50 μg/mL) finishes in 26 min with almost an unchanged T2 value of 

385 ms (Fig. 3C). Therefore, the optimal incubation time for MS-MRS is the maximum of the two 
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times, i.e., 26 min. In addition, when detecting the CD105 with the same concentration, GPG-Ab2 

shows a larger change in relaxation time compared with that involving Fe3O4-Ab1, indicating the 

probe can be prospectively used to develop a sensitive MRS without magnetic separation. 

 

3.5. Sensitive and quantitative detection of CD105 in PBS buffer 

Using the above-mentioned optimal settings, MRS assays without and with magnetic separation 

were developed with high specificity (Fig. S6). Different concentrations (0, 0.5 ng/mL, 5 ng/mL, 

50 ng/mL, 0.5 μg/mL, 5 μg/mL, and 50 μg/mL) of CD105 liquid dispersion (PBS buffer, pH = 

7.2) were used to find the limit of detection (LOD) of G-MRS. As displayed in Fig. 4A, the control 

sample has a T1 of 166.8 ± 7.0 ms with the Gd3+ concentration of 0.05 mmol/L. With the addition 

of CD105, T1 goes up gradually. T1 values measured by ULF NMR relaxometry are 167.2 ± 1.9, 

174.6 ± 2.8, 195.9 ± 8.4, 264.9 ± 9.0, 354.1 ± 19.1, 406.8 ± 26.8 ms when the concentrations of 

CD105 are 0.5 ng/mL, 5 ng/mL, 50 ng/mL, 0.5 μg/mL, 5 μg/mL, and 50 μg/mL, respectively. The 

significance levels marked in Fig. 4A indicate that when the concentrations of CD105 are 0.5 and 

5 ng/mL, T1 values have no significance compared with that of the control sample. With 

concentrations larger than 5 ng/mL, T1 values show significance compared with that of the control 

sample. Ulteriorly, a linear relationship between ΔT1 (difference between T1 values of the test 

sample and the control sample) values and CD105 concentrations can be found in the concentration 

range from 50 ng/mL to 50 μg/mL. As plotted in Fig. 4B, the fitting line can be described as y = 

73.1 x – 96.1 (R2 = 0.99371) when the x-axis represents the logarithm of CD105 concentration. 

The LOD can be then determined from the curve when ΔT1 equals the ΔT1 of the control sample 

plus 3 times the standard deviation (21.0 ms) and corresponds to 40.0 ng/mL [34]. The limit of 

quantitation (LOQ) can be evaluated from the curve when T1 equals the T1 of the control sample 

plus 10 times the SD (70.0 ms) and corresponds to 187.2 ng/mL [35]. 
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Fig. 4. Sensitive and quantitative detection of CD105 in PBS buffer. (A) T1 values measured with 

different concentrations of CD105 in the G-MRS assay. (B) A linear relationship between ΔT1 

values and the logarithm of CD105 concentrations in the G-MRS assay. (C) T1 values measured 

with different concentrations of CD105 in the MS-MRS assay. (D) A linear relationship between 

ΔT1 values and the logarithm of CD105 concentrations in MS-MRS assay. Error bars indicate the 

standard deviation (SD) of three replicates of different samples executing the entire assay. 

Significance levels analyzed by Two-tail Student’s T-test are shown as: n.s., no significance, P > 

0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 

 

In Fig. 4C, an additional concentration (50 pg/mL) of CD105 was used to determine the LOD 

of MS-MRS. The concentration of Fe3O4 in the magnetic carrier is 20 μg/mL, and the Gd3+ 

concentration in the magnetic probe is 0.05 mmol/L. The T1 values are 224.4 ± 9.0, 235.0 ± 13.5, 

254.8 ± 10.3, 309.2 ± 5.4, 425.8 ± 25.3, 531.1 ± 13.3, 614.4 ± 3.6, 715.9 ± 10.9 when the 

concentrations of CD105 in PBS buffer (pH = 7.2) are 0 (control), 50 pg/mL, 0.5 ng/mL, 5 ng/mL, 

50 ng/mL, 0.5 μg/mL, 5 μg/mL, and 50 μg/mL, respectively. When the CD105 concentration 

exceeds 50 pg/mL, T1 values significantly differ from that of the control sample. The linear region 

of MS-MRS is also wider than that of G-MRS, i.e., from 5 ng/mL to 50 μg/mL. As shown in Fig. 

4D, the linear relationship between ΔT1 and the logarithm of CD105 concentration can be fitted as 

y = 101.5 x + 15.3 with R2 = 0.99915. The LOD of MS-MRS for CD105 detection is thus estimated 

to be 1.3 ng/mL, which is sensitive than that of G-MRS (40.0 ng/mL). Additionally, the LOQ is 

determined as 5.4 ng/mL. The above relationship can be used to quantitively analyze the 

concentration of CD105 in real samples. Although the reported methods for CD105 detection show 

high sensitivity compared to that of MS-MRS (Table S1), the linear region of MS-MRS is wider 
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than those methods. Such a broad detection region can be used to quickly determine the CD105 

concentrations without reduplicative dilution of samples. Meanwhile, MS-MRS can be applied in 

the fast detection of CD105 within 30 min (26 min for sample incubation and 2 min for T1 

measurement). 

Based on the above results, the MS-MRS assay is superior in performance compared with G-

MRS: ⅰ) Better sensitivity. MS-MRS has a LOD of 1.3 ng/mL, which is more sensitive than G-

MRS (25.0 ng/mL). ⅱ) Remarkable linear region. MS-MRS possesses a linear region that spans 5 

orders of magnitude, which is beneficial for the quantitative determination of CD105. ⅲ) More 

distinguishable T1 values. When detecting the same concentration of CD105, T1 of MS-MRS 

usually shows a smaller P-value (more significant difference) compared with that of G-MRS. This 

will help to realize precise detection with a wide dynamic range. 

 

3.6. Quantitative detection of CD105 in human serum 

The ability of quantitative CD105 detection in the real sample was evaluated by detecting 

CD105 in human serum. Before executing the MS-MRS assay, human serum was diluted with 

PBS buffer (pH = 7.2) to weaken the background and ensure the specificity of the probe. As shown 

in Fig. S7, the T1 value of diluted human serum increases and approaches the T1 of PBS buffer 

with increasing diluted times. When the human serum was diluted with PBS buffer 50 times, the 

T1 of the diluted human serum shows no significance with that of PBS buffer, suggesting that the 

human serum should be diluted 50 times in the MS-MRS assay. 
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Fig. 5. Quantitative detection of CD105 in human serum. (A) The concentration of CD105 

measured by MS-MRS versus the concentration of CD105 measured by ELISA in diluted human 

serum. Error bars indicate the SD of three replicates of different samples (CD105 dispersed in 

diluted human serum from different human participants) executing the entire assay. (B) RSD of 

MS-MRS assay for CD105 detection in diluted human serum. (C) Recovery of MS-MRS assay for 

CD105 detection in diluted human serum. 

 

To investigate the performance of MS-MRS in quantitative CD105 detection, 9 groups of human 

serum samples were prepared containing different concentrations of CD105 ranging from 0 to 50 

μg/mL (Table S2). In each group, CD105 with the same amount was individually dispersed in 

diluted human serum samples collected from 3 participants. In the group of control samples, no 

CD105 was added to the diluted human serum. The measured T1 of the control sample is 258.0 ± 

9.0 ms, which can be served as a minuend in the following experiments to calculate the ΔT1 values 

and CD105 concentrations. Next, CD105 with different concentrations (5 ng/mL, 10 ng/mL, 50 

ng/mL, 0.1 μg/mL, 0.5 μg/mL, 1 μg/mL, 5 μg/mL, 10 μg/mL, and 50 μg/mL) were spiked into the 

diluted human serum from different human participants, respectively. The ΔT1 values of the above 

samples are listed in Table S2. As depicted in Fig. 5A, the CD105 concentrations determined by 

MS-MRS assay linearly correlated with those measured by ELISA assay. To evaluate the 

quantitative performance, the relative SD (RSD) and recovery are introduced. The RSD values of 

the MS-MRS assay are less than 5% (Fig. 5B, Table S2), which proves that the assay has high 

consistency in CD105 detection in a wide range of concentrations. The recovery of MS-MRS 

varies from 96.1% to 102.0% in the linear region from 5 ng/mL to 50 μg/mL (Fig. 5C, Table S2), 

indicating that the proposed assay has good accuracy.  
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High accuracy and consistency have been achieved for CD105 detection using the MS-MRS 

assay. Nevertheless, according to the linear relationship in Fig. 4D, a small change (a few 

milliseconds) in ΔT1 values leads to a large change in the found CD105 concentrations, which 

makes the improvement in the accuracy and consistency of the assay challenging. Therefore, more 

attention should be paid to improving the accuracy of T1 acquisition in ULF NMR relaxometry. 

 

4. Conclusions 

To conclude, by combining Fe3O4 as the magnetic carrier and GPG as the magnetic label, the 

magnetic separation integrated with ULF NMR relaxometry was developed for CD105 detection. 

After connecting different antibodies against CD105 with Fe3O4 and GPG, separately, both the 

magnetic carrier and magnetic label can be used to bind CD105. Compared with G-MRS, magnetic 

separation-assisted MRS shows a sensitive LOD as low as 1.3 ng/mL, a remarkably wide linear 

region from 5 ng/mL to 50 μg/mL, and more distinguishable T1 values. The low RSD (<5%) and 

recovery (96.1–102.0%) show that MS-MRS can be applied in CD105 detection in real human 

serum samples with high accuracy and consistency. This newly developed MS-MRS assay with 

impressive performances can not only be applied in the detection of other biomolecules by 

changing the antibodies, but can also be used in the NMR relaxometry working at higher magnetic 

fields. 
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