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Featured Application: This magnetic marker material is used for large-scale field signal marking,
offering the advantages of stable, rapid, and portable detection.

Abstract: With the widespread application of tagging materials, existing chemical tagging materials
exhibit limitations in stability and detection under field conditions. This study introduces a novel
magnetic detection scheme. Hydrophilic material-modified Fe3O4 nanoparticles (COOH-PEG@Fe30,
NPs) were synthesized using the co-precipitation technique. The content of Fe3O4 nanoparticles in
the magnetic tagging liquid can reach up to 10 wt% and remain stable in an aqueous phase system
for seven days. This research details the preparation process, the characterization methods (IR,
'HNMR, EDX, XRD, SEM, TEM, VSM, DLS), and the performance effects of the materials in magnetic
tagging. Experimental results indicate that COOH-PEG@Fe304 NPs exhibit high remanence intensity
(Br = 1.75 emu/g) and considerable stability, making it possible to quickly detect tagged liquids in
the field using portable flux meters and optical pump magnetometers. This study provides new
insights into the design and application of magnetic tagging materials, making it particularly suitable
for long-term tagging and convenient detection in field scenarios.

Keywords: single-step approach; magnetic labeling; Fe30,4 nanoparticles; PEGylation processes;
aqueous stability; rapid detection

1. Introduction

Marking materials, serving as a quintessential component within the realms of modern
technology and industry, play an indispensable role. According to Business Research, the
global fluorescent dye market size in 2022 was USD 909.8 million, and it is expected that
the market size will reach USD 1.34191 billion by 2031, with a compound annual growth
rate of 4.4%. Their unique physical [1], chemical [2], and optical properties afford [3] them
extensive applications in the identification [4], tracking [5], management, and protection
of objects [6]. The principles of marking materials primarily encompass a variety of
mechanisms such as optical, physical, and chemical mechanisms [7]. Optical marking
materials employ the characteristics of optical reflection, absorption, and scattering for
the visible light recognition and tracking of objects [8], whereas physical and chemical
marking materials achieve object labeling and recording through chemical reactions and
changes in molecular structure [9]. Optical marking materials often incorporate diverse
fluorescent units, which possess recognizable characteristic emission spectra [10]; however,
these characteristic emission spectra tend to be easily detectable, and, in some instances,
optical marking materials are unsuitable for use in black light-absorbing materials [11].
The chemical stability of the molecules within chemical marking materials is somewhat
deficient [12], making them ill-suited for long-term marking.
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Consequently, it is proposed that the utilization of magnetic labeling materials could
address the aforementioned challenges. These materials typically incorporate stable mag-
netic nanoparticles [13], uniformly dispersed within aqueous [14] or organic media [15],
and are usually characterized by their exceptional biocompatibility. This renders them
highly suitable for a plethora of biomedical applications, including, but not limited to,
cellular tracking [16], drug delivery [17], and tumor therapy [18]. However, the fabrication
process of biomagnetic labeling materials can be relatively intricate, necessitating specific
synthesis conditions and equipment [19] and thereby elevating production costs and com-
plexity. Despite the enormous potential of smart magnetic labels [20], to date, there has
been a scant number of publications that delineate convenient techniques for the detection
of such magnetic labels [21]. The primary reason for this deficiency is the unsatisfactory
nature of detection/readout methodologies [22]. Current research into magnetic labels
employs the use of substantial apparatuses, such as the Vibrating Sample Magnetometer
(VSM), the Magneto—Optical Kerr Effect (MOKE) [23], and magnetic force microscopy [24],
to conduct analyses. The VSM has a relatively high lateral resolution and simple measure-
ment pre-calibration steps, but it has a large volume limitation. The protracted duration of
measurements and the elaborate preparation and procedural requirements, coupled with
the necessity of costly equipment, have thus far detracted from the appeal of these methods.

Research on magnetic nanomaterials is largely focused on Fe3O4 NPs due to their
excellent magnetism [25] and biocompatibility [26]. Currently, they are extensively studied
and mainly used in areas such as adsorption [27] and targeted drug delivery. For example,
Xu et al. coated Fe;04 with CuyO to catalyze the aerobic oxidation of benzyl alcohol,
thereby achieving the adsorptive function of the catalyst [28]. Zhu et al. used Fe;0,@f3-
cyclodextrin nanocomposite materials to efficiently activate persulfates for the removal of
bisphenol A [29]. Sadat Sadr et al. produced and characterized Fe-based biocompatible
nanocarriers for the magnetic delivery of hydroxychloroquine using Fe3Oy [30]. Shariati
et al. designed and synthesized gold nanorods/Fe;0O, intended for photothermal therapy
and drug delivery [31]. Yang et al. prepared ZnO-capped flower-like porous carbon-Fe304
composite materials (FPCS-Fe304-Zn0O), constructed as carriers for pH and microwave
dual-triggered drug delivery [32]. These researchers all utilized the super paramagnetism
of Fe304 NPs [33], which possess a high saturation magnetization, to achieve a driving
effect on other Fe304 NPs. Our goal is to design a water-stable magnetic fluid that can be
rapidly and simply magnetized and then use a portable detector to measure its residual
magnetism (Br) to achieve rapid detection of magnetic labeling materials. To date, we have
not found any reports using this principle for magnetic labeling materials.

Based on these principles, we aim to synthesize a type of nanoparticle that is highly
stable, has high Br, and is easy to prepare for use in the field. We plan to synthesize Fe3O4
nanoparticles (NPs) captured by hydrophilic materials (modified PEG) (Figure 1). This
adsorption will make the surface of Fe304 NPs more hydrophilic, thereby granting them
higher stability in water. In this study, we synthesized COOH-PEG@Fe3;0O4 (NP)-marked
fluid as a magnetic marking fluid (Figure 2), in which the Fe;O, (NPs) content reached
10 wt% and the mean particle size measured by dynamic light scattering was 1.75 um. It
remained stable in an aqueous phase for 7 days, and its high stability contributed to the
dispersion of Fe3O4 (NPs). Using only 50 pL of the marking fluid to form a 1 cm spot,
after drying and magnetizing for 30 s with a commercial magnet, a significant remanent
magnetic signal could be detected using a handheld flux meter or a handheld optical
pump magnetometer.
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Figure 1. Modification mechanism of PEG and Fe3O4 NPs.
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Figure 2. Magnetic stabilizing fluid (COOH-PEG300@Fe30, (NPs)).

2. Materials and Methods
2.1. Materials

PEG300 (Aladdin average molecular weight: 300), PEG800 (Aladdin average molecular
weight: 800), maleic anhydride (Aladdin purity: 99% AR), benzenesulfonic acid (Macklin
purity: 98% anhydrous grade), anhydrous FeClz (Aladdin purity: AR), FeCl,-4H,O (Mack-
lin purity: 98%), aqueous ammonia (Boer concentration: 25-27%), sodium oleate (Aladdin
purity: AR), SDS (Aladdin purity: AR).

2.2. Preparation
2.2.1. Synthesis of COOH-PEG (COOH-PEG300 or COOH-PEG800)

The synthesis of COOH-PEG (including COOH-PEG300 and COOH-PEG800) was
achieved by reacting PEG (PEG300 or PEG800) with maleic anhydride in a 1:1.1 molar
ratio. To facilitate the reaction, 1 wt% of benzenesulfonic acid was added as a catalyst.
The reaction mixture was magnetically stirred at 65 °C for 3 h. Special attention was paid
to the stability of the reaction conditions, as maleic anhydride is prone to sublimation.
Therefore, the reaction vessel was tightly sealed to prevent evaporation. Figure 1 illustrates
the proposed reaction mechanism for this synthesis process.

2.2.2. Preparation of Fe304 Nanoparticles (Fe304 NPs)

Fe304 nanoparticles were prepared by mixing FeClz and FeCl,-4H,O solutions in
a 2:1 molar ratio of Fe®* to Fe?*. The resulting solution was filtered to obtain a clear
reaction mixture. Subsequently, ammonia solution was added at a controlled molar ratio
of nFe3*:nFe?*:nNH3-H,O = 2:1:2. The reaction was carried out at 45 °C under stirring at
2000 rpm using a digital overhead stirrer and simultaneous ultrasonic treatment at 70%
power for 30 min. After the reaction, the product was filtered, washed six times with
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deionized water, and dried to obtain pure Fe3O4 nanoparticles for further characterization
using SEM, XRD, TEM, and VSM techniques.

2.2.3. Preparation of Oleic Acid-Modified Fe;0,4 Nanoparticles (Oleic Acid@Fe3;O4 NPs)

For the preparation of oleic acid-modified Fe;O4 nanoparticles, FeCl; and FeCl,-4H,O so-
lutions were mixed in a 2:1 molar ratio of Fe3* to Fe?*. Oleic acid sodium salt (0.0759 mmol/mL)
and sodium dodecyl sulfate (SDS) (0.0134 mmol/mL) were added as modifiers. Ammo-
nia solution was then added in a molar ratio of nFe3*:nFe?*:nNH;3-H,O = 1:1:2, and the
reaction was carried out at 45 °C under stirring and ultrasonic treatment for 30 min. After
completion, the product was filtered, washed, and dried to obtain oleic acid-modified
Fe;04 nanoparticles for characterization using XRD and VSM.

2.2.4. Preparation of COOH-PEG-Modified Fe3O4 Nanoparticles
(COOH-PEG@Fe304(NPs))

To synthesize COOH-PEG-modified Fe;O4 nanoparticles, FeCl; and FeCl,-4H,O
were mixed in a 2:1 molar ratio of Fe®* to FeZ*, and 1 wt% of COOH-PEG300 or COOH-
PEGS800 was added as a modifier. Ammonia solution was subsequently added to maintain
a molar ratio of nFe3*:nFe?*:nNHj3-H,O = 2:1:2. The reaction was conducted at 45 °C
under ultrasonic stirring for 30 min. After filtering, washing six times with deionized
water, and drying, the product was obtained as COOH-PEG-modified Fe3O,4 nanoparticles,
labeled as COOH-PEG300@Fe;04 NPs or COOH-PEG800@Fe30,4 NPs, respectively. These
nanoparticles were characterized using SEM, XRD, TEM, and VSM techniques.

2.2.5. Preparation of Magnetic Labeling Solution (COOH-PEG@Fe304 Magnetic
Labeling Solution)

To prepare the magnetic labeling solution containing COOH-PEG@Fe3;0O, nanoparti-
cles, FeCl; and FeCl,-4H,O were mixed in a 2:1 molar ratio of Fe3* to Fe?*, and
1 wt% of COOH-PEG300 was added. Ammonia solution was added in a molar ratio
of nFe3*:nFe?*:nNH;-H,0 = 2:1:2, and the reaction was carried out at 45 °C under ultra-
sonic stirring for 30 min. By precisely controlling the mass of Fe** and Fe?* input, magnetic
labeling solutions containing 5 wt% or 10 wt% COOH-PEG300@Fe304 (NPs) were prepared
for further testing using DLS and magnetic detection methods.

2.3. Characterization
2.3.1. Nuclear Magnetic Resonance Spectrometer (' HNMR)

The molecular structures of synthetically modified COOH-PEG300 and COOH-PEG800
were characterized using a 600 MHz NMR spectrometer JNM-ECA600, JEOL, Tokyo, Japan).

2.3.2. Fourier Transform Infrared Spectroscopy (IR)

Infrared spectroscopy provides information on molecular vibrational modes. The
Fourier Transform Infrared (FTIR) Spectrometer (Bruker TENSOR27, Bruker, Mannheim,
Germany) was used to analyze samples to characterize molecular structures and identify
products, with a scanning range of 4000 to 400 cm~! and 32 scans.

2.3.3. Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM)

A scanning electron microscope (SU3500, Hitachi, Tokyo, Japan) was used to ob-
serve the micro-morphology of magnetic nanoparticles, with an acceleration voltage of
5-15kV. SEM sample preparation: the COOH-PEG@Fe3;04 (NP)-labeled solution and
Fe3;04 (NP)-labeled solution were dropped directly on the sample stage. The transmis-
sion electron microscope (JEM 2100 LaB6, JEOL, Tokyo, Japan) observed the internal
structure of the sample through transmission, providing high-resolution images. TEM
sample preparation: COOH-PEG@Fe3;O, (NPs) and Fe;O4 (NPs) were dispersed in ethanol,
crushed with an ultrasonic disruptor, and then dropped onto a double-grid carbon film for
sample preparation.
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2.3.4. EDX Spectrum

An EDX X-ray spectrometer (micro-XRE, IXRE, Austin, TX, USA) analyzed the elemen-
tal distribution of the sample surface, and a two-dimensional mapping chart showed the
elemental distribution.

2.3.5. X-ray Diffractometer (XRD)

The DX-2700BHmodel X-ray diffractometer was used for XRD testing (HaoYuan,
Dandong, China), with a scanning rate of 2° /min, using Cu-K« radiation (A = 1.54 nm). It
characterized the crystal structure, crystallinity, and grain size of Fe3O4 (NPs).

2.3.6. Dynamic Light Scattering (DLS)

The prepared magnetic marking liquid was in a liquid environment. Dynamic light
scattering (DLS) (Litesizer 500, AntOn Paar, Graz, Austria) was used to measure the particle
size and zeta potential of the prepared magnetic liquid. The zeta potential was used to
characterize its stability in aqueous systems. AntOn Paar software cumulant fitting was set
to export the particle size distribution, and Origin was used to directly plot it.

2.3.7. Vibration Sample Magnetometer (VSM)

The Vibrating Sample Magnetometer (VSM), model (BKT-4500, Xinke Gaoce Technol-
ogy Co., Ltd., Qingdao, China), measured the magnetic behavior of solid samples under
varying magnetic fields, including parameters such as the magnetic moment and magnetic
susceptibility. By measuring the sample’s response in the range of —4000 to 4000 Oe, the
magnetic properties of the material, as well as the microstructure and magnetic mechanisms
within the material, were revealed. The obtained data was directly plotted in Origin.

2.3.8. Rapid Measurement of the Magnetic Field

The handheld fluxmeter (TM4300B handheld triaxial fluxgate magnetometer, TUNKIA,
Changsha, China) was used to detect the magnitude of weak residual magnetic fields with
a measuring range of 0-100 uT and a resolution of 0.01 uT. The handheld optically pumped
magnetometer (QTFA-00U optically pumped magnetometer, QuSpin, Louisville, CO, USA)
was used to detect the magnitude of weak residual magnetic fields, with a dynamic range of
1000-100,000 nT and a resolution of 0.05 nT. First, 50 uL of the prepared magnetic marking
liquid was taken and dropped onto filter paper to form a circular spot with a diameter of
1 cm. After the spot dried, it was magnetized for 30 s using a commercial neodymium—iron—
boron magnet (60 mm in diameter with a maximum field strength of 1500 G). Then, the
black marker was placed on the probe of the handheld fluxmeter and scanned (intervals
of 10 s, place for 5 s) or the handheld optically pumped magnetometer was used to detect
the residual magnetism (intervals of 1 min, place for 5 s). The handheld flux meter has a
data saving function, allowing users to save data points for testing and input them directly
into Origin for plotting. The handheld optical pump magnetometer uses QTFM 2-channel
V1.0.14 software to connect to the computer, test and save data points, and import them
into Origin for plotting.

3. Results

The synthesis of Fe304 (NPs) and COOH-PEG@Fe;O,4 (NPs) was carried out using
a straightforward co-precipitation method, as shown in Figure 1. The advantages of the
co-precipitation method include its simple operation, high efficiency, and convenience
for large-scale preparation. We characterized the modified PEG through proton nuclear
magnetic resonance (NMR) and infrared spectroscopy, as shown in Figure 3a (‘H NMR of
COOH-PEG300 resulted in 'H NMR (600 MHz, chloroform-d) & 6.60-6.02 (m, 1H), 4.41-4.25
(m, 1H), 3.82-3.50 (m, 11H)) and Figure 3b (‘"H NMR of COOH-PEGS800 resulted in 'H
NMR (600 MHz, chloroform-d) 4 6.49-6.07 (m, 1H), 4.44-4.23 (m, 1H), 3.83-3.51 (m, 34H)).
Based on the integration of the NMR results, the successful synthesis of COOH-PEG300
and COOH-PEGS800 was proven, with each PEG molecule bearing a single -COOH group.
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Figure 3c,d show the infrared spectra of PEG300 and PEG800 before and after esterification.
In the spectra, the infrared absorption changes in the range of 1840-1600 cm ™! are of
primary interest. Among them, 1856 cm~! and 1775 cm ™! correspond to the infrared
absorption peaks of the two conjugated carbonyl groups in maleic anhydride (Figure 3c,d
in red dashed lines). The former represents the antisymmetric vibration-coupling band
of the two C=0 bonds on the maleic anhydride ring, while the latter represents their
symmetric vibration-coupling band [34]. After esterification, these two peaks disappeared
(Figure 3c,d in red dashed lines). Additionally, the carboxy PEG showed an enhanced
absorption peak at 1728 cm™L. This is because, after the esterification reaction, the two
conjugated carbonyl groups in the maleic anhydride are opened, forming an ester carbonyl
and a carboxylic acid carbonyl; thus, a distinct C=O bond vibration absorption peak appears
at 1728 cm~!. In summary, by observing the changes in absorption peak intensities at
different wavenumbers and the NMR results, it was proven that high-purity carboxylic
COOH-PEG300 and COOH-PEG800 were successfully synthesized through a simple one-
step method.

Figure 3e shows the infrared spectra of COOH-PEG300@Fe3;O4 (NPs), COOH-PEG800@
Fe;04 (NPs), and Fe3O4 (NPs). In the spectra, the absorption peak at the wavenumber
of 584 cm ™! is caused by the vibration of the Fe-O bond [35], which is the characteristic
absorption peak of Fe304. The absorption peaks at wavenumbers 1384 cm~! and 1579 cm ™!
are characteristic of the C=0 bond [36], while the peak at 1080 cm ! corresponds to the
characteristic absorption peak of the -C-O-C- bond, indicating that the surface of the Fe3O4
(NPs) was successfully modified with carboxyl PEG300 or PEG800. Notably, at the bands
1384 cm~! and 1579 cm !, the peak intensity of COOH-PEG300@Fe;0, (NPs) is higher
than that of COOH-PEG800@Fe304 (NPs). This is because, under the condition that 1 wt%
of COOH-PEG300 or COOH-PEGS800 is added, COOH-PEG300 contains more -COOH
groups, making the surface of COOH-PEG300@Fe3O4 (NPs) have more C=O bonds [37].

As shown in Figure 3e, COOH-PEG300@Fe3;0,4 NPs contain more C=0, indicating that
more COOH-PEG is loaded on the surface of Fe304 NPs. We characterized the morphology
and structure of COOH-PEG300@Fe3;04 (NPs) and Fe;O4 (NPs) using scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). Figure 4a,b shows the
micrographs of pure Fe3O4 (NPs), and compared with Figure 4c,d, it is clear that the surface
of pure Fe304 (NPs) is relatively smooth. Figure 4d distinctly reveals that the surface of
COOH-PEG300@Fe304 (NPs) possesses tiny particles, and there are complex physical and
chemical interactions between the -COOH groups and the hydroxyl groups on the surface
of Fe3O4 nanoparticles [38], which result in a large number of -COO™- bonds on the surface
of Fe304 (NPs) [37]. As a consequence, COOH-PEG300@Fe304 NPs exhibit a characteristic
rough surface. We used an ultrasonic crusher to break down COOH-PEG300@Fe;04 (NPs)
to produce a sample suitable for transmission electron microscopy. Figure 4e is a photo
of COOH-PEG300@Fe;04 (NPs) under high-resolution transmission electron microscopy
(HRTEM), showing the NPs” high crystallinity clearly. Through HRTEM, we observed the
(220) plane lattice spacing of 0.29 nm, revealing that COOH-PEG300@Fe304 NPs are com-
posed of multiple highly crystalline microcrystals ranging from 5-30 nm, demonstrating a
multicore structure.

The crystallinity of the three prepared nanoparticles (NPs) was characterized by XRD,
as shown in Figure 5. To compare the crystallinity, we presented a previously failed
case—oleic acid@Fe3;O4 (NPs). The peak intensity of oleic acid@Fe;O4 (NPs) was the
weakest, leading us to abandon it as the preferred target for labeling materials due to
the positive correlation between crystallinity and magnetic properties [39]. From the
spectra in Figure 5, the positions and intensities of the diffraction peaks are consistent with
the standard data of Fe;04 (JCPDS No. 65-3107). The average particle sizes of COOH-
PEG300@Fe304 (NPs), Fe304 (NPs), and oleic acid@Fe304 (NPs) were calculated using the
Scherrer formula, resulting in values of 19.36 nm, 19.22 nm, and 16.02 nm. This indicates
that the products obtained by the three methods are all FesO4 and possess a cubic crystal
structure. XRD shows no presence of other iron elements such as Fe;O3 and FeO. Notably,
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the peak heights of COOH-PEG300@Fe;04 (NPs) and Fe3O4 (NPs) are similar, but the peak
intensity of oleic acid@Fe30y is significantly the weakest, demonstrating that the addition
of COOH-PEG300 does not affect the crystallinity of Fe;O4, whereas oleic acid reduces the

crystallinity of Fe;Oy.
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Figure 3. (a) 'H NMR of COOH-PEG300, a corresponds to the hydrogen atom in the PEG segment
(-C-C-0O-), b corresponds to the hydrogen atom in the PEG segment (-C-O-), and c corresponds to the
hydrogen atom in the PEG segment (-C=C-); (b) "H NMR of COOH-PEG800, a, b and ¢ correspond to
the same as above; (c) IR of COOH-PEG300, PEG300, and maleic anhydride; (d) IR of COOH-PEG800,
PEG800, and maleic anhydride; (e) IR of COOH-PEG300@Fe304, COOH-PEG800@Fe304, Fe30,, and

COOH-PEG300.
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Figure 4. (a,b) SEM images of Fe304 (NPs) at different magnifications; (c,d) SEM images of COOH-
PEG300@Fe;04 (NPs) at different magnifications; (e) TEM images of COOH-PEG300@Fe;0, (NPs);
(f,g) HRTEM images of COOH-PEG300@Fe3O4 (NPs).
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Figure 5. XRD patterns of as-synthesized Fe;O (NPs), COOH-PEG300@Fe3O4 (NPs), and oleic
acid@Fe3O4 (NPs).

To determine how much COOH-PEG300 remains on the surface of Fe;0, nanoparti-
cles (NPs), EDX analysis of the elemental content on the surfaces of COOH-PEG300@Fe3 O,
(NPs) and pure Fe30O4 (NPs) was conducted, as shown in Figure 6b,d. These figures,
respectively, show the elemental content of Fe3O4; (NPs) and COOH-PEG300@Fe;0,
(NPs), with FesO4 (NPs) containing C (0.436 £ 0.1 wt%), O (23.327 + 0.1 wt%), and
Fe (76.237 £ 0.1 wt%) and COOH-PEG300@Fe304 (NPs) containing C (5.068 £ 0.1 wt%), O
(32.805 % 0.1 wt%), and Fe (62.107 £ 0.1 wt%). The increase in carbon content indicates the
presence of COOH-PEG300 on the surface of Fe30,. Based on the total amount added in
the reaction, the theoretical mass ratio of mC:mFe is approximately 1:6.96. According to
Figure 6d, the actual mC:mPFe ratio is calculated to be about 1:12.25, resulting in an actual
~56.7 wt% of COOH-PEG300 reacted on the surface of Fe3O4 (NPs). Figure 6e,f show
the mapping of elemental distribution for Fe3O, (NPs) and COOH-PEG300@Fe30, (NPs)
(excluding the obvious substrate carbon), respectively. The carbon content distribution in
COOH-PEG300@Fe;04 (NPs) is relatively uniform (Figure 6f), demonstrating that PEG
molecular chains are evenly distributed on the surface of Fe;0, (NPs).

The water phase stability of magnetic marking fluids is very important, which is
also the reason why we modified Fe3O4. We characterized the particle size and stability
of COOH-PEG300@Fe;0, magnetic marking fluid prepared by one-step synthesis and
pure Fe30O4 magnetic marking fluid. As shown in Figure 7a;—a3, the images show the
changes of COOH-PEG300@Fe;04 (10%), COOH-PEG300@Fe304 (5 wt%), and FezO4 (10
wt%) magnetic marking fluids over seven days. COOH-PEG300@Fe3;0O, is more stable
than Fe304 magnetic fluid. Under aqueous conditions, the -O- and terminal -OH in PEG
form a large number of hydrogen bonds with water, hindering the aggregation of Fe;O4
(NPs) [40] (Figure 2). The particle size distribution shown in Figure 7b,c indicates that the
average particle size of COOH-PEG300@Fe3O, magnetic fluid (1.75 um) is larger than that
of Fe304 magnetic fluid (0.32 um), but their stabilities are opposite, mainly depending on
their zeta potentials. Figure 7d,e show the zeta potential distributions of the two materials.
Zeta potential represents the amount of surface charge they carry, with the average zeta
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potential of COOH-PEG300@Fe3;04 being —24.32 mV (Figure 7e), while that of Fe3O4
is —5.99 mV (Figure 7e). Zeta potential characterizes the charge carried on the particle
surface and is related to charge density. The larger the negative value, the more negative
charge on the particle surface, and a positive value indicates the presence of a positive
charge. The higher the absolute value of the potential, the higher the surface charge density
of the particles, which means stronger repulsive forces between the particles and better
stability in the system [41]. COOH-PEG300@Fe;04 and Fe3;O4 magnetic fluids exhibit
different surface charge densities, resulting in different stabilities. Interestingly, the stability
of the COOH-PEG300@Fe304 (5 wt%) magnetic fluid is lower than that of the COOH-
PEG300@Fe;04 (10 wt%) magnetic fluid (Figure 7a;,ay), contrary to the intuition that
“higher content leads to worse stability”. This may be because, under the combined action
of hydrogen bonding and surface charge, the PEG molecular chains stretch out in water. As
the number of particles in the magnetic fluid increases, more hydrogen bonds are formed
between the PEG chains and water, leading to a more stable system [42]. We used the
COOH-PEG300@Fe304 (10 wt%) magnetic marking fluid prepared by one-step synthesis
as the final marking material.

b
Elt. Line Intensity Conc Units
4 C Ka 1.26 0.436 wt.%
8] Ka 282.95 23327 wt.%
Fe Ka 2,123.90 76.237 | wi.%
Fe Fe
{ il KeV
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Figure 6. (a) SEM images of Fe3O4 (NPs) (ruler = 2 um), (b) elemental content within the box in (a) 1 as
characterized by EDX, (¢) SEM images of COOH-PEG300@Fe30, (NPs) (ruler = 2 um), (d) elemental
content within the box in (c) 1 as characterized by EDX, (e) the elemental mapping within the box
in (a) 2 as characterized by EDX, (f) the elemental mapping within the box in (c) 2 as characterized
by EDX.
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Figure 7. (aj—a3) The change graph of COOH-PEG300@Fe;0; (10 wt%), COOH-PEG300@Fe;04
(5 wt%), and Fe304 (10 wt%) magnetic labeling liquid before and after 7 days; (b) particle size
distribution graph of Fe304 by DLS; (c) particle size distribution graph of COOH-PEG300@Fe3O4 by
DLS; (d) zeta potential distribution graph of COOH-PEG300@Fe30,4 and Fe3Oy; (e) the average zeta
potential of COOH-PEG300@Fe304 and Fe3Oy.

Figure 8 shows the VSM analysis curves of the magnetic hysteresis at room temper-
ature for the studied COOH-PEG300@Fe;0, (NPs) (Figure 8a), Fe3O4 (NPs) (Figure 8c),
and oleic acid@Fe3O4 (NPs) (Figure 8d). Figure 8b shows that the synthesized COOH-
PEG300@Fe304 (NPs) have a strength Br of 1.75 &= 0.3 emu/g, which is higher than that of
Fe304 (NPs) (Br = 1.23 £ 0.2 emu/g), making it advantageous for our quick detection of the
residual magnetism. The COOH-PEG300@Fe30, (NPs) possess a saturation magnetization
strength (Ms) of 31 £ 0.8 emu/g, slightly lower than Fe3O4 (NPs) (Ms =37 + 0.8 emu/g),
and the decrease in saturation magnetization strength of COOH-PEG300@Fe;0O4 (NPs)
is due to the PEG layer on the magnetic core [43]. Oleic acid@Fe304 (NPs), having zero
coercivity at room temperature and exhibiting superparamagnetism, is not suitable for use
as residual magnetic marking material, possibly related to its crystallinity, as depicted by
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the peak morphologies showing that oleic acid@Fe;04 NPs exhibit the poorest crystallinity.
The differences in magnetic properties due to various surface-active groups on the particle
surface have a significant effect on their stability in the aqueous phase [44].
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Figure 8. (a) Magnetic hysteresis curve of COOH-PEG300@Fe304 (NPs) measured by VSM,
(b) enlarged local image of curve (a,c) magnetic hysteresis curve of Fe30; (NPs) measured by
VSM, (d) magnetic hysteresis curve of oleic acid@Fe3O, (NPs) measured by VSM.

Finally, we simulate COOH-PEG300@Fe3O4 (10 wt%) liquid as a magnetic labeling
material by adding 50 uL of liquid on filter paper to form a spot with a diameter of 1 cm.
In the field, only 5 mg of the marker can detect a significant magnetic signal. After the
spot dried, it was magnetized for 30 s using a commercial neodymium iron boron magnet,
and then the black marker was placed on the probe of a handheld fluxmeter for scanning
(with intervals of 10 s, placed for 5 s) or the residual magnetism was measured using a
handheld optically pumped magnetometer (with intervals of 1 min, placed for 5 s), as
shown in Figure 9a. Figure 9b displays the detection graph of the handheld fluxmeter,
where a clear signal was detected with a maximum value of 2.09 uT. The varying proximity
to the probe caused different detection magnitudes. Figure 9c shows the detection graph of
the handheld optically pumped magnetometer, where the signal response of the magnetic
labeling material can be clearly seen, with the varying proximity to the probe again causing
different detection magnitudes. This verifies the feasibility of using COOH-PEG300@Fe;04
(10 wt%) liquid as a magnetic labeling material, boasting the advantages of rapid detection
and response and offering new insights for labeling material development.
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Figure 9. (a) Simulated marking and detection diagram for COOH-PEG300@Fe304 (10 wt%), (b) mag-
netic signal measured by handheld flux meter, (c) magnetic signal measured by handheld optical
pump magnetometer.

4. Conclusions

In this study, we successfully synthesized COOH-PEG@Fe304 nanoparticles (NPs)
with high Br and improved water environmental stability using a simple method. Detailed
characterization of the magnetic tagging materials was conducted using IR, 'HNMR, EDX,
XRD, SEM, TEM, VSM, and DLS. Combined with a simple magnetization process using a
portable detector, a residual magnetic signal could be rapidly detected with only 5 mg of
the magnetic tag, confirming the feasibility of COOH-PEG@Fe304 nanoparticles (NPs) as
rapid detection magnetic tag materials. This study not only broadens the application range
of magnetic nanoparticles in the field of tagging materials but also proposes an efficient
and convenient method for the rapid detection of magnetic tags. Looking forward, such
magnetic tags are expected to be applied in permanent marking and portable detection in
complex field environments.

In the future, we will enhance the functionalization of magnetic tagging materials by
exploring the integration of additional functional groups or molecules to impart additional
properties such as specific targeting, biodegradability, or fluorescence. This will further
enhance their applicability in complex environments. While this study has demonstrated
two simple magnetization processes using portable detectors, further research can focus
on the development of more compact and user-friendly portable detection devices. This
will make magnetic tags more accessible and suitable for use in remote or resource-limited
environments.
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