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1. Introduction attenuation characteristics, unique optical properties, and absorption

characteristics in the near-infrared region, and can be used as a
With the development of nanotechnology, the unique physical,

chemical, and optical properties of nano-sized gold nanoparticles

computed tomography (CT) imaging contrast agent, showing potential
application prospects™®. The synthesis of AuNS mainly adjusts its

have attracted more and more attention'". Gold nanoparticles have
the advantages of easy synthesis, good chemical compatibility,
good stability, and easy surface coupling, with promising medical
imaging and targeted drug delivery applications”. Gold nanostars
(AuNS) are nanoparticles with a central core and many irregular tips.
The presence of sharp edges and branch angles make nanoparticles
exhibit good surface electric field enhancement and have better
optical properties™™. At the same time, AuNS has good X-ray
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size and morphology by metal salts, reducing agents, or others in
the reaction system'™. According to the different reaction steps, the
synthesis methods of AuNS can be divided into one-step synthesis
method and Au seed growth method”""". Now, a controllable and
simple method for the synthesis of AuNS with good monodispersity
and uniform morphology is required.

The stability of AuNS is extremely important during synthesis,
storage, and use. Because AuNS is prone to aggregation and
precipitation, the surface of AuNS is often modified to improve
stability and biocompatibility, so modification of AuNS with
macromolecules with specific functional properties has potential

research value'”"!. Piersandro et al." found that sulfhydryl
polyethylene glycol (PEI-SH) has unique advantages in stabilizing

AuNS, which can significantly improve its colloidal stability. Li et al.!"”
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used a naturally derived polymer, bovine serum albumin (BSA), as an
excellent substitute to modify AuNS, and the modified AuNS showed
good colloidal stability and biocompatibility.

Ferritin is a non-toxic iron storage protein widely found in living
organisms, consisting of a protein shell surrounding an iron core
consisting of iron and phosphate molecules with outer and inner
diameters of 12 and 8 nm, respectively**". Ferritin has strong stability
such as resistance to dilute acids (pH 2.0), dilute bases (pH 12.0),
and higher temperatures (70 °C), and has good monodispersity and
biocompatibility”**". The amino acid composition of ferritin is
abundant, which provides certain advantages for binding AuNS.
So far, the study of coupling ferritin with gold nanoparticles has
attracted attention, which provides a new way of thinking for
our research. Current major research is on the incorporation of
nanoparticles into this modified ferritin cavity™ ", However, due to the
easy aggregation of bare AuNS, surface functionalization is required to
increase colloidal stability and biocompatibility to improve the application
of AuNS. Our study aimed to bind ferritin to the surface of AuNS to give it
some activity and reduce aggregation to improve stability.

In this study, the best means of AuNS synthesis were screened,
and this was used as a basis for further screening the coupling mode
between ferritin and AuNS, followed by structural characterization
and identification of GF1@AuNS. We found that GF1 @ AuNS
has homogeneous particle size distribution and distinct structural
characteristics, and has good biocompatibility and stability. The gray
value measurements on micro-CT showed a clear linear trend between
the X-ray attenuation coefficient and concentration. The above
findings provide an important theoretical basis for future food testing
and drug development of GF1@AuNS.

2. Materials and methods
2.1 Materials and reagents

Fresh oyster (Crassostrea gigas) was obtained from the local
market (Dalian, China). Gold (III) chloride (HAuCl,), silver nitrate
(AgNO;), L-ascorbic acid, and sodium citrate (CsHsNa;O;) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Ammonium
sulfate, Tris-HCI, and DEAE-Sepharose were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). HFF-1 cell, B16F10 cell, and
corresponding medium were obtained from Procell Life Science &
Technology Co., Ltd. (Wuhan, China). Milli Q Plus 185 purification
system (Millipore, Billerica, MA, USA) was used for all chemicals
and reagents for experiments.

2.2 Synthesis and characterization of AuNS

AuNS-1 was synthesized using a one-step synthesis method with
some modifications””. Here, 360 pL of 10 mmol/L HAuCl, and
20 pL of 10 mmol/L AgNO, were added to 10 mL of H,O and
vortexed quickly for 30 s, followed immediately by 60 pL of
100 mmol/L C¢H4O, and vortexed for 30 s. After the solution turned
blue-green, the synthesized sample was centrifuged at low speed for
1 h and resuspended in 1 mL of H,O.

AuNS-2 was synthesized using the method of Au seed growth
synthesis with some modifications™*”. Take 10 mL of 1% HAuCl,
to heat and boil, add 1 mL of 1% C¢HsNa,0,, continue to heat and boil
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for 20 min, and cool to room temperature to prepare Au seed solution.
Add 100 mmol/L HAuCl, to the reaction flask and continue stirring,
then add Au seed solution, 1% CH;Na,O, and 33 mmol/L C,H,O,
sequentially. After the solution turned blue-green, the synthesized
samples were centrifuged at low speed for 1 h and resuspended in 1 mL
of H,0. The AuNS samples prepared above were stored at 4 °C before
the next experiment.

2.3 Conjugation of GF1 on AuNS

Oyster RNA was extracted from fresh oysters using TRIzol,
and ferritin gene GF/ was obtained by reverse transcription and
polymerase chain reaction (PCR) amplification. GF/ was then cloned
into the expression plasmid pET21a and verified by DNA sequencing.
BL21-pET21a-GF1 was transferred into LB medium for expanding
culture. Ferritin-expressing E. coli BL21 was obtained by centrifuging
the medium, sonicated in an ice bath, and the treated solution was
centrifuged at 12 000 % g for 10 min to collect the supernatant. The
supernatant was then heated at 50 °C for 10 min to denature proteases
and other heat-sensitive proteins. Purification of oyster ferritin was
carried out using ammonium sulfate precipitation and ion exchange
chromatography (DEAE-Sepharose Fast Flow column)”". The
purified oyster ferritin (GF1) was stored at —20 °C to maintain protein
structure and activity.

GF1@AuNS-1 was synthesized by direct coupling. The different
concentrations of GF1 solutions (10, 20, 40, 60, 80, and 100 pg/mL)
diluted with ultrapure water was coupled with AuNS at 37 °C with
continuous stirring for 1 h**. GF1@AuNS-2 was synthesized using
carbodiimide (EDC) with BSA as an intermediate reactant. BSA was
first dissolved in phosphate buffered saline (PBS, pH 5) to promote
effective cross-linking. Then EDC was added to BSA and stirred
continuously at 4 °C for 5 min to activate the carboxylate group on
BSA. GF1 dissolved in PBS (pH 5) was then mixed with the BSA-EDC
solution and stirred at 4 °C for 12 h, followed by dialysis with PBS (pH 5)
to remove the intermediate product and excess EDC. BSA-GF1
was then coupled to AuNS by non-specific adsorption at

37 °C with continuous stirring for 1 h**.

2.4 Structure characterization of AuNS and GF1@AuNS

Dynamic light scattering (DLS, LS Instruments, Switzerland)
was used to determine the particle size distribution of synthesized
samples™". The sample was diluted to the appropriate concentration
with ultrapure water and then dusted before determination. The
measurement was carried out at 90° and the measurement time
was set as 20 s. The measured data were fitted and the average
particle size was obtained by the Conti algorithm. Using the pipette,
50 pL of samples were diluted into a solution with ultrapure
water, and ultrapure water was used as the control for scanning in
the wavelength range of 400-900 nm by ultraviolet (UV)-visible
absorption spectrum (Lambda 35, Perkin Elmer, Massachusetts,
USA)™!. Freeze-dried sample powder (2 mg) was mixed with dried
KBr (100 mg) and then pressed into the sample disk for infrared
spectrum analysis on a Fourier transform infrared spectrometer (Perkin
Elmer, Waltham, USA)D(’]. The resolution is set to 4 cm™ and the
measurement range is 400—4 000 cm™'. The Zeta potential of AuNS
and GF1@AuNS was determined using a laser particle scanning
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analyzer (Dispersion Technology, Inc., Bedford Hills, USA). After
correction using the calibration solution, the solution was measured

. . . 37
3 times to avoid experimental errors”’.

2.5 Morphological analysis of AuNS and GF1(@AuNS

Sample (AuNS and GF1 @AuNS, 10 pL) was diluted to 100 pL.
with ultrapure water, and then the prepared sample was dropped onto
a smooth surface. The carbon film was covered on the surface of the
droplet, and the droplet was naturally adsorbed by the interaction
force. After natural drying, transmission electron microscopy
(TEM, JEM-2100, JEOL, Japan) was used for observations with an
acceleration voltage of 200 kV, and observations by atomic force
microscope (AFM-5500M, Hitachi, Tokyo, Japan) were made in
different areas to avoid experimental errors in both heights retrace
mode and phase retrace mode". The samples were diluted 10 times
with ultrapure water and 10 pL of liquid was dropped onto the surface
of the mica for observation. The probe was scanned on the mica at
a rate of 1 Hz with a drive frequency of 336.3 kHz". For scanning
electron microscopy (SEM, SU8010, Hitachi, Tokyo, Japan), the glass
slides were first modified to adsorb samples. Clean slides were placed
in 1 mol/L. NaOH for 12 h, rinsed briefly with ultrapure water, then
placed in 1 mol/L HCI for 1 h and left to dry. Samples were dropped
onto glass slides and fixed on the sample stage and treated with gold
spray for 60 s before being measured*”.

2.6 Cell cytotoxicity analysis of AuNS and GF1@AuNS

In vitro incubated HFF-1 and B16F10 cells were used as
models to evaluate the effect of prepared AuNS and GF1@AuNS
nanomaterials on cell viability. Cells were cultured in a cell incubator
at 37 °C and 5% CO, for optimal growth conditions. After adjusting
cell conditions, cells were seeded into 96-well culture plates
(5 x 10* cells/well). After the cells were grown adhering to the wall,
the medium was discarded and 200 pL of medium containing AuNS
and GF1@AuNS (concentrations of 0.2, 0.4, 0.6, 0.8, and 1.0 mmol/L,
actually the concentration of Au determined by ICP-OES) was used
to subculture at 37 °C and 5% CO, for 1 h and 24 h. Then, 20 pL of
CCK-8 was added to the culture plate, and incubation was continued
at 37 °C for 1 h. The absorbance value was measured at 450 nm using
a microplate reader to calculate the cell viability.

2.7 Stability analysis of AuNS and GF1@AuNS

Equal amounts of AuNS and GF1@AuNS solutions were
resuspended in the same volume of deionized water and saline, and
4 sets of samples were taken at 12 and 24 h for UV-visible absorption
spectrum (Lambda 35, Perkin Elmer, Massachusetts, USA),
respectively.

2.8 X-ray attenuation coefficient of GF1@AuNS

The concentration of Au in the GF1@AuNS solution was
determined by inductively coupled plasma emission spectroscopy
(ICP-OES, PerkinElmer, Massachusetts, USA). Aqueous solutions
with Au concentrations of 0.2, 0.4, 0.6, 0.8, and 1.0 mmol/L
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were prepared in 2 mL ultrapure water and placed in EP tubes.
Determination of the X-ray attenuation capacity of GF1@AuNS using
the micro-CT system (SKYSCAN1272, Bruker, Germany). The X-ray
tube voltage and current are set to 120 kV and 100 mA, respectively.

3. Results and discussions
3.1 Results of synthesis and screening of AuNS

With continuous improvements in the preparation of anisotropic
nanostructures, inorganic particles can be grown in sifu in the
branched structure of AuNS. The most critical aspect of the one-
step synthesis is the determination of the appropriate reducing agent,
reactant concentration, and reaction time. In addition, the synthesis
of AuNS with monodisperse properties by Au seed synthesis
is also a common method. The differences in color and optical
properties of AuNS are largely due to the differences in particle
size and morphology so slight changes in size and shape can lead to
significantly different interactions between AuNS.

In this study, we used 2 commonly used methods for the synthesis
of AuNS. As shown in Fig. 1, the TEM results showed the synthesis
of AuNS-1 but with a non-uniform morphology (Fig. 1A), while
the particle size results showed different size distributions of the
synthesized particles, with AuNS-1 having particle sizes of 1.58,
4.86, and 83.18 nm and branch lengths ranging 10-60 nm (Fig. 1B).
Our goal is to synthesize monodisperse AuNS with uniform particle
size and branching for easy surface modification. This AuNS has
greater stability and exhibits good SERS performance™'™*”. Due to the
obvious differences in the microstructure and particle size of AnNS-1,
another synthesis method was selected.
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Fig.1 Morphological characterization and dispersibility of AuNS-1 prepared
by one-step synthesis method. (A) TEM image of AuNS-1. (B) Particle size
distribution of AuNS-1.

The first step in the Au seed growth synthesis method is to use
HAuCl, as raw material and reduce it with CgH;Na,0, at room
temperature to synthesize smaller particle-sized seeds. The second
step of gold nucleation growth was synthesized using HAuCl, as the
raw material and C,H¢O, as the reducing agent, with the addition of
C¢HsNa,O, as the assistant agent. The effect of different contents
of Au seed, HAuCl,, and C(HO, on the synthesis of AuNS-2 was
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screened by UV-visible spectrum. The Au seed gradually changed
from purple to blue-green (picture of sample bottles of Figs. 2A—C).
The main reason for the change in color of the nanoparticles is the
change in their local surface plasmon resonance (LSPR). When light
is irradiated on nanoparticles of different sizes and shapes composed
of precious metals, the LSPR changes, leading to a change in the
position of the maximum absorption peak in the UV-visible spectrum,
and the gold nanoparticles grow into a stable star shape. It has been
reported that changing the volume of Au seed, HAuCl,, and reducing
agents in the reaction system can change the final morphology of the
AuNS™. The results showed that the absorption of Au seed had a
maximum absorption peak of 520 nm, while AuNS-2 was all around
600 nm, which showed a significant red shift, proving the successful
synthesis of AuNS-2 (Figs. 2A—C). The peak shape of the UV-visible
absorption spectrum can also be used to characterize the particle
size distribution. If the peak shape is symmetrical and the half-peak
width is narrow, the particles are uniform in shape and size and well
dispersed, so the best synthesis conditions are Au seed (80 pL),
HAuCl, (25 pL), and C;H O, (1 000 pL). The synthesized AuNS-2
was observed to have multiple tips under TEM with an average peak
density of about 10 and an average length of about 20 nm (Fig. 2D).
The DLS results showed a homogeneous particle size distribution
with a particle size of about 70 nm (Fig. 2E). It has been shown
that AuNS has a higher surface-enhanced Raman scattering (SERS)
enhancement effect than gold nanospheres or gold nanorods™*",
Therefore, it is hypothesized that size and morphology have a
significant effect on SERS enhancement>*". Therefore, AuNS-2
synthesized by optimizing the experimental method was chosen for
subsequent experiments.

3.2 Coupling and characterization of GF1@AuNS

The binding modes of AuNS-2 and proteins are mainly divided
into 2 types, the first is non-covalent adsorption, and the second is
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chemical covalent binding. Direct coupling is non-covalent adsorption,
as shown in Figs. 3A and B, directly coupled GF1@AuNS-1 has
similar morphology, uniform particle size, and good monodispersity.
This is due to the spiky surface of the AuNS increasing the surface
area for non-covalent adsorption of GF1, resulting in a larger
GF1 payload on each AuNS. However, the TEM background of
GF1@AuNS-2, obtained by chemical covalent binding, was complex,
demonstrating the presence of other intermediate products, together
with some variation in particle size (Figs. 3C and D). The direct
coupling product GF1@AuNS-1 was therefore chosen for subsequent
experiments.

The coupling of GF1 to AuNS-2 (GF1@AuNS-1) was performed
according to the synthesis described above and the structure was
determined to verify the success of the synthesis. The UV-visible
spectrum showed an SPR absorption peak of about 620 nm for AuNS-2,
but AuNS-2 coupled to GF1 showed a significant quenching of
fluorescence and the corresponding peak pattern disappeared
(Fig. 4A). Also, the sample bottle pictures in the upper left of Fig. 4A
showed that the blue-green color of the AuNS-2 becomes essentially
colorless after coupling, also verifying that the tips of the AuNS-2
surface are covered. The structure of GF1@AuNS-1 was further
verified by infrared spectra, and the results were shown in Fig. 4B.
Characteristic peaks of GF1@AuNS-1 are similar to those of GF1
but different from those of AuNS-2, suggesting that GF1 may be
adsorbed at the tip of AuNS-2. Some peaks of GF1@AuNS-1 were
shifted compared to GF1. The shift from 1 657 to 1 630 cm ' may be
caused by the combination of AuNS-2 and amide I groups, while the
shift from 3 309 to 3 440 cm™' represents the formation of hydrogen
bonds. The characteristic peaks of AuNS-2 are mainly distributed
in the regions of 3 195, 1 403 and 1 115 cm™'. These peaks almost
disappear in the GF1@AuNS-1 spectrum due to the restriction
of stretching and bending vibrations of AuNS-2 molecules. This
may be because the tip of AuNS-2 is completely covered by GF1.
At the same time, the peaks in the overall infrared spectrum of
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Fig. 2 Screening and characterization of AuNS-2 prepared by Au seed synthesis method. (A) The UV-visible absorption spectrum of AuNS-2 synthesized by
adding different content of Au seed. (B) The UV-visible absorption spectrum of AuNS-2 synthesized by adding different content of HAuCl,. (C) The UV-visible
absorption spectrum of AuNS-2 synthesized by adding different content of C;H,O,. (D) TEM image of AuNS-2. (E) Particle size distribution of AuNS-2.
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Fig.3 Morphological characterization and dispersibility of different coupling methods between GF1 and AuNS. (A) TEM image of GF1@AuNS-1. (B) Particle
size distribution of GF1@AuNS-1. (C) TEM image of GF1@AuNS-2. (D) Particle size distribution of GF1@AuNS-2.
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Fig. 4 The structural characterization of GF1, AuNS-2 and GF1@AuNS-1. (A) The UV-visible absorption spectrum of AuNS-2 and GF1@AuNS-1. (B) The
infrared spectra of GF1, AuNS-2 and GF1@AuNS-1. (C) Zeta potential of GF1, AuNS-2 and GF1@AuNS-1.

GF1@AuNS-1 appear significantly diminished, indicating that GF1
has been successfully modified on the surface of the AuNS-2. The
surface potential of AuNS-2 is approximately —26.3 mV, while the
surface potential of GF1@AuNS-1 is about —38.8 mV due to the
inherently negative electrical properties of GF1 (Fig. 4C). Recent
experimental findings indicate that reducing the surface charge of the
synthesized nanoparticles enhances the colloidal stability and reduces
toxicity. Consequently, the coupling of oyster ferritin with AuNS-2 is

expected to result in improved stability and reduced toxicity™.

3.3 Micromorphological characterization of GF1@AuNS-1

The results of the above study were used to synthesize
GF1@AuNS-1, a coupling substance between GF1 and AuNS-2. Compared
with unmodified AuNS-2, the surface protein layer of GF1@AuNS-1
observed under TEM did not change significantly, especially
the crystalline nature of Au, so further micromorphological
characterization of the above successfully synthesized AuNS-2
and GF1@AuNS-1 was carried out. AFM can be used to obtain
information on the structure of surface topography and roughness
at nanometer resolution through force distribution information. The
results showed that the individual AuNS-2 has a dispersed particle
structure, all of which are spherical in shape (Fig. 5A). In contrast,

GF1@AuNS-1 was uniformly distributed in selected areas with
significantly larger particle sizes, but no significant agglomeration was
observed (Fig. 5SB). As can be seen from the height analysis in the upper
right corner of the image, the size of GF1@AuNS-1 is about 60 nm,
an increase of about 30 nm compared to the unmodified AuNS-2
(about 30 nm). Changes in the size of the nanoparticles indirectly
indicated the success of the modification of the surface proteins. SEM
is the process of converting different features of a sample surface into a
video signal sequentially and proportionally, thus observing images of
various features on the surface of the sample. As shown from Fig. 5C,
the AuNS-2 prepared by the Au seed growth method is very
homogeneous in size. In addition, the surface of the prepared AuNS-2
contains a large number of dendritic structures, which also contribute
to the red shift of the peak position. The SEM results of GF1@AuNS-1
showed the disappearance of the dendritic structure and a smooth
surface, indicating that GF1 is grafted onto the AuNS-2 surface,
forming core-shell nanoparticles (Fig. 5D).

3.4 Cell cytotoxicity, stability, and X-ray attenuation
coefficient of AuNS and GF1@AuNS

Measuring cell viability after adding nanomaterials, it reflects the
evaluation of cell injury in vitro. HFF1 cells are normal healthy cells
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Fig.5 The micromorphology of AuNS-2 and GF1@AuNS-1. (A) AFM image of AuNS-2. (B) AFM image of GF1@ AuNS-1. (C) SEM image of AuNS-2.
(D) SEM image of GF1@ AuNS-1.
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Fig. 6 Cell cytotoxicity, stability, and X-ray attenuation coefficient of AuNS-2 and GF1@AuNS-1. Cells were cultured for 24 h, treated with AuNS-2 and
GF1@AuNS-1 for 1 and 24 h respectively, and cell viability was measured using CCK8. HFF-1 cells treated with (A) AuNS-2 and (B) GF1@AuNS-1. B16F10
cells treated with (C) AuNS-2 and (D) GF1@AuNS-1. The UV-visible absorption spectrum of AuNS-2 and GF1@AuNS-1 in deionized water and saline
environments at (E) 12 and (F) 24 h. (G) CT images and attenuation values of GF1@AuNS-1.

that can maintain the undifferentiated state of embryonic stem cells.
BI16F10 cells are a kind of spontaneous tumor cells in mice, which can
be considered ideal cells for designing tumor models. CCK-8 is used
to examine the cell viability induced by AuNS-2 and GF1@AuNS-1
in two cells (Figs. 6A—D). When the concentration of AuNS-2
(actually the concentration of Au) was higher than 0.1 umol/L, both
cells showed significant cytotoxicity (survival rate below 80%).

Increasing the AuNS-2 concentration to 10 umol/L resulted in a cell
survival rate of around 20%, which showed a concentration-dependent
trend. On the other hand, the concentration of GF1@AuNS-1 in the
range of 0 to 100 umol/L showed no significant cytotoxicity (survival
above 80%) for either cell. This suggests that GF1@AuNS-1 can
significantly reduce the cytotoxicity of AuNS-2 in a certain range of
concentrations.
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As a contrast agent for CT imaging, AuNS-2 inevitably appears
in physiological environments such as culture medium. Aggregated
AuNS-2 has a major impact on its optical properties and CT
images!"”. This requires AuNS-2 to be highly stable and exhibit good
distribution in physiological environments. Therefore, the stability
in deionized water versus saline needs to be determined by the
UV-visible spectrum. The results were shown in Figs. 6E and F
(12 and 24 h). After GF1@AuNS-1 was resuspended in deionized water
and normal saline for 12 h, the spectrum did not change significantly.
However, the spectrum of AuNS-2 dispersed in saline solution showed
quenching, indicating that its dendritic structure was disrupted and some
aggregation occurred. After 24 h, both AuNS-2 and GF1@AuNS-1
were quenched to a certain extent, but the quenching degree of AuNS-2
was greater. The above experimental phenomenon shows that oyster
ferritin coupling to AuNS-2 enhances the stability of AuNS-2.
Li et al.'” used BSA to modify gold nanoparticles (AuNPs), and the
modified AuNPs showed good colloidal stability and biocompatibility,
which was similar to our conclusion.

Micro-CT is the imaging of the attenuation of X-rays by an object,
resulting in a grey-scale image. The main CT contrast media currently
in clinical use are compounds containing iodine molecules, such as
iohexol. The iodine contrast media has a very short retention time in
the body and can be quickly cleared by the body’s scavenging system,
but it has a long retention time in the kidneys, which has certain side
effects on the kidneys, and the iodine contrast media is non-specific
and cannot specifically identify the tumor site!. Therefore, the
search for new materials that effectively prolong the retention and
imaging time in circulation, very low cytotoxicity, and toxic effects
on the kidney for CT contrast media has been a focus of research™.
Therefore, we need to investigate the imaging effects of nanomaterials
with specific functions following the coupling of AuNS-2 with ferritin
(GF1@AuNS-1). As shown in Fig. 6G, CT images and attenuation
values (hounsfiled unit) showed that GF1@AuNS-1 has a strong X-ray
attenuation capability, and the CT value of GF1@AuNS-1 increased
with increasing concentration and was linearly correlated. In
addition, the high image contrast, clear imaging, and high brightness
demonstrated that the use of GF1@AuNS-1 as a CT contrast media
can well improve the disadvantages of existing contrast media when
applied to existing CT imaging systems.

4. Conclusion

In recent years, AuNS, with its special optical properties and
surface chemical affinity, has received increasing attention for its great
advantages in imaging, diagnosis, and therapy. Hence, modifying
AuNS with ferritin allows targeting and other unique functional
activities. In this study, AuNS was prepared by Au seed synthesis,
and functional gold nanomaterials (GF1@AuNS) were prepared by
coupling AuNS with ferritin. Samples were characterized by particle
size distribution, micromorphology, and optical properties before and
after synthesis. GF1@AuNS had no significant cytotoxicity to cells
in the range of 1-100 pmol/L, and high stability in a physiological
environment. Micro-CT results also showed that GF1 @ AuNS has
good X-ray attenuation and imaging capabilities. The results of these
studies provide a theoretical basis for exploring a novel means of food
detection and drug development.
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