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The potential of metal nanoclusters in biomedical applications is limited due to aggregation-caused
quenching (ACQ). In this study, an in situ self-assembled pitaya structure was proposed to obtain stable
fluorescence emission through protein coronas-controlled distance between gold nanoclusters (Au NCs).
Interestingly, the gold ion complexes coated with proteins of low isoelectric point (pI) nucleate at the sec-
ondary structure of proteins with high pl through ionic exchange within cells, generating fluorescent Au
NCs. It is worth noting that due to the steric hindrance formed by the protein coronas on the surface of
Au NCs, the distance between Au NCs can be controlled, avoiding electron transfer caused by close prox-
imity of Au NCs and inhibiting fluorescence ACQ. This strategy can achieve fluorescence imaging of clini-
cal tissue samples without observable side effects. Therefore, this study proposes a distance-controllable
self-assembled pitaya structure to provide a new approach for Au NCs with stable fluorescence.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The application of fluorescent materials in biological fluores-
cence imaging is limited by the phenomenon of fluorescence
quenching, especially aggregation-caused quenching (ACQ) at high
concentrations [1-3]. The gradual weakening or even disappear-
ance of the fluorescence signal will lead to the decrease of the
signal-to-noise ratio, and reduce the detection sensitivity and dy-
namic range [4]. ACQ also makes the fluorescence signal spatially
blurred, which reduces the imaging resolution and affects the abil-
ity to observe and analyze fine structures or local areas [5]. Quan-
titative analysis or location identification of target substances by
fluorescence imaging will be interfered by ACQ, which may lead
to misjudgment and data bias, increasing the uncertainty of ex-
perimental results [6-8]. Therefore, ACQ is still one of the difficult
problems to be solved in fluorescence bioimaging [9,10].

Due to ultra-small size and good biocompatibility, gold nan-
oclusters (Au NCs) have attracted much attention as excellent flu-
orescent probes [11,12]. Although Au NCs have higher brightness
and longer life than traditional fluorescent dyes, passive aggrega-
tion between Au NCs can lead to fluorescence quenching, which
affects the imaging effect [13]. Hence, the search for fluorescent
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substances that can release stable fluorescence is still an impor-
tant prerequisite for developing fluorescence imaging applications
[14,15].

It is one possible breakthrough that Au NCs can be combined
with different surface modifiers to achieve improved performance,
including fluorescence intensity and stability [16]. Since the lumi-
nescence effect of Au NCs is affected by the distance between Au
NCs, it is a feasible method to prevent Au NCs from ACQ by syn-
thesizing specific structures to increase the distance between Au
NCs [17]. Lu et al. used the sulfhydryl modified covalent organic
frameworks (COFs) as the carrier of the Au NCs to achieve the an-
chor deposit Au NCs and inhibit their growth, so that it still has
a stable luminescence under long-term in situ light [18]. Although
the biological applications of this study are limited by the poor
biocompatibility and biodegradability of COFs, it still can be con-
sidered as a feasible method to prevent direct contact between Au
NCs by a stable protective layer comprised of appropriate surface
modifiers [19].

Among many synthesis methods, self-assembly is considered a
potential method to synthesize protected Au NCs due to its high
efficiency, stability, and tunability [20-22]. The effective protec-
tion and manipulation of Au NCs can be achieved by selecting the
surface modifier and controlling the self-assembly process, which
makes it feasible to form a stable protective layer on the surface
of Au NCs [23]. Guo et al. combined polypeptides with gold ions to
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enhance the enrichment ability of Au NCs in bacteria through elec-
trostatic interaction, but such enrichment made the fluorescence of
Au NCs unstable [24]. Liu et al. synthesized Au NCs using DNA as a
template. This method can effectively control the emission light of
Au NCs. Although the luminescence of Au NCs has been improved,
the possible ACQ has not been avoided [25].

Notably, some researchers have found that special structures
similar to pitaya is robust, but the application of such structures
to biofluorescence imaging is still rare [26,27]. In this structure,
the nanoparticles can be protected by certain media, thus main-
taining a suitable distance from each other, which prevents ACQ
of nanoparticles [28]. In our past work, we hypothesized that in-
tracellular biomineralized anisotropic gold nanocrystals nucleate,
crystallizes, and grows in the secondary structures of proteins
[29,30]. In addition, different protein molecules have different ion
selectivity, and ions are more inclined to bind to protein molecules
with strong affinity, resulting in ionic exchanges [31-33]. Gold ions
can undergo ionic exchange between proteins at different isoelec-
tric points (PI), and then some proteins will be attached to the sur-
face of the reduced Au NCs. So, it is a feasible strategy to form
protein-coated Au NCs with a pitaya-like structure by in situ self-
assembly [34]. In the meantime, the biocompatibility of Au NCs is
enhanced by the protein coronas on their surfaces [35].

Here, a simple and effective strategy for the formation of
pitaya-structured gold nanoclusters (PSACs) is designed by in situ
self-assembly (Fig. S1 in Supporting information). The Au NCs
coated with media proteins can isolate NCs from each other and
prevent the ACQ effect, to ensure the intracellular stability during
applications. To evaluate the fluorescence stability of PSACs, the
emission of PSACs under different conditions was also examined.
Furthermore, the mechanism of PSACs formation is also studied in
this article, which may be based on ionic exchange between pro-
teins. Therefore, this study is conducive to the further application
of fluorescent nanomaterials in biological detection.

In the process of experiment, the egg whites (EW) were sepa-
rated from sterile eggs and chlorauric acid (HAuCly) was added to
the aqueous solution of the EW (EW@Au(I)). The physicochemical
properties of EW@Au(I) and EW are basically the same, presenting
as a colorless and transparent liquid, soluble in water, and a pro-
tein molecule that forms alloy ions. The EW@Au(I) solution was
incubated with A549 cells for 24h and eventually Au NCs were
formed in the cells by in-situ self-assembly. The Au NCs were iso-
lated from the cells by repeated freeze-thaw and differential cen-
trifugation.

The morphology and size of Au NCs extracted from the cells
were characterized by transmission electron microscopy (TEM).
The TEM image shows that the Au NCs are encased within medium
forming a pitaya-like structure (PSACs) (Fig. S2 in Supporting in-
formation). The statistical results show that the PSACs have a size
between 100nm and 220nm. More detailed TEM image of the
PSACs shows the assembly of ultrasmall particles in the structure
(Fig. 1a). The results of selected area electron diffraction (SAED)
show that the gold nanostructure belongs to the amorphous state
(Fig. S3 in Supporting information). The dark-field TEM image of
PSACs provides further evidence that the Au NCs are coated in
proteins, with an appropriate distance among NCs (Fig. 1b). The
particle size statistics of NCs in PSACs were performed as shown
in Fig. 1c. The results confirm a relatively narrow size distribution
around 2.6 nm, which allows the PSACs to have stable fluorescent
properties. The distance between Au NCs ranges from 2.5nm to
10.5nm, with a medium distance at about 6nm (Fig. S4 in Sup-
porting information). Therefore, this structure may be beneficial in
preventing fluorescence quenching of Au NCs due to aggregation.
Confocal laser scanning microscopy (CLSM) dark-field imaging of
the extracted PSACs was also performed (Fig. 1d). The size of PSACs
is about between 100 nm and 200 nm, which is consistent with the
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Fig. 1. The characterization of intracellular PSACs. (a) TEM images of PSACs. (b)
Dark-field TEM image of PSACs. Scale bar: 50nm. (c) The size histogram of Au NCs
in PSACs. (d) CLSM dark-field image of PSACs. Scale bar: 5pm. The excitation (e)
and emission (f) spectra of PASCs under various wavelengths.

statistical results of TEM images. Besides, the results showed that
PSACs had good reproducibility through five independent repeated
experiments (Fig. S5 in Supporting information).

The Fourier transform infrared spectroscopy (FT-IR) of EW
and PSACs are depicted in Fig. S6 (Supporting information).
For both samples, the peaks at 1085cm~! (-C-0-), 1160cm!
(-C00-), 1537cm~! (-C=C-), 1656cm~! (-COOH), and 2957 cm~!
(-CH3) are present. Ester groups are widely found in peptide bonds
in proteins, while other chemical bonds exist in the side chains of
proteins. Raman spectroscopy is used to verify the chemical bonds
on PSACs (Fig. S7 in Supporting information). The results are con-
sistent with the FT-IR results, and there is a vibrational peak at-
tributed to peptide bonds in PSACs at 1300cm~"'. This proves that
Au NCs are encapsulated by proteins, which may give the PSACs
greater stability than dispersed Au NCs. Due to the barrier of pro-
tein coronas between Au NCs, the steric hindrance between Au NCs
increases, and it is difficult for Au NCs to approach each other. So,
the size of Au NCs does not increase to the point that the quantum
size effect is lost, which ensures that the fluorescence emission of
PSACs is very stable.

The molecular structure and valence of PSACs are illustrated by
X-ray photoelectron spectroscopy (XPS). The structure contains the
elements C, N, O, P, and Au (Fig. S8a in Supporting information).
The molecular orbitals associated with the Au element encompass
Au 4fs), and Au 4fy),, and the valence states of the elements are
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Au(0) and Au(l), which suggests that PSACs contain reduced Au
NCs (Fig. S8b in Supporting information). The elements C, N, and
0, especially C, may be mainly derived from the protein coronas in
PSACs (Fig. S8c in Supporting information).

The optical characterization of PSACs was performed by
ultraviolet-visible spectroscopy (UV-vis) and fluorescence spec-
troscopy. The UV-vis absorption spectra show an absorption peak
at 280 nm, which is due to the presence of protein in EW@Au(I)
and PSACs (Fig. S9 in Supporting information). And it was found
that PSACs has a weak absorption at 365nm, possibly due to
the metal-ligand charge transfer effect. In the fluorescence spec-
troscopy (Figs. 1e and f), the optimal fluorescence excitation wave-
length for PSACs is 365 nm, and the optimal emission wavelength
is 420nm. This indicates that PSACs absorbs energy at a wave-
length of 365nm and emits fluorescence through radiative tran-
sitions. The zeta potential of PSACs is approximately 37 mV. This
means that there is a large repulsive force between PSACs, which
makes PSACs have good stability (Fig. S10 in Supporting informa-
tion). In order to check the optical stability of PSACs, the emis-
sion spectrum under different conditions was successively mea-
sured upon excitation at 365 nm. At 25 °C, the fluorescence inten-
sity of PSACs remained unchanged after repeated excitation for 10
times, which indicates a high resistance to photobleaching (Fig. S11
in Supporting information). When the temperature is adjusted to 4
°C or 60 °C, the emission peak of PSACs remains at 420 nm after
repeated excitation (Fig. S12 in Supporting information). By com-
paring the fluorescence intensity under different temperatures, the
fluorescence intensity change caused by temperature is very weak
(Fig. S13 in Supporting information). The response of PSACs to tem-
perature may be related to the protein coronas covering the Au
NCs.

The fluorescence stability of PSACs under different ionic
strength was further studied by titration with saturated solution
of NaCl (Fig. S14 in Supporting information). Upon excitation at
365 nm, the emission wavelength of PSACs is still around 420 nm
in the presence of different concentrations of saline. The fluores-
cence intensity show slight increase before reaching a plateau. In
general, PSACs still have stable fluorescence emission at 420 nm
under different ionic strength.

Proteins can be denatured at rigorous pH, which may have an
effect on the fluorescence properties of the PSACs. Actually, PSACs
still has stable emission at 420nm under acidic or neutral con-
ditions (Fig. S15 in Supporting information). The fluorescence in-
tensity of PSACs do not show significant difference between pH 3
and 7.4. However, at pH 9, the fluorescence intensity of PSACs was
significantly improved, which was four times higher than that at
pH 7.4 (Fig. S16 in Supporting information). This may be due to
changes in the charge state and solubility of the protein coronas
under alkaline conditions which increases the distance between Au
NCs. As shown in Fig. S17a (Supporting information), the longer
distance reduces the interaction between the Au NCs, alleviates
the localized fluorescence quenching effect, and enhances fluores-
cence stability. When the distance between the Au NCs is too close,
the energy of the Au NCs transition from the excited state to the
ground state cannot be released in the form of photons, so it can
only be released in the form of heat, and a non-radiative transition
occurs (Fig. S17b in Supporting information).

In order to better explain the excitation and emission of the
PSACs at 280 and 360 nm, the excitation and emission spectra of
EW were respectively detected (Fig. S18 in Supporting informa-
tion). This result successfully proved that the excitation peak of the
PSACs at 280nm and the emission peak at 340 nm were attributed
to proteins. Further exploration showed there was no difference
in fluorescence properties between EW and EW@Au(I) (Fig. S19 in
Supporting information). This indicates that gold ions will not be
reduced to Au NCs by EW under neutral conditions. Then the effect
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on EW@Au(I) by polar molecules was studied. The excitation spec-
trum and emission spectrum are similar before and after adding
PEG8000 to EW@Au(I) (Figs. S20a and b in Supporting informa-
tion). So the effect of polar molecules can be excluded.

Some groups have indicated that by adjusting pH, EW can re-
duce gold ions [36-38]. Therefore, the formation of Au NCs in
EW@Au(I) solution at different pH were investigated (Figs. S20c
and d in Supporting information). Under acidic and neutral condi-
tions, only the absorption peak near 280 nm for proteins is present
in the UV-vis spectra. On the contrary, under alkaline conditions,
the absorption peaks around 365 and 600nm appear, indicating
the reduction of Au(Ill) ions. It means that the reduction of EW-
protected gold ions can be affected by pH.

Considering that the charges of proteins are closely related to
pH, and the isoelectric point (pl) of ovalbumin, which accounts for
a large proportion in EW, is low (~4.6), the effect of protein with
higher pl on EW@Au(I) was explored. Lysozyme (Lysm), with an
pl of 10.5 was chosen due to the considerable abundance in EW.
Notably, the addition of Lysm to EW@Au(I) (EW@Au(I)@Lysm) has
been shown to promote the reduction of gold ions to Au NCs. As
shown in the excitation and emission spectra of EW@Au(I)@Lysm
(Figs. S20e and f in Supporting information), it emits blue fluores-
cence at about 420nm upon excitation at 360 nm, which is very
similar to the fluorescence properties of PSACs. Therefore, we spec-
ulate that proteins with high plI in cells play an important role in
the in-situ synthesis of PSACs in A549 cells.

To further prove our hypothesis and to verify whether ovalbu-
min in egg white plays a major role, EW was replaced with pure
ovalbumin (Ova@Au(I)@Lysm) for testing. The experimental results
for Ova@Au(I)@Lysm are consistent with those of EW@Au(I)@Lysm
(Figs. S20g and h in Supporting information), suggesting that oval-
bumin and lysozyme play important roles in the whole reaction
process of EW@Au(I)@Lysm. This also means that the synthesis of
PSACs may be caused by the separation of gold ions from oval-
bumin due to ionic exchange. Then it exchanges to proteins with
higher pl in the cell to nucleate and grow into Au NCs, which
can be further wrapped by protein coronas to form PSACs with
stable fluorescence. In Fig. S20i (Supporting information), the UV-
vis spectrum of Ova@Au(I)@Lysm at 280 and 360 nm is also very
similar to the absorption peak of PSACs, which further supports
our conjecture. The molecular docking simulation of gold ions
with ovalbumin and lysozyme was used to further test our theory
(Figs. S20j and k in Supporting information). Although gold ions
tend to attach to the corner of the B-turn in the secondary struc-
ture of Ova and Lysm, the binding energy of Lysm and gold ions
is higher than that of Ova and gold ions, which makes gold ions
more inclined to bind to Lysm with high pl.

Although the fluorescence stability of PSACs under different
conditions has been demonstrated, the biosafety of PSACs still re-
quires consideration when applying for fluorescence imaging of tu-
mor cells. Under the fixed EW content, EW@Au(I) with different
concentrations of HAuCl, (0, 16, 32, 48, 64, and 80umol/L) was
incubated with A549 cells and BEAS-2B cells for 24 h respectivily.
The cell viability was ~100% with the increase of HAuCl; con-
centration in EW@Au(I) (Fig. 2a and Fig. S21 in Supporting infor-
mation). For the cell viability staining experiments (Fig. 2b), only
a small ratio (~1%) of A549 cells were stained, indicating that
EW®@Au(I) has a negligible cytotoxicity. The HAuCl, concentration
of 32 umol/L was selected for the preparation of PSACs.

Since PSACs has good biocompatibility and excellent fluores-
cence stability, the application of PSACs in cell and tissue imag-
ing were further studied. The CLSM dark-field imaging was used to
measure PSACs in A549 cells. As shown in Fig. 2c, PSACs was pro-
duced in A549 cells co-incubated with EW@Au(I), but not in the
control group without EW@Au(I). The generated PSACs is mainly
present in the cytoplasm, but not in the nucleus, indicating that
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Fig. 2. The imaging of cells and tissues. (a) CCK-8 assay and (b) viability staining of A549 cells 24 h after the cells were cultured with various concentrations of EW@Au(I)
(0, 16, 32, 48, 64 and 80 pmol/L). Scale bar: 200 pm. (c) CLSM dark-field image of A549 cells. Scale bar: 10 um. (d) The fluorescence imaging of A549 cells after the cells were
cultured with various concentrations of EW@Au(I) (0, 32, and 80pumol/L) for 24 h. Scale bar: 50pum. (e) The imaging of mice tumors. Scale bar: 200 um. (f) The imaging of
human epithelial tissue. Scale bar: 500 um. (g, h) The imaging of pulmonary tuberculosis tissue. Scale bar: 500 pm.

proteins in the cytoplasm play an important role in the formation
of PSACs. Next, the effect of HAuCl; concentration in EW@Au(I)
on the formation of PSACs in A549 cells was studied by CLSM
(Fig. 2d). PSACs was formed in A549 cells after adding EW@Au(I),
and blue fluorescence was produced under ultraviolet excitation. At
the same time, the group with HAuCl, concentration of 32 pmol/L
exhibited enhanced blue fluorescence than that with HAuCl, con-
centration of 80pumol/L. The reason may be that the proteins in-
volved in the formation of protein coronas in cells are limited,
and the increased concentration of HAuCl, causes the wrapping of
more Au NCs in limited protein coronas. This means that the Au
NCs in the PSACs are forced closer together, resulting in a weaken-
ing of the blue fluorescence. In addition, we performed long-term
cell tracking experiments. The fluorescence of PSACs was observed
in A549 cells at different incubation times by CLSM (Fig. S22 in
Supporting information). When the incubation time reached one
hour, the cells showed weak fluorescence. When the co-incubation

time reached 24h, the fluorescence had best intensity (Fig. 2d
(middle) and Fig. S22 in Supporting information).

Subsequently, the possibility of applying PSACs to fluorescence
imaging in tumor lesion tissues was also explored. Mice were
used in the experiment from southeast university laboratory ani-
mal center with approval. Animal experiments were approved by
the Ethics Committee of Southeast University. After mouse tumor
tissue was immersed in EW@Au(I) for 24h, stereoscopic fluores-
cence microscope images showed that tumor tissues showed con-
spicuous blue fluorescence (Fig. 2e). However, it did not change
significantly in normal tissue, meaning that EW@Au(I) was more
likely to be reduced to form PSACs in tumor cells (Fig. S23 in Sup-
porting information). Then, the potential of this method for the de-
tection of human tumor biopsy samples was validated. The stereo-
scopic fluorescence microscope images of human tissues show that
it emits strong green fluorescence in human tumor tissues (Figs. 2g
and h), but not in normal tissues (Fig. 2f). This indicates that it
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is feasible to apply PSACs to the sample detection of human tu-
mor biopsy. The reason why the fluorescence of biopsy samples
of human tumors is green may be that some substances in the
tissue can absorb the blue fluorescence by PSACs, which leads to
the energy transfer, which in turn produces the green fluorescence
emission. Nevertheless, the difference in fluorescence imaging re-
sults between normal tissues and tumor tissues still supports the
possibility of applying PSACs to the preliminary detection of tumor
biopsy tissue samples.

In summary, we have demonstrated a strategy about intracel-
lular self-assembly of PSACs. In PSACs, Au NCs in the size of 2-
3nm are coated by protein coronas, which prevent them from ag-
gregating with each other, thus avoiding aggregation-induced flu-
orescence quenching. The PSACs has also been shown to have ex-
cellent fluorescence stability under different conditions. It should
be noted that the formation mechanism of PSACs in our study was
revealed, which was based on gold ionic exchange between pro-
teins with lower and higher pl. The Au NCs nucleates on the sec-
ondary structure of the proteins. Furthermore, when PSACs were
used for fluorescence imaging of A549 cells, it showed good lumi-
nescence stability and biocompatibility. The effect of co-incubation
time and ionic concentrations on cell fluorescence imaging was
demonstrated. The probe shows specificity to tumor tissue and can
distinguish tumor tissue from normal tissue by fluorescence imag-
ing results. This study reveals the mechanism of intracellular self-
assembly of PSACs and suggests that the PSACs may be used as a
probe candidate for fluorescence imaging of tumor cells and tis-
sues, which will facilitate the early diagnosis of cancer.
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