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The aims of this study were to establish if insulin conjugated with auric gold Au(i) can be visualized in
living cells expressing insulin receptors, and if key steps in insulin signaling are undisturbed. Au(in) is co-
ordinated with three tyrosines of insulin and is strongly stabilized by coordination with these tyrosines into
a metal-ion coordinated insulin template. We combined theoretical and experimental approaches, includ-
ing computational analyses, immunocytochemistry and functional assays to analyze the cellular effects of
this construct. Results in this study show that the insulin—Au(i) conjugate does not impair several steps in
insulin signaling and downstream metabolic functions in lysosomes and lipid droplets. Namely, the signal-
ing kinases protein kinase B (Aktl) and mitogen-activated protein kinases (ERK1/2) are phosphorylated to
a comparable extent as with unmodified insulin. Immunocytochemistry also shows a comparable
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decrease in nuclear transcription factor EB (TFEB), an essential regulator of lysosomal biogenesis.
Fluorescence co-labelling of lysosomes with LysoTracker and lipid droplets with BODIPY 493/503 shows
normal organellar morphology and slightly enhanced lipid droplet content. The luminescent properties of
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Introduction

The brain was once considered to be insensitive to insulin, but
more recent research has indicated otherwise."” Insulin con-
centrations, abundance of insulin receptors and signaling trig-
gered by insulin-insulin receptor interaction is disturbed in
several neurological disorders."** Microglia are important
players in the modulation of insulin in the brain. Microglia
respond to stressful stimuli, trophic factors, metabolic and
hormonal disturbances.””” Because microglia express insulin
receptors and necessary molecules to signal from the cell
surface to the nucleus, they detect and respond to abnormal-
ities in insulin abundance.® Hyperinsulinemia exerts series of
adverse effects on neural cells and can profoundly affects
microglia capacity to phagocytose biological aggregates (e.g.
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insulin—Au(m) could serve to combine biochemical and imaging studies in human cells beyond microglia.

amyloid beta in Alzheimer’s disease, disintegrated or malfunc-
tional organelles), thus contributing to the severity and pro-
gression of neurological disorders.”'® Impaired phagocytosis
is associated with impaired lysosomal functions, which is in
turn dependent on lysosomal pH. Microglia, being the main
central nervous system phagocytes, lose their phagocytic abil-
ities with aging and hyperinsulinemia. Lysosomal biogenesis
regulated by the master transcription factor EB (TFEB) is thus
linked to insulin signaling, and lysosomes have become thera-
peutic targets in clinical and basic research due to their funda-
mental roles under physiological and disease conditions.">
Liu et al. developed an insulin-protected Au nanocluster
which emits red luminescence while maintaining good bioac-
tivity and biocompatibility, an attractive tool for bioimaging."®
Such gold nanoclusters were luminescent when excited by two-
photon excitation at 800 nm, or in the visible region at
400 nm. The authors show that myoblasts can internalize the
nanoclusters. Mouse brain homogenate quenches the fluo-
rescence at 670 nm, but it can be inhibited by racecadotril and
thiorphran.’® Although quite appealing as fluorescent nano-
materials, these insulin constructs with gold nanoclusters con-
tained an undefined number of gold atoms in different oxi-
dation states (approximately 24% Au(1) and 76% Au(0)). The
intact insulin entity provides an optimized structure to foster
the formation of Au nanoclusters; the counterpart being that a
weak interaction between insulin and Au nanoclusters may

This journal is © The Royal Society of Chemistry 2025


http://rsc.li/nanoscale
http://orcid.org/0000-0002-0017-5201
http://orcid.org/0000-0001-8914-4606
http://orcid.org/0009-0005-7798-8066
http://orcid.org/0000-0001-6142-5932
http://orcid.org/0000-0003-3660-145X
http://orcid.org/0000-0001-5682-8550
http://crossmark.crossref.org/dialog/?doi=10.1039/d5nr01662b&domain=pdf&date_stamp=2025-07-11
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr01662b
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR017028

Open Access Article. Published on 02 July 2025. Downloaded on 8/15/2025 12:30:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

cause the breakdown of unprotected gold clusters. This might
have deleterious consequences regarding the stability of these
constructs, even if insulin-stabilized Au nanoclusters have
shown biocompatibility when tested in mouse myoblasts. As
an alternative and for more robust luminescent probes, the
insulin-Au(ur) conjugate was recently synthesized and charac-
terized to possess attractive luminescence properties. The
single gold atom is not predicted to interfere with the biologi-
cal activity of insulin, but has not been tested in brain cells,
insulin pathways and metabolic organelles.'® The Au(m) is co-
ordinated and strongly stabilized with three tyrosines of
insulin. This study aims to establish if insulin strongly co-
ordinated with Au(ur) can be detected in human cells expres-
sing insulin receptors, and if key steps in insulin signaling are
undisturbed.

We here focus on human microglia and the effects of the
gold-insulin construct on several biomarkers. Insulin binding
to its receptors leads to the phosphorylation of kinases Akt1l
and ERK1/2, then to anabolic effects (stimulation of lipid dro-
plets biogenesis and decrease in lysosomal biogenesis)."”
Lipid droplets are abundant in adipocytes and relevant to
metabolic syndrome disorders, yet their multiple roles in brain
cells are only beginning to be elucidated.'®*?° We combined
theoretical and experimental approaches, including compu-
tational analyses, immunocytochemistry and functional assays
to reveal effects of the insulin-Au(mi) construct on insulin sig-
naling in microglia. Computational analysis showing the
arrangement of insulin with its receptor suggests that favor-
able properties of insulin-Au(m) render this nanostructure
suitable for rapid, sensitive and inexpensive assays for insulin
and insulin receptors in biological specimens under physio-
logical and pathological conditions.

Materials and methods
Insulin-Au(m) synthesis and characterization

The insulin-Au(u) conjugate was synthesized using a one pot
“green” synthesis method. The reaction was carried out at
physiological temperature (37 °C) and elevated pH (~11.5) as
reported by Bain et al'® Insulin (100 mg) was dissolved in
5 mL ultrapure water and stirred. After dissolving well, 5 mL of
5 mM Au®* solution was added. After stirring for 5 min, 400 puL
of 1 M NaOH solution was added to adjust the pH to ~11.5.
The reaction was kept at 37 °C for 4 h. The insulin-Au(m) con-
jugate was purified by ultrafiltration with membrane tubes
(3 kDa cut off). The prepared sample was centrifuged (10 000
rpm, 4 °C), exchanged water 5 times to remove extra salts, then

lyophilized to  powder for  further applications.
Tetrachloroauric acid trihydrate (HAuCl;-3H,0), sodium
hydroxide (NaOH) were purchased from Sigma-Aldrich.

Recombinant human insulin (C,5;H343Ne5057S6, molecular
weight 5807.65 g mol ') was purchased from Life Technologies
Corporation. Ultrapure (Milli-Q) water with a resistivity of 18.2
MQ was used for all experiments.

This journal is © The Royal Society of Chemistry 2025
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UV-vis absorption spectra were recorded using an
AvaSpec2048FT spectrophotometer, with a continuous spec-
trum of halogen lamp coupled with an AvaLightDH-S deuter-
ium lamp. Photoluminescence spectra were recorded with a
Horiba Jobin Yvon Fluoromax4 spectrophotometer, and the
data were collected and plotted with the FluorEssence
software.

In silico modelling

Gromacs version 2020.4>' was used for all-atom molecular
dynamics (MD) simulation of insulin in explicit solvent with
parameters previously described.'® Such simulations were ana-
lyzed in the terms of distances between tyrosine residues. All
combinations of distances between residues have been calcu-
lated using a Gromacs built-in tool (gmx distance) for each
time frame during the dynamics. Then, distances for each
time frame were averaged and the time frame with the shortest
average distance was selected as a representation of the struc-
ture possible with Au coordination. Chimera®* was used for
visual representation as well as for alignment of insulin and
insulin MD structures.

Cell culture and treatments

The HMC3 human microglia were originally obtained from the
American Type Culture Collection. Cells were used within 25
passages, and maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM, Thermo Fisher Scientific) supplemented
with 5% (v/v) fetal bovine serum (Wisent) and 1% (v/v) penicil-
lin-streptomycin (Thermo Fisher Scientific). Cells were kept in
incubation at 37 °C, 5% CO, and 95% relative humidity.

Insulin-Au(ur) stocks (300 pM) were prepared fresh in ultra-
pure water before each experiment. Cells were treated with the
equivalence of 0.3 nM insulin, or 0.3 nM insulin-Au(m), or 0.3
nM Au for the HAuCl, negative control. Cells treated in DMEM
without serum were washed twice with phosphate-buffered
saline (PBS, Wisent) before treatment.

Immunocytochemistry

Cells were seeded on 12 mm diameter glass coverslips
(Assistent) at 7000 cells per coverslip. Cells were kept in culture
overnight before treatment. Cells were deprived from serum
for 24 h before treatment. At the end of the treatment time,
cells were washed twice with PBS, then fixed with 4% (w/v) par-
aformaldehyde (BDH) in PBS for 10 min. Permeabilization was
achieved with 0.1% (v/v) Triton X-100 (Millipore-Sigma) in PBS
for 10 min. Non-specific binding was reduced by blocking with
10% (v/v) donkey serum in PBS for 1 h. Cells were incubated
with primary antibodies diluted in 10% donkey serum over-
night at 4 °C in a humidified container. The primary anti-
bodies used were: rabbit anti-phosphorylated Akt1 (Ser473), 1/
500, Chemicon, AB3132; mouse anti-phosphorylated ERK1/2
(Thr202/Tyr204), 1/500, Cell Signaling, #9106; rabbit anti-
TFEB, 1/500, Proteintech, 13372-1-AP. The next day, cells were
washed thrice with PBS for 5 min. Cells were then incubated
with secondary antibodies (goat anti-rabbit Alexa Fluor 647, 1/
500, Thermo Fisher Scientific; goat anti-mouse Alexa Fluor
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647, 1/500, Thermo Fisher Scientific) diluted in 10% donkey
serum and Hoechst 33342 (10 pM, Millipore-Sigma) for 1 h at
room temperature, protected from light. Secondary antibodies
were washed off thrice with PBS for 5 min, then coverslips
were mounted onto microscope slides (Fisher Scientific) using
Aqua-Poly/Mount (Polysciences) and left to dry for at least
90 min before imaging.

Cells were imaged using a fluorescence microscope (Leica
DMI4000 B) at 63x magnification, using the following filters:
DAPI-1160A (Semrock, ex: 387 nm, em: 447 nm) and CY5-404A
(Semrock, ex: 628 nm, em: 692 nm). Fluorescence signals were
quantified using the software Fiji (version 2.16.0).>

Lipid droplet and lysosome labelling

Cells were seeded on glass coverslips as for immunocytochem-
istry. At the end of the treatment time, cells were incubated in
phenol-free DMEM (Thermo Fisher Scientific) with BODIPY 403/
503 (10 pM, Thermo Fisher Scientific), LysoTracker Deep Red (50
nM, Thermo Fisher Scientific) and Hoechst 33342 (10 pM) for
20 min at 37 °C. Cells were washed in phenol-free DMEM before
live imaging with a fluorescence microscope (Leica DMI4000 B)
at 63x, with the filters GFP-3035B (Semrock, ex: 472 nm, em:
520 nm), CY5-404A and DAPI-1160A.

2-NBD-glucose imaging

Cells were seeded on glass coverslips as for immunocytochem-
istry, and cultured for 24 h. Cells were deprived from serum
for 24 h, then incubated for 1 h with insulin, insulin-Au(i) or
HAuCl, in medium without glucose and phenol red (Hanks
buffered salt solution, Thermo Fisher Scientific). Fluorescent
glucose (2-NBD-glucose, Abcam) was added at the end of treat-
ment time for a final concentration of 100 pg mL™'. After
10 min, cells were washed twice with PBS, then fixed in 4%
(w/v) paraformaldehyde in PBS for 10 min. Cell nuclei were
fluorescently labelled with Hoechst 33342 (10 puM, 10 min).
Cells were washed thrice with PBS, then mounted on micro-
scope slides with Aqua-Poly/Mount mounting medium. Cells
were imaged using a fluorescence microscope (Leica DMI4000
B) at 63x, with the filters GFP-3035B.

Phagocytosis

Cells were seeded on glass coverslips as for immunocytochem-
istry and kept for 24 h. Cells were deprived from serum for
24 h, then incubated for 4 h with insulin, insulin-Au(m) or

Table 1 Physicochemical properties of insulin—Au(in)*®
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HAuCl,, in the presence of fluorescent FluoSpheres polystyrene
microbeads (Invitrogen, ex: 580 nm, em: 605 nm) at 1 x 10°
beads per mL. Cells were then washed twice with PBS and
fixed in 4% (w/v) paraformaldehyde for 10 min. Nuclei were
labelled with Hoechst 33342 (10 pM, 10 min) and F-actin was
labelled with Alexa Fluor 488 Phalloidin (Thermo Fisher
Scientific). Coverslips were mounted on microscope slides with
Aqua-Poly/Mount, then cells were imaged using a fluorescence
microscope (Leica DMI4000 B) at 20x, with the filters
DAPI-1160A, GFP-3035B, and TRITC-A (Semrock, ex: 542 nm,
em: 620 nm).

Statistics

Statistical analyses were performed with one-way ANOVA fol-
lowed by Dunnett’s post hoc test. A Student’s ¢-test was applied
to compare the means of two groups. p values lower than 0.05
were considered significant. Experiments were performed
independently at least three times.

Results and discussion

Results from this study are obtained using insulin-Au(ur) con-
jugate in human microglia expressing insulin receptors. The
biological investigations comparing insulin-Au(im) to insulin
alone support the notion that conjugating one auric gold to
insulin does not adversely change the key steps in insulin sig-
naling and effects on organelles. The relevance of the pathways
investigated in this study to the biological role of insulin in
cells and tissues was thoroughly reviewed.® Other literature
highlighting the role of insulin in neurological disorders,
where microglia and insulin impact brain metabolism and
pathologies are represented by Yang, Doust and others. %'

The physicochemical characterization of insulin-Au(m) is
summarized in Table 1 and optical spectra are shown in Fig. 1.
The interaction of one Au(m) atom with one insulin was
demonstrated by electrospray mass spectrometry. The structure
of insulin contains the A and B chains, linked together by di-
sulfide bonds.>* The secondary structure comprises of 47%
alpha helices and 4% beta sheets in chain A, and 46% alpha
helices and 3% beta sheets in chain B.?> The presence of Au
(m) only affects the local alpha-helix environment of the
coordination site, where 3 of 4 tyrosine residues are in helix
motifs.

Size: hydrodynamic

NAME Composition diameter (nm) Luminescence properties
Insulin- Insulin-3H-Au(m): 3 deprotonated phenolic groups in tyrosine 7.4, Size from Photoemission peak at 667 nm.
Au(u) residues serve as anchors for stabilizing Au(i) ions. fluorescence anisotropy>®

Formula: C,5,H;50Ng505,ScAU
Molecular weight: 6001.62 g mol™*

ESI-mass spectrometry16

16808 | Nanoscale, 2025, 17, 16806-16817

7, Size from DLS'® Luminescence quantum yield (QYs)
5.40%
Luminescence lifetime components:

237 ns and 1723 ns (ref. 16)

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (A) Absorption spectrum of the insulin—Au(m) conjugate. (B)
Fluorescence emission (red line) and excitation (black line) spectra of
insulin—Au(in). The emission spectrum was measured under excitation at
450 nm. The excitation spectrum was measured with detected emission
at 665 nm. (C) Fluorescence emission spectra of insulin—Au(m) under
different excitation wavelengths.

The strong red emission and high fluorescence quantum
yield (QY = 5.4%)"° of insulin-Au(m) are attractive for targeted
bioimaging. The absorption (Fig. 1A) and emission spectra
(Fig. 1B and C) show an absorption within the visible region
and a strong emission peak at ~665 nm regardless of the exci-
tation wavelength (350 nm, 380 nm, 400 nm, 420 nm, 450 nm
and 500 nm). However, the intensity of the emission was
remarkably different, with excitation at 350 nm yielding a
maximal emission (red line). Such a remarkable emission was
more difficult to detect in low concentrations of insulin-Au()

This journal is © The Royal Society of Chemistry 2025
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corresponding to physiological post-prandial insulin levels (0.3
nM). We have previously shown that gold nanoclusters can be
detected in glia and neuron-like differentiated SH-SY5Y cells,?”
and studies by Liu et al. showed internalized insulin-gold
nanoclusters at supraphysiological concentration (250 mg L)
in C2C12 myoblasts.”” Liu’s studies also show that fluo-
rescence of the insulin gold nanoclusters is strongly quenched
in rodent brain homogenate, suggesting that abundance of
insulin degrading enzymes (IDE) affects detection.”®>°

In order to better understand the structural implications of
Au(m) and insulin interactions with its receptor, we provide
computational and theoretical data from molecular dynamic
simulations (Fig. 2). First, we analyzed the structure of the
insulin receptor and its interaction with insulin. Insulin is a
hormone consisting of chain A (21 amino acids) and chain B
(30 amino acids) linked by disulfide bridges.>**° The insulin
receptor is a homodimer, in which each monomer consists of
3 different chains (chain A with 211 amino acids, chain B with
214 amino acids and chain C with 593 amino acids), as shown
in Fig. 2A.>" Interactions involve the insulin chain B (Ser 9,
Glu13, Tyr 16 and Glu 21) and the insulin receptor chain C
(Phe 39, Lys 40, Arg 65 and Glu97) through the formation of a
salt bridge between Glul3, Arg65 and nonbonded contacts
(Fig. 2B, left panel).

Next, we assessed differences that Au(ur) could induce into
the structure of insulin, and how it would influence its inter-
action with the insulin receptor. The position of the Au atom
within insulin was previously described,'® and tyrosine resi-
dues were identified as the coordinating residues for Au. At
the atomic level, molecular dynamics simulations of pure
insulin were performed to show structural changes in insulin.
We were interested in the distance between four tyrosine resi-
dues that are candidates for the coordination of the auric gold.
Distances between those four tyrosine residues have been ana-
lyzed, and the structure with the shortest average distance was
selected as representative of the effect of Au: its coordination
brings tyrosine residues closer. The right panel of Fig. 2B
shows the selected MD simulation of insulin in overlap with
the insulin receptor. The overall structure of insulin was well
conserved in the MD simulations. Further analysis shows that
insulin Tyr16 interacts with the insulin receptor, leaving Tyr14,
Tyr19 and Tyr26 to coordinate around Au.

Given that the addition of the gold atom is unlikely to
disrupt the biological activity of insulin, we asked whether
insulin-Au(m) can engage the same signaling pathways as
insulin. One of the first kinases activated at the insulin recep-
tor is Aktl, which becomes phosphorylated within the same
time frame and to a comparable extent with insulin-Au(m) as
with insulin (Fig. 3A and B). The tyrosine phosphorylation of
some substrates activates phosphatidylinositol-3-kinase (PI3K),
which produces polyphosphoinositides that interact with
protein kinases, leading to activation of the kinase Akt1.*
Phosphorylation of Akt1l (Phospho-Akt1) is a reliable readout
of Akt1 activation by insulin.**?> The second major signaling
cascade downstream of the insulin receptor involves the phos-
phorylation of ERK1/2, which translocate to the nucleus as a

Nanoscale, 2025,17,16806-16817 | 16809
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Fig. 2 (A) Structural features of the insulin receptor: homodimer, with each monomer consisting of 3 distinct chains. Upper part (colored gray) pre-
sents insulin receptor monomer, while lower part illustrates monomer’s structure consisting of 3 chains: chain A (211 amino acids, colored plum),
chain B (214 amino acids, colored red) and chain C (593 amino acids, colored yellow). Red circles indicate the binding position of insulin, where
chain B from insulin interacts with chain C from the insulin receptor. (B) Detailed view of the interaction between insulin and its receptor. On the
left, the amino acids (Phe 39, Lys 40, Arg 65 and Glu97) from the insulin receptor (colored yellow) that interact with the amino acids Ser 9, Glul3, Tyr
16 and Glu 21 on insulin (colored red) are highlighted. On the right, the superimposed structure of insulin obtained by molecular dynamics is high-
lighted in green. The amino acids that interact with the receptor (Ser 9, Glul3, Tyr 16 and Glu 21), as well as the amino acid Tyr 14, Tyr 16, Tyr 19, Tyr
26 that interacts with the gold atom are shown in stick representation.

16810 | Nanoscale, 2025, 17, 16806-16817 This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr01662b

Open Access Article. Published on 02 July 2025. Downloaded on 8/15/2025 12:30:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

Insulin Control

Insulin-Au(lll)

HAuCla

» 3 7
By
;
3
(0]
g
o o 2
o9
o2
® O
22 1 4
>.,NI—
(0]
O.E
2
°
)

Fig. 3

View Article Online

Paper

Control
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Insulin—Au(in) exerts comparable effects as insulin on the phosphorylation of Aktl and ERK1/2 in human microglia. Representative fluor-

escence micrographs of (A) phosphorylated Aktl (pAkt, red) and (C) phosphorylated ERK1/2 (pERK1/2, red). Microglia were treated with insulin (0.3
nM) or insulin—Au(in) (0.3 nM) for (A) 1 h or (C) 30 min in serum-deprived conditions. HAuCl, served as negative control. Nuclei (blue) were labelled
with Hoechst 33342 and the protein of interest (red) was labelled by immunocytochemistry. White arrows indicate cell nuclei with translocated
protein of interest. Quantification of (B) cytosolic pAkt or (D) nuclear pERK1/2 fluorescence signal in cells. Shown are the relative fluorescence inten-
sity per cell, as fold change of the untreated control (set to 1). The red bar indicates the average from at least 130 cells, from three independent
experiments (N = 3). One-way ANOVA followed by Dunnett’s test, and Student’s t-test. ***p < 0.001; n.s. = not significant.

transcription factor for cell growth and survival.>* The
response to insulin can differ depending on the brain tissue;
in the mediobasal hypothalamus, insulin preferentially acti-
vates Akt, whereas ERK1/2 was mainly activated in the dorsal
vagal complex.*® This partitioned response is likely tightly

This journal is © The Royal Society of Chemistry 2025

regulated to prevent dysregulated signaling. Hyperinsulinemia
and chronic ERK1/2 activation are both detrimental to cell
function.®® Insulin-Au(m) exerted comparable effects as
insulin on the activation of ERK1/2, which increased in the
nucleus following its phosphorylation (Fig. 3C and D).*® This

Nanoscale, 2025, 17, 16806-16817 | 16811
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demonstrates that insulin-Au(um) usage in human cells does
not cause aberrances in the canonical effects of insulin, and is
effective in the concentration range (~0.3 nM) relevant to post-
prandial physiology.

In response to insulin, cells adjust their metabolic pro-
cesses towards anabolic pathways. Among the cellular pro-
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cesses controlled by insulin are activities of metabolic
enzymes, transcriptional factors, and degradation of insulin
itself.* Disrupting the expression of the insulin receptor in the
mouse brain results in significant changes in fat metabolism
and body weight.>” Downstream of Aktl activation are the
mammalian target of rapamycin complexes (mTORC), which

C) Nuclei Lipid droplets

Merge

Insulin Control

Insulin-Au(lll)

HAuCl4

Insulin—Au(in) exerts comparable effects as insulin on TFEB nuclear levels and lipid droplet numbers in human microglia. Representative flu-

orescence micrographs of (A) TFEB (red) and (C) lipid droplets (green). Microglia were treated with insulin (0.3 nM) or insulin—Au(in) (0.3 nM) for (A)
1 h in serum-deprived conditions or (C) 24 h in serum-containing conditions. HAuCl, served as negative control. Nuclei (blue) were labelled with
Hoechst 33342. TFEB was labelled by immunocytochemistry and lipid droplets were labelled with BODIPY 493/503. Quantifications show the (B)
relative fluorescence intensity of nuclear TFEB per cell or (D) lipid droplet numbers per cell, as fold change of the untreated control (set to 1). The
red bar indicates the average from at least 120 cells, from three independent experiments (N = 3). One-way ANOVA followed by Dunnett’s test, and
Student’s t-test. *p < 0.01; ***p < 0.001; n.s. = not significant.

16812 | Nanoscale, 2025, 17, 16806-16817 This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr01662b

Open Access Article. Published on 02 July 2025. Downloaded on 8/15/2025 12:30:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

stimulate protein synthesis at the expense of protein break-
down.*® Thus, mTORC inhibits TFEB by phosphorylation at
Ser211, retaining it in the cytosol and preventing its transloca-
tion to the nucleus to regulate lysosomal biogenesis.'*?® We
show that insulin-Au(u) exerts comparable effects to that of
insulin in decreasing nuclear TFEB in microglia cells (Fig. 4A
and B). TFEB plays multiple roles in cells and has been con-
sidered a therapeutic target in several pathologies."* TFEB
together with TFE3 play critical roles in lysosomal biogenesis,
cellular adaptation to stress,”®*° as well as whole body energy
metabolism.*"**> TFEB modulation by mTORC1 forms a feed-
back loop that coordinates the balance between lysosomal cat-
abolism and anabolism to adapt to different metabolic
conditions.*?

Lysosomes act as storage and degradation sites not only for
proteins, but also lipids. In lipophagy, the lysosome-associated
membrane protein 2 (LAMP2) interact with perilipins 2 and 3
on the surface of lipid droplets. Lipid droplets thus engulfed
and degraded by lysosomes provide fatty acids to mitochon-
drial p-oxidation.** Conversely, activation of anabolic pathways

Nuclei

Insulin Control

Insulin-Au(lIl)

HAuCl4

Lysosomes Lipiddroplets

View Article Online
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and inhibition of the lysosomal master regulator TFEB result
in lipogenesis.*” Our results suggest that lipid droplet abun-
dance is slightly increased following treatment with either
insulin or insulin-Au(m) (Fig. 4C and D), as they interact
closely with lysosomes in microglia cells (Fig. 5) in the peri-
nuclear area. This physiological fluctuation in lipid droplet
numbers resulting from a metabolic shift is unlike the signifi-
cant increase observed in stressed microglia in inflammation.
Lipid droplets assist mitochondria during autophagy,*®
sequester lipophilic agents, and serve as signaling hubs for
lipid metabolism and catabolism.*”"*° The modulation of lipid
droplets is therefore within the scope of therapeutic avenues
considered for neurological disorders. For example, some gold
nanoclusters were effective in reducing excessive oxidative
stress and keeping lipid droplets within the physiological
range.””*® Many studies, including ours, have shown that bac-
terial lipopolysaccharide can increase lipid droplets concur-
rently with levels of inflammatory cytokines and reactive
oxygen species.’™* Lipid droplets also accumulate in micro-
glia under dysfunctional and pro-inflammatory states of the

Merge

Magnification

Fig. 5 Representative fluorescence micrographs of lysosomes and lipid droplets in human microglia treated with insulin (0.3 nM), insulin—Au(in) (0.3 nM) or
HAuCly (0.3 nM) for 24 h in serum-containing medium. Living cells were labelled for nuclei (blue) with Hoechst 33342, lysosomes (red) with LysoTracked
Deep Red, and lipid droplets (green) with BODIPY 493/503. The last column shows magnifications of the merged images. Scale bar = 20 pm.
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aging brain.>® Nevertheless, lipid droplets are crucial in sup-
porting normal cell functions, particularly under restricted
nutrient supply. The functional outcomes of insulin-Au(ir) on
microglia were verified in Fig. 6. Insulin and insulin-Au(m)
increased the uptake of fluorescently-labelled glucose to a
comparable extent within the time frame of its physiological
effectiveness (Fig. 6A and B). Microglial functionality was also

View Article Online
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assessed by the phagocytosis of fluorescent beads (Fig. 6C and
D). Microglia phagocytosis is a crucial function that fulfills
synaptic health as well as defense and clean up roles in the
brain.’* In many neurodegenerative diseases, functionally
impaired microglia result in the aberrant accumulation of neu-
rotoxic plaques, tangles, etc.>® Insulin and insulin-Au(m)
slightly increased microglial phagocytosis within a few hours,
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Fig. 6 Functional effects of insulin—Au(i) in human microglia. (A) Representative fluorescence micrographs of cells treated with insulin (0.3 nM) or
insulin—Au(m) (0.3 nM) for 1 h in serum- and glucose-deprived conditions. Cells were then incubated with fluorescent 2-NBD-glucose (green) to
detect glucose uptake. Nuclei (blue) were labelled with Hoechst 33342. Scale bar = 20 pm. (B) Quantification of glucose fluorescence in cells
treated as in (A). Shown are the level of fluorescence per cell as fold change of the average control value (set to 1). The red bars indicate the averages
from 180 cells and three independent experiments (N = 3). One-way ANOVA followed by Dunnett's test, and Student'’s t-test. ***p < 0.001; n.s. = not
significant. (C) Representative fluorescence micrographs of cells treated as in (A) for 4 h in serum-deprived conditions, with FluoSpheres beads (red).
Nuclei (blue) were labelled with Hoechst 33342 and F-actin was labelled with Alexa Fluor 488 Phalloidin. Scale bar = 50 pm. (D) Quantification of
phagocytosed fluorescent beads by microglia treated as in (C). Shown are the number of beads per cell as fold change of the average control value
(set to 1). The red bars indicate the averages from 170 cells and three independent experiments (N = 3). One-way ANOVA followed by Dunnett’s test,
and Student's t-test. ***p < 0.001; n.s. = not significant.
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showing that these cells are overall sensitive to insulin at
several levels: cell signaling, metabolic adaptation, and
functionality.

The present study focuses on microglia and employs a
novel nanostructure where one single atom of gold is conju-
gated with insulin molecule. This unique nano-construct is
distinct from gold nanoclusters with multiple gold atoms, or
the even bigger gold nanoparticles. The uniqueness is associ-
ated with its extremely long lifetime, not yet exploited for bio-
imaging, or for the development of assays to determine insulin
receptor abundance and insulin-receptor interactions. The
advantage of a single gold atom bound to insulin is that it
does not significantly change the size of insulin, does not
interfere with insulin biological activity, and provides an
imaging tool for live cells in potentially different brain regions,
as well as peripheral tissues. Insulin receptors are present in
the brain, and insulin signalling specifically modulates brain
function with diverse metabolic or cognitive outcomes,
affecting memory, olfactory perception, emotional regulation,
eating behaviour, and peripheral metabolism. For example,
the hippocampus is known for its prominent role in learning
and memory, and hippocampal insulin receptors regulate
structural and functional plasticity to enhance cognition.
Hippocampal insulin resistance might occur independently of
peripheral insulin resistance. Insulin signaling in microglia
plays a key role in microglial cellular metabolism and neuroin-
flammation; reduced insulin signaling in microglia alters
mood and social behavior, and accelerates Alzheimer’s patho-
genesis.>® Improving central insulin action could represent a
therapeutic option for people at an increased risk of develop-
ing metabolic and cognitive diseases.”” Taken together, these
results suggest that the modification of insulin with Au(um)
does not markedly change the biological activity of the protein
at key signaling steps in human microglia. It is an interesting
demonstration of “tagging” a protein relevant for tracing
experiments, valuable for further investigations in human cells
and human cerebral organoids.

Conclusion

Investigations by numerous laboratories and clinical studies
indicate that insulin controls a complex series of intertwining
pathways that instruct cells on how and when to store energy.
While extensive progress has been made, numerous gaps
remain in our understanding of the precise molecular events
of insulin action in different tissues. We only started to
appreciate the modification of proteins at the nanoscale level,
and how the complex insulin structure arranges around a
single auric gold. It is clear that the single Au(m) ion within
insulin-Au(ur) does not cause major molecular perturbation,
but is stabilized with the protein. Insulin-Au(ur) exerts compar-
able effects as that of insulin in human microglia, which is
desirable to avoid disrupting glucose imbalance and proteaso-
mal homeostasis. Lipid droplets, lysosomes and their tran-
scription factors are essential for cellular function, or negative

This journal is © The Royal Society of Chemistry 2025
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effects ensue if they are too abundant or reduced. Insulin-Au
(1) could have several advantages for studies and medical uses
of insulin, such as stability, solubility, and further mechanistic
investigations in models of neurological disorders using
human brain organoids. The insulin-Au(m) conjugate can be
excited in the visible spectral region and has a long excited
state lifetime, which are desirable properties for cell imaging
and therapeutic purposes. Moreover, large two-photon absorp-
tion cross sections renders insulin-Au(ur) conjugate a suitable
candidate for multiphoton excited luminescence (670 nm) for
living cells and organoids.
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