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Abstract: The multifaceted health benefits of curcumin (Curcuma longa), attributed to its antioxidant,
antitumor, and anti-inflammatory activities, have drawn significant scientific attention. Curcumin
shows promise as a potential modulator of macrophage polarization, offering a natural strategy for
managing inflammation and promoting tissue repair. However, a limiting factor for this beneficial
molecule is its limited bioavailability due to its low solubility in water. This study aimed to quantify
the effect of curcumin gold nanoparticle (CurAuNP)-mediated ultrasound irradiation on THP-1-
derived macrophages as potential therapeutic targets. The photoreduction method was applied
to synthesize the gold nanoparticles with curcumin as a ligand (CurAu). The effect of adding
polyethylene glycol in the synthesis process was studied (CurAuPEG). CurAuNP characterization
included UV/Vis, Zeta potential, transmission electron microscopy, and FTIR. The amount of singlet
oxygen released by curcumin and CurAuNPs was quantified by observing 1.3-diphenylisobenzofuran
quenching upon ultrasound irradiation (1 MHz and 1 W/cm2). The results indicated that ultrasound
therapy for 4 min with CurAuNPs significantly enhanced singlet oxygen generation and reduced
macrophage viability compared to curcumin alone. The increased sonoluminescence and curcumin
delivery facilitated by CurAuNPs led to greater curcumin activation. Consequently, CurAuNPs could
offer promising therapeutic options for modulating macrophage polarization in pro-inflammatory
and anti-inflammatory stages.

Keywords: ultrasound; sonodynamic therapy; curcumin; gold nanoparticles; down-regulation;
inflammation

1. Introduction

Curcumin, extracted from the natural spice turmeric (Curcuma longa L.), is one of the
most investigated naturally occurring compounds with a wide range of potential thera-
peutic properties [1]. Commonly used in Indian and Southeast Asian cuisine, curcumin
has been linked to various potential health benefits and medical properties, including
anti-inflammatory, antioxidant, and anticancer effects, pain relief, and improved brain
function and heart health [1–3]. In vitro studies using cancer cell lines show that curcumin
is preferentially taken up compared to healthy cell lines [4]. Curcumin exhibits antitumor
activity in breast, lung, head and neck, prostate, and brain cancers [5].

Curcumin can modulate macrophage polarization, which helps to resolve inflamma-
tion, promote tissue repair, and regulate immune responses [6]. Macrophages are essential
innate immune system components, subdivided into the M1 and M2 phenotypes [7,8].
M1 macrophages mediate pro-inflammatory processes and participate in removing for-
eign bodies [9]. In contrast, M2 macrophages exhibit anti-inflammatory activity that is
particularly relevant in inflammatory diseases [10]. According to the environmental sig-
nals, macrophages possess remarkable plasticity, allowing them to switch between their
activated M1 state and the M2 phenotype and vice versa. Downregulating M1 or repolar-
izing M1 macrophages to M2 macrophages in inflammatory disorders are two practical
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approaches to suppressing inflammation. Yaoyao Zhou et al. observed that curcumin
modulates macrophage polarization by inhibiting the toll-like receptor 4 expression and
signaling pathways [11]. Sahaoxi Yan et al. studied the anti-inflammatory effects of cur-
cumin on a mouse myocardial infarction model by regulating macrophage polarization [12].
They concluded that curcumin suppressed the M1-induced inflammation by modulating
macrophage polarization partly via the AMPK pathway. There is a close relationship
between macrophages and tumors. Recently, Ge SK et al. investigated the underlying
mechanism of the antitumor effect of curcumin in colorectal cancer cells, focusing on
the M2 polarization of tumor-associated macrophages (TAMs) [13]. They concluded that
MACC1 and inhibition of M2 polarization of TAMs may mediate the antiproliferative
and anti-migratory effects of curcumin in colorectal cancer cells. Elham Abdollahi et al.
observed that curcumin enhances antitumor immunity via macrophage polarization and
ameliorates inflammatory diseases, including autoimmune issues, nephropathy, chronic
serum sickness, stroke, and atherosclerosis [14].

Curcumin can generate reactive oxygen species (ROS) under light or ultrasound (US)
excitations, indicating potential applications in photodynamic (PDT) and sonodynamic
(SDT) therapies [4,15–17]. SDT is a noninvasive therapeutic approach with promising
applications in various fields, including cancer, inflammatory disease management, antimi-
crobial therapy, and environmental remediation. Its effectiveness relies on the synergistic
effect of low-intensity ultrasound and sonosensitization [18–21].

SDT requires low-intensity ultrasound, a sonosensitizer, and molecular oxygen [22].
Ultrasound waves can penetrate much deeper into tissues compared to the light used in
PDT. This makes SDT beneficial for treating deeper tumors or lesions that are inaccessible
with light. The excitation of sonosensitizers is followed by the generation of reactive oxygen
species (ROS) and cell apoptosis [23]. Ultrasound waves trigger mechanical effects like
temperature rise, membrane disruption, and physicochemical and biological consequences,
primarily through cavitation. Cavity bubbles pulsate in two ways: stable cavitation and
inertial cavitation. During inertial cavitation implosion, a cascade of events unfolds: sound
waves, high-pressure jets, water breakdown, light emission, or sonoluminescence that
mediates ROS production [24]. The predominant ROS generated is singlet oxygen, a highly
reactive molecule that oxidizes cellular components like mitochondria and DNA, leading
to irreversible damage. Additionally, free radicals like hydroxyl radicals can trigger chain
reactions that further damage cells [25]. Ultimately, these combined effects culminate in
cellular events, including membrane disruption, DNA fragmentation, and cell death.

Curcumin possesses a sonodynamic effect on THP-1-derived macrophages, induc-
ing apoptosis or necrosis [17,26]. However, nanotechnology offers several promising
approaches for delivering curcumin specifically to cancer cells or inflamed tissues, over-
coming limitations like low solubility and bioavailability [27]. Nanoparticle (NP)-based
sonosensitizers or sononanosensitizers can overcome these limitations [28–32]. Several
promising approaches for delivering curcumin, specifically to cancer cells, have been pro-
posed with some nanoparticle carriers, for example, liposomes, polymeric nanoparticles,
and gold nanoparticles [33]. With their remarkable optical properties, gold nanoparticles
emerge as powerful tools for precise drug delivery [34].

Several studies have demonstrated the effectiveness of curcumin as a reducing and
stabilizing agent in gold nanoparticle (AuNP) synthesis [35]. Sreelakshmi et al. [36] success-
fully synthesized AuNPs using curcumin at a high pH (11) in the primary media. Singh
et al. [37] highlighted the efficiency of curcumin as a reducing agent at elevated tempera-
tures (90 ◦C) for AuNP synthesis. Kurdi et al. prepared AuNPs with different shapes and
sizes using curcumin and several surfactants [38]. Courrol et al. proposed photoreduction
as a simple and rapid approach to generating curcumin gold nanoparticles [39].

Sonosensitizer nanoparticles, as curcumin, represent a groundbreaking class of nanosen-
sitizers for SDT. Coating AuNPs with curcumin can significantly enhance their targeting and
uptake by macrophages [6,33]. Acting as therapeutic agents and ultrasound-activated sensi-
tizers, they deliver and activate potent payloads like singlet oxygen directly within targeted
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tissues [31]. The nanoscale size of sonosensitizers facilitates their efficient cellular uptake and
penetrates deep into tissues. AuNPs act as nucleation sites for ultrasonic cavitation, effectively
decreasing the cavitation threshold and boosting the cavitation rate. The combined effect of
these factors can facilitate curcumin delivery, significantly enhancing its effectiveness while
minimizing side effects [40,41]. Several reports indicate the dual role of curcumin-based
nanoparticles in photothermal (PTT) and SDT therapies [24,42].

This study compared the effectiveness of curcumin and photoreduced curcumin–
gold nanoparticles in reducing THP-1-derived macrophages under ultrasound irradiation,
exploring their potential for treating inflammatory diseases.

2. Materials and Methods
2.1. Synthesis of Gold Nanoparticles Associated with Curcumin [CurAuNPs]

Tetrachloroauric acid trihydrate (HAuCl4·3H2O), polyethylene glycol 4000 (PEG 4000),
and curcumin (Curcuma Longa) powder were obtained from Sigma-Aldrich Corp. (St. Louis,
MO, USA).

The nanoparticles (CurNPs) were prepared by mixing 9.4 mmol of HAuCl4 with a
curcumin solution (2, 4, or 8 mmol of curcumin in 2 mL of ethanol) in 98 mL of distilled
water. Ten milliliter fractions of the mixtures were exposed to a 300 watt Cermax Xenon
lamp (3.6 W/cm2) for 15 min. After the photoreduction process, the solution’s pHs (ap-
proximately 3.9–4.3) were adjusted to ~7.0 using NaOH. The effect of adding PEG 4000
during the synthesis was evaluated.

The calculated AuNPs concentrations in CurAu (Cur-2 mmol), CurAuPEG (Cur-2
mmol), Cur(2×)Au (Cur-4 mmol), and Cur(4×)Au (Cur-8 mmol) were ~40.8 µg/L, 4.5 µg/L,
20.9 µg/L, and 8.8 µg/L, respectively.

2.2. Nanoparticles Characterization

The ultraviolet–visible (UV-Vis) absorption spectra were measured using 10 mm
quartz cells on a Multispec-1501 spectrophotometer (Shimadzu Corp., Kyoto, Japan). A
Jeol (Zeiss, Oberkochen, Germany) transmission electron microscope (TEM) was used
to characterize the shape and size of CurAuNPs. The effective surface charges of the
CurAuNPs were determined using a Zetasizer (Malvern Instruments, Worcestershire, UK)
for Zeta potential analysis. Fourier-transform infrared spectroscopy (FTIR) spectra were
obtained on a Shimadzu Prestige-21 spectrometer (Shimadzu Corp., Kyoto, Japan) from
4000 cm−1 to 400 cm−1. After dropping onto glass slides and drying in a desiccator for
24 h, the CurAuNPs were prepared as KBr pellets for analysis. A Fluorolog 3 fluorimeter
(Horiba, Kyoto, Japan) with excitation at 450 nm was used to measure the fluorescence
spectra of the CurAuNPs.

2.3. Study of Singlet Oxygen Released by Ultrasound Irradiation

The generation of singlet oxygen (1O2) during ultrasound (US) irradiation was studied
by monitoring the quenching of the DPBF [1.3-diphenylisobenzofuran] absorption band
at 422 nm [43]. DPBF reacts with 1O2 to form an endoperoxide, which decomposes to
1,2-dibenzoylbenzene [44]. In this experiment, 1.0 mL of either curcumin solution (2 mmol)
or CurAuNP solution (prepared with and without PEG) and 1.0 mL of DPBF (4 µM) were
irradiated with therapeutic ultrasound Sonic Compact (HTM Eletrônica, São Paulo, Brazil)
at 1 W/cm2 intensity and 1 MHz frequency for 0 to 5 min. The irradiation was performed in
a quartz cuvette with the ultrasound transducer positioned laterally. After each irradiation,
the sample was immediately analyzed in a UV-Vis spectrometer.

While DPBF can react with various radical species in complex biological systems [36],
we assumed 1O2 to be the primary reactive oxygen species (ROS) generated here. Therefore,
the amount of 1O2 generated during irradiation time ([1O2]t) was calculated based on the
decrease in DPBF concentration [[DPBF]0 − [DPBF]t] using the Beer Law [45].

[1O2]t = [DPBF]0 − [DPBF]t = [A0/εDPBF] − [At/εDPBF] (1)
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where A0 and At are the absorbance values of the solutions at λ = 422 nm before and after
irradiation time t and εDPBF is the molar absorption coefficient of the DPBF at λ = 417 nm,
measured in DMSO as εDPBF = 23,000 L/(mol cm) [46].

2.4. Cell Culture

Human monocytic leukemia THP-1 cells were obtained from the Banco de Células do
Rio de Janeiro, RJ, Brazil. The cells were cultured in Roswell Park Memorial Institute 1640
(RPMI 1640) medium (Sigma-Aldrich Corp., St. Louis, MO, USA) containing 10% bovine
fetal serum. The Ethics Committee of UNIFESP approved the protocol of this study (CEUA
no. 1147091113).

THP-1 cells (5000 cells/well) were plated in 96-well plates and incubated at 37 ◦C in a
humidified atmosphere of 5% CO2 in 95% air. They were differentiated into macrophages
by adding 75 nM of Phorbol-12-myristate-13-acetate (PMA, Sigma-Aldrich Corp., St, Louis,
MO, USA) for 48 h. After differentiation and aspiration of non-attached cells, the adherent
macrophages were washed with RPMI 1640 medium three times and then incubated in cell
culture medium at 37 ◦C.

2.5. Cytotoxicity of Nanoparticles

Differentiation and treatment groups:
Control (CC): THP-1 cells were cultured in 500 µL of culture medium without any

treatment.
Experimental curcumin (Cur): Cells in 100, 80, 40, 20, 10, 5, and 0 µL of curcumin

solution (2 mmol) and culture medium (400, 420, 460, 480, 490, 495, and 500 µL). This
resulted in final curcumin concentrations ranging from 200 µM to 0 µM;

Experimental curcumin-gold nanoparticles (CurAuNPs): CurAuNPs with different
concentrations (100, 80, 40, 20, 10, 5, 2, and 0 µL) and culture medium (400, 420, 460, 480,
490, 495, 498, and 500 µL).

Positive control: Cells were treated with a known toxic agent (latex solution) to validate
the assay.

Negative control: Cells were treated with a complete culture medium and NaCl
solution to establish baseline viability.

Cell viability MTS assay (Sigma-Aldrich Corp., St, Louis, MO, USA):
After 24 h incubation with the respective treatments, all solutions were removed. Each

well then received 100 µL of fresh RPMI culture medium and 20 µL of MTS dye solution.
After a 2 h incubation, allowing viable cells to convert the MTS dye to a colored product,
the absorbance at 490 nm was measured using a plate reader (Molecular Devices LLC,
Sunnyvale, CA, USA). This absorbance directly correlates with the number of viable cells
and serves as a quantitative measure of cytotoxicity.

For a 1 h incubation, macrophages were exposed to 200 µL of CurAuNPs and then
imaged using a Nikon TS100 (Nikon Instruments Inc., Tokyo, Japan).

2.6. Ultrasound Irradiation

Macrophages were incubated for 24 h with 500 mL of culture medium alone, or 40 mL
of curcumin solution or gold nanoparticles (CurAu, CurAu PEG, and Cur(4×)Au) in
460 mL of culture medium. A therapeutic ultrasound Sonic Compact (HTM Eletrônica,
São Paulo, Brazil) transducer with a diameter of 3.5 cm, continuous wave mode, 1 MHz
resonance frequency, and 1 W/cm2 intensity was positioned below the cell plate. A thin
layer of sterile ultrasound gel (RMC Gel Clínico, Amparo, SP, Brazil) was used between
the transducer and the plate. Each cell group was then irradiated separately for 2 min or
4 min. Notably, the temperature increase during the 2 min irradiation was less than 0.5 ◦C.
Following ultrasound treatment, the cells were washed with PBS (phosphate buffered
saline, Sigma-Aldrich Corp., St. Louis, MO, USA) and incubated with a fresh medium
containing MTS reagent for 4 h before absorbance measurements at 490 nm.
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2.7. Statistical Analysis

Data are presented as mean ± standard deviation (SD) unless otherwise specified.
Differences less than 0.05 (p < 0.05) were considered statistically significant.

3. Results
3.1. Synthesis and Characterization of CurAuNPs

Figure 1A shows the UV-Vis spectra obtained for curcumin and CurAu solutions. The
curcumin solution exhibits an absorption band of around 427 nm. In CurAu, a Surface
Plasmon Resonance (SPR) band appears at around 535 nm after photoreduction. The inset
Figure of Figure 1A shows the emission peak of curcumin in water at ~550 nm before and
after the photoreduction process when excited at ~450 nm. The spectrum obtained for the
CurcAu PEG after the photoreduction process is observed in Figure 1B, showing an SPR
band larger than CurAuNPs.
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Figure 1. UV-Vis spectra obtained for (A) Curcumin and CurAu before and after the photoreduction
process; inside Figure: fluorescence spectra obtained with excitation at 450 nm, and (B) CurAuPEG.

Figure 2 illustrates the effect of varying the curcumin concentration at a fixed gold
concentration. Increasing curcumin concentration led to a stronger SPR band and enhanced
light scattering. Notably, Cur(2×)AuNPs exhibited the highest SPR intensity.

Figure 3A–C shows electron microscopy images of CurAu, Cur(2×)Au, and Cur(4×)Au
nanoparticles. These images reveal that increasing curcumin concentration promotes
nanoparticle agglomeration. Average diameters were measured as ~9.6 nm for CurAu
(Figure 3D), 12.0 nm for Cur(2×)Au, 16.0 nm for Cur(4×)Au, and 20.0 nm for CurAuPEG.

According to Table 1, both CurAu and CurAuPEG exhibit moderate stability, as
evidenced by their Zeta potential. However, CurAuPEG displays greater stability despite
having a larger size compared to CurAuNPs.
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Table 1. Sizes and zeta potential of gold nanoparticles with and without PEG.

Zeta Potential
(mV)

Size
(nm)

CurAu −19.16 9.6 nm

CurAu PEG −23.00 20.0 nm
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Vibrational spectroscopy (FTIR) was used to identify the functional groups present in
the nanoparticle solutions. For comparison, spectra were acquired for curcumin, CurAu
with and without PEG, and Cu(2×)Au and Cu(4×)Au. The results are presented in Figure 4.

AppliedChem 2024, 4, FOR PEER REVIEW  7 
 

 

Table 1. Sizes and zeta potential of gold nanoparticles with and without PEG. 

 Zeta Potential 
(mV) 

Size 
(nm) 

CurAu −19.16 9.6 nm 
CurAu PEG −23.00 20.0 nm 

Vibrational spectroscopy (FTIR) was used to identify the functional groups present 
in the nanoparticle solutions. For comparison, spectra were acquired for curcumin, CurAu 
with and without PEG, and Cu(2×)Au and Cu(4×)Au. The results are presented in Figure 
4. 

Curcumin presents signature peaks of phenolic O-H stretching vibration around 3510 
cm−1. The peaks around 1628 cm−1 correspond to (C=O) stretching and, at 1597 cm−1, are 
attributed to the symmetric aromatic ring stretching vibrations (C=Cring) [47]. The peak at 
1428 cm−1 corresponds to C-C vibration. The enol C-O peak appears at 1278 cm−1 and C–
O–C stretching vibrations at 1024 cm−1. It is possible to notice that the C=O band in curcu-
min decreases in the spectra of the nanoparticles, appearing in CurAuNPs around 1740 
cm−1, suggesting the conversion of keto to enol form due to the irradiation process in the 
synthesis of nanoparticles. 

 
Figure 4. FTIR spectra obtained for curcumin, Cur(2×)Au and Cur(4×)Au, and CurAu with and with-
out PEG. 

3.2. Singlet Oxygen [1O2] Release from CurAuNPs under Ultrasound Irradiation 
Singlet oxygen production during US irradiation (1 MHz and 1 W/cm2) was meas-

ured indirectly using the DPBF probe in the presence of Curcumin, CurAuNPs, and 
CurAuPEG. Singlet oxygen reacts with DPBF, forming an unstable endoperoxide inter-
mediate with a different absorption spectrum. Figure 5 shows a decrease in the DPBF band 
at 422 nm as irradiation time increases from 0 to 5 min. Although the DPBF band in Figure 
5A (curcumin) persists even after 5 min, a complete absorption decrease occurs within 3 
min for both CurAu and CurAuPEG (Figure 5B,C). This suggests higher 1O2 release in 

Figure 4. FTIR spectra obtained for curcumin, Cur(2×)Au and Cur(4×)Au, and CurAu with and
without PEG.

Curcumin presents signature peaks of phenolic O-H stretching vibration around
3510 cm−1. The peaks around 1628 cm−1 correspond to (C=O) stretching and, at 1597 cm−1,

are attributed to the symmetric aromatic ring stretching vibrations (C=Cring) [47]. The peak
at 1428 cm−1 corresponds to C-C vibration. The enol C-O peak appears at 1278 cm−1 and
C–O–C stretching vibrations at 1024 cm−1. It is possible to notice that the C=O band in
curcumin decreases in the spectra of the nanoparticles, appearing in CurAuNPs around
1740 cm−1, suggesting the conversion of keto to enol form due to the irradiation process in
the synthesis of nanoparticles.

3.2. Singlet Oxygen [1O2] Release from CurAuNPs under Ultrasound Irradiation

Singlet oxygen production during US irradiation (1 MHz and 1 W/cm2) was measured
indirectly using the DPBF probe in the presence of Curcumin, CurAuNPs, and CurAuPEG.
Singlet oxygen reacts with DPBF, forming an unstable endoperoxide intermediate with
a different absorption spectrum. Figure 5 shows a decrease in the DPBF band at 422 nm
as irradiation time increases from 0 to 5 min. Although the DPBF band in Figure 5A
(curcumin) persists even after 5 min, a complete absorption decrease occurs within 3 min
for both CurAu and CurAuPEG (Figure 5B,C). This suggests higher 1O2 release in these
cases. Figure 5D shows that CurAuPEG generates ten times more 1O2 than curcumin after
4 min of US irradiation, reaching a concentration of ~5.5 µmol/L.
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3.3. Cell Viability Study

Cell viability assay was used to determine the toxicity of curcumin and CurAuNPs.
Figure 6 shows the number of viable THP-1 cells as a function of different dilutions
of curcumin (2 mmol), CurAu, CuAuPEG, Cur(2×)Au, and Cur(4×)Au solutions. The
percentage of cell viability was calculated as follows:

%Cell viability = 100 − %cell cytotoxicity (2)

%cell cytotoxicity = 100 × Experimental abs − negativel control abs
positive control abs − negative control abs

(3)

Figure 6C shows the aspect of THP-1 cells treated with CurAuNPs (~80 ng/L) for
1 h. Figure 6A,B,D,E shows that the solutions of curcumin, CurAuPEG, CurAu, and
Cur(2×)AuNPs did not induce significant cell death in any studied concentration. Cur(4×)
AuNPs showed a moderate cytotoxic effect against THP-1-derived macrophages with a
half-maximal inhibitory concentration of 3.65 ng/L (Figure 6F).

3.4. Ultrasound Irradiation

THP-1 macrophages were incubated with CurAuPEG, CurAu, Cur(4×)Au, or cur-
cumin for 24 h, followed by ultrasound (US) irradiation at 1 W/cm2 and 1 MHz for 2 or
4 min. After a 4-h incubation post-irradiation, cell viability was assessed using the MTS
assay. The results are presented in Figure 7.
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(standard error of means).
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Figure 7. Ultrasound irradiation of THP-1 incubated with CurAu PEG, CurAu, Cur(4×)Au, and
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Dunnett’s multiple comparisons tests, [**]: p < 0.01 [****]: p < 0.0001. Error bars: SEM (standard error
of means).



AppliedChem 2024, 4 79

From the obtained results, it is possible to observe significant cell death associated
with irradiation for 4 min (Figure 7B) for cells incubated with CurAuPEG, CurAu, and
Cur(4×)Au. Control cells remained viable after exposure to US irradiation. The cell survival
rates in the CurAu groups were much lower than for the curcumin group.

The ultrasound irradiation performed for 2 min (Figure 7A) does not induce cell death.

4. Discussion

Emerging evidence from both in vitro and in vivo studies suggests that curcumin
exerts potent modulatory effects on macrophage polarization in inflammatory diseases,
from cancer and autoimmune disorders to renal inflammation, stroke, and atheroscle-
rosis [13]. While curcumin exhibits promising therapeutic potential, its poor solubility
and bioavailability limit its clinical applications [48]. Research efforts have explored cur-
cumin conjugation with gold nanoparticles (CurAuNPs) to overcome these limitations and
improve therapeutical potential.

In this study, gold nanoparticles capped with curcumin were produced by photoreduc-
tion. The β-diketone group in the curcumin molecule is responsible for the intramolecular
hydrogen atom transfer, which leads to the formation of two different forms of the molecule,
known as “keto” and “enol” tautomers, as illustrated in Figure 8, the photoreduction pro-
cess converts curcumin’s keto form into the enol form. This mechanism involves the
reduction of Au3+ to Au+ via the removal of the ketone, followed by the conversion of Au+

to Au0 and stabilization of the gold nanoparticles. While curcumin solution before photore-
duction is highly fluorescent, when excited at 450 nm, CurAuNPs become non-fluorescent,
as observed in Figure 1A (inset Figure).
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Figure 8. Conversion of the keto form of curcumin into enol form by the photoreduction process and
PEG-Cur conjugation.

According to the results shown in Figure 3, the increase in curcumin concentration
during the synthesis process caused noticeable nanoparticle aggregation. In the case of
CurAuPEG (PEG-Cur conjugation, Figure 8), PEG is linked to curcumin through ester
bonds [49]. The presence of curcumin and PEG on the surface of nanoparticles was
confirmed in FTIR spectra shown in Figure 4.

The effects of ultrasound irradiation (1 MHz and 1 W/cm2) on Curcumin, CurAu, and
CurAuPEG solutions were studied and the results are shown in Figure 5. The DPBF probe
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was used with the prepared solutions to observe the release of singlet oxygen. The increase
in irradiation time was observed to lead to a higher 1O2 concentration in all samples.

The mechanism of 1O2 generation differs between curcumin solution and CurAuNPs.
During ultrasound irradiation of curcumin solution, violent bubble expansion and col-
lapse generate intense heat, pressure, and sonoluminescence. The sonoluminescence can
excite oxygen molecules into reactive oxygen species (ROS), including singlet oxygen (1O2).
CurAuNP solutions act as nucleation sites for acoustic cavitation, significantly lowering
the cavitation threshold, promoting bubble formation, and amplifying the sonolumines-
cence [41]. Consequently, after 4 min of US irradiation, CurAuPEG and CurAu generated
higher 1O2 concentrations than curcumin: ~5.5 µmol/L, 4.0 µmol/L, and 1.5 µmol/L,
respectively. Sazgarnia et al. observed, through chemical dosimetry, that the sonolumi-
nescence signal detected in a gel phantom containing gold nanoparticles-conjugated PpIX
was higher than that observed with PpIX alone [50]. In addition, literature suggests that
the number of nucleation sites on the nanoparticle surface increases with particle size [51].
Figure 5D corroborates this, showcasing that more nucleation sites and cavitation bubbles
must occur around CurAuPEG (20 nm) compared to CurAuNPs (9.6 nm).

Macrophages incubated with curcumin and exposed to ultrasound irradiation experi-
ence an interaction between activated curcumin and molecular oxygen, producing cytotoxic
ROS, especially singlet oxygen, which ultimately leads to cell death [42,52–55]. Wang F.
et al. investigated the sonodynamic effect of curcumin on THP-1-derived macrophages
using slightly different parameters than our study [17]. Their experiment employed a
curcumin concentration (40.7 µmol/L), higher ultrasound intensity (2 W/cm2), and lower
frequency (0.86 MHz) compared to ours (~53 µmol/L, 1 W/cm2, 1 MHz). They also uti-
lized a pulsed irradiation approach with shorter durations (5–15 min) than our continuous
wave irradiation. The authors observed no sonodynamic effect at 5 min of irradiation but
witnessed a significant decrease in cell viability (52%) after 15 min.

Results presented in Figure 6 depict the cell viability of THP-1-derived macrophages
after treatment with CurAuNPs and free curcumin. As illustrated, curcumin, CurAu,
CurAuPEG, and Cur(2×)Au displayed minimal toxicity towards the macrophages. Inter-
estingly, a significant shift occurs with Cur(4×)AuNPs, exhibiting an IC50 (half-maximal
inhibitory concentration) of approximately 3.65 ng/L. This observation implies increased
curcumin molecules on the nanoparticle surface trigger a dose-dependent cytotoxic ef-
fect [56]. Conjugation of curcumin at the surface of nanoparticles may facilitate the uptake
of curcumin at the cellular level [57]. CurNPs can be internalized by macrophages through
phagocytosis, micropinocytosis, and endocytosis mediated by clathrin or caveolin [58].
CurNPs must actively target endocytic receptors on macrophage surfaces using C-type
lectin receptors or the mannose receptor, inducing changes at the cell surface [58]. These
findings hold significant implications for designing safe and effective therapeutic agents
based on CurAuNPs. While high curcumin conjugation enhances potential targeting and
cell uptake, it can also induce unwanted toxicity. Therefore, carefully optimizing the
curcumin-to-gold ratio is crucial for harnessing the therapeutic benefits while minimizing
detrimental side effects.

The synergistic combination of CurAuNPs and ultrasound in sonodynamic therapy
(SDT) relies on two crucial aspects: efficient cellular uptake of curcumin and ultrasound-
induced release of its active molecules. As shown in Figure 7A, exposing macrophages
to ultrasound for 2 min did not trigger any noticeable changes in cell viability, regard-
less of their pre-treatment with curcumin or any of the CurAuNP variants (CurAuPEG,
CurAu, and Cur(4×)Au). However, the scenario changed when the irradiation time was
extended to 4 min. Figure 7B reveals a pronounced decrease in cell viability for the Cu-
rAuPEG, CurAu, and Cur(4×)Au groups compared to the control and curcumin-only
groups. Interestingly, these reductions were comparable across the three CurAuNP types,
exhibiting 16–18% cell viability values. These findings suggest that ultrasound exposure in
combination with CurAuNPs triggers time-dependent cell death in macrophages. While
the exact mechanism remains to be fully elucidated, several possibilities could be con-
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sidered. (1) Sonodynamic effect: CurAuNP solutions act as nucleation sites for acoustic
cavitation, significantly lowering the cavitation threshold, promoting bubble formation,
and amplifying the sonoluminescence. The increased availability of curcumin leads to
further activation, mediating macrophage polarization. Consequently, CurAuNPs could
enhance macrophage polarization, potentially offering therapeutic options for both pro-
inflammatory and anti-inflammatory stages as illustrated in Figure 9. (2) Direct effects of
nanoparticles: The presence of gold nanoparticles might potentiate the mechanical force of
ultrasound, causing membrane disruption or other cellular damage. (3) Combined effects:
A synergistic interplay between curcumin’s sonodynamic effect and the US physical impact
on the nanoparticles and surrounding cells could contribute to the observed cytotoxicity.
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Although CurAuPEG appears to induce a higher level of cell death, the observed
differences in cell viability between CurAuPEG, CurAu, and Cur(4×)Au groups were not
statistically significant. This intriguing finding prompts us to hypothesize that a threshold
exists for triggering significant cell death, potentially linked to the mechanisms underlying
macrophage resistance to reactive oxygen species (ROS) [59,60]. Macrophages can exhibit
intrinsic resistance to ROS-mediated cell death through various mechanisms, including
inhibiting cell death signaling pathways, upregulation of antioxidant defense mechanisms,
and metabolic reprogramming. We propose that the observed lack of statistically significant
differences in cell viability might indicate that the ROS generated by these formulations fall
below the threshold required to overcome macrophage resistance mechanisms. CurAuPEG
may be approaching this threshold but has not crossed it yet, potentially explaining its
slightly higher, albeit statistically insignificant, cell death effect.

Interestingly, elevated ROS levels in inflamed tissues can promote M2 polarization.
CurAuNPs could potentially disrupt the delicate inflammatory equilibrium promoting
the release of ROS, which could influence the M1/M2 balance with the interaction of
ultrasound. Furthermore, the released curcumin directly mediated macrophage polariza-
tion [14,61]. Therefore, CurAuNPs could influence macrophage polarization, potentially
offering therapeutic options for pro-inflammatory and anti-inflammatory stages. However,
further research is needed to clearly understand and harness the ability of CurAuNPs to
modulate macrophage phenotype for tailored therapeutic applications.
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For clinical settings, repeated short bursts of low-intensity pulsed ultrasound, known
as dose fractionation, are considered more favorable [52]. This approach reduces potential
tissue damage while still achieving therapeutic efficacy. Further research is warranted to
unravel the precise mechanisms behind this observed time-dependent cell death and its
potential implications for therapeutic applications of CurAuNPs in sonodynamic therapy.

Although additional research is warranted, a range of conditions encompassing both
inflammatory and non-inflammatory pathologies, including but not limited to rheuma-
toid arthritis, atherosclerosis, osteoarthritis, lupus erythematosus, tumor metastasis, and
glioblastoma, have the potential to derive therapeutic benefits from ultrasound irradiation
facilitated by CurAuNPs [6,16,62]. Ultrasound therapy utilizing CurAuNPs offers several
advantages compared to alternative treatments, including straightforward administration,
reduced toxicity, and outstanding selectivity.

5. Conclusions

Our study successfully synthesized CurAuNPs through a photoreduction method,
employing curcumin as a dual functional agent for reduction and stabilization. While
curcumin solution generated 1.5 µmol/L of singlet oxygen after 4 min of ultrasound ir-
radiation, CurAuPEG and CurAu exhibited significantly higher concentrations, reaching
~5.5 µmol/L and 4.0 µmol/L, respectively. Toxicity tests on THP-1-derived macrophages
revealed a significant impact on cell viability only for CurAuNPs with high curcumin
concentrations (Cur(4×)AuNPs), as evidenced by an IC50 of approximately 3.65 ng/L.
Furthermore, under ultrasound irradiation conditions (1 MHz, 1 W/cm2 for 4 min), THP-1-
derived macrophage viability was remarkably reduced cell viability to ~18% in the presence
of CurAuNPs, regardless of PEGylation or variations in nanoparticle curcumin concentra-
tion. Considering the potential of curcumin released with the ultrasound interaction to
modulate macrophage polarization, CurAuNPs could influence macrophage polarization,
potentially offering therapeutic options for both pro-inflammatory and anti-inflammatory
stages. However, in vivo models are required to elucidate the underlying mechanisms and
optimize therapeutic efficacy for future clinical translation.
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