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Abstract: This research focuses on the plant-mediated green synthesis process to produce gold
nanoparticles (Au NPs) using upland cress (Barbarea verna), as various biomolecules within the
upland cress act as both reducing and capping agents. The synthesized gold nanoparticles were
thoroughly characterized using UV-vis spectroscopy, surface charge (zeta potential) analysis, scanning
electron microscopy-energy-dispersive X-ray spectroscopy (SEM-EDX), atomic force microscopy
(AFM), attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR), and X-ray
diffraction (XRD). The results indicated the synthesized Au NPs are spherical and well-dispersed
with an average diameter ~11 nm and a characteristic absorbance peak at ~529 nm. EDX results
showed an 11.13% gold content. Colloidal Au NP stability was confirmed with a zeta potential (ζ)
value of −36.8 mV. X-ray diffraction analysis verified the production of crystalline face-centered
cubic gold. Moreover, the antimicrobial activity of the Au NPs was evaluated using Gram-negative
Escherichia coli and Gram-positive Bacillus megaterium. Results demonstrated concentration-dependent
antimicrobial properties. Lastly, applications of the Au NPs in catalysis and biomedicine were
evaluated. The catalytic activity of Au NPs was demonstrated through the conversion of 4-nitrophenol
to 4-aminophenol which followed first-order kinetics. Cellular uptake and cytotoxicity were evaluated
using both BMSCs (stem) and HeLa (cancer) cells and the results were cell type dependent. The
synthesized Au NPs show great potential for various applications such as catalysis, pharmaceutics,
and biomedicine.

Keywords: green synthesis; nanoparticles; catalysis; cytotoxicity; upland cress

1. Introduction

Gold nanoparticles have potential applications in numerous fields including chemi-
cal/biochemical industries, textiles, energy, bioremediation, bioimaging, biosensorics, con-
trolled delivery of therapeutic agents, and agriculture due to their unique properties [1,2].
In particular, the characteristic chemical, biological, optical, and electrical properties of gold
nanoparticles have been utilized for nano-catalysis and nanotheranostics, to provide novel

Nanomaterials 2022, 12, 28. https://doi.org/10.3390/nano12010028 https://www.mdpi.com/journal/nanomaterials1
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routes for chemical reactions, and to offer a personalized approach for medical diagnosis
and treatment [3–7]. Specifically, biocompatible gold nanoparticles exhibit unique surface
interactions and can be functionalized through the attachment of numerous components
(drugs, targeting moieties, radioisotopes, DNA, fluorescent dyes, linkers, polyethylene
glycol, and others) to offer multimodal approaches to modern biomedical processes [8,9].

Several traditional methods for the production of gold nanoparticles, including chemi-
cal and physiochemical methods, have been utilized for these purposes. However, many
of these pathways draw concern due to their adverse environmental impact, high cost
and energy consumption, as well as the potentially limited applications of the produced
nanoparticles. Alternatively, biological and green synthesis methods utilize microorgan-
isms as “biomachinery” or naturally occurring biomolecules from plant extract that serve as
reducing and capping agents in a bottom-up synthesis approach [10]. This is advantageous
over traditional methods as it provides versatile, biocompatible nanomaterials through
an environmentally-conscious and cost-effective approach. To date, various organisms
including plants, bacteria, algae, and fungi have been found to contain the phytochemicals
necessary for the green synthesis and stabilization of nanoparticles. Extracts used for green
synthesis of Au NPs include Coffea arabica (coffee), Solanum nigrum (black nightshade),
Nasturtium officinale (watercress), Brazilian red propolis (honeybee product), Litsea cubeba
(May Chang), Chlorella vulgaris (algae), Mimosa tenuiflora (Jurema), and Ziziphus zizyphus
(Jujube) [6,11–15].

Upland cress (Barbarea verna) is a widely available biennial leafy green in the Brassi-
caceae family which has been found to contain a high content of synthetically viable phyto-
chemicals including ascorbic acid, carotenoids, and tocopherols that are potentially useful
for the reduction and stabilization of gold nanoparticles [16]. Phenolics such as flavonols
mainly contribute to the reducing process [17]. Phenolics and other plant metabolites (such
as sugars and enzymes) are responsible for stabilization and capping [18]. Recently, upland
cress has been used to successfully synthesize silver nanoparticles [19]. In this work, a
novel green synthesis process to produce gold nanoparticles (Au NPs) using upland cress,
for different applications from silver nanoparticles, was developed and optimized. It was
hypothesized that the nanoparticles formed using this method would show favorable
stability due to the presence of phytochemical based capping agents present in the upland
cress extract. Furthermore, the synthesized Au NPs would show antimicrobial properties
and biocompatibility, as well as serve as a catalyst. This novel green synthesis method
offers a cost-effective and environmentally friendly counterpart to traditional methods for
biocompatible nanoparticle synthesis.

2. Materials and Methods
2.1. Materials

Upland cress (B&W Quality Growers, Fellsmere, FL, USA) was purchased from Whole
Foods, a local grocery store, and stored at 4 ◦C. Gold (III) chloride trihydrate (HAuCl4;
520918), 4-nitrophenol (C6H5NO3; 241326), Folin-Ciocalteu reagent (F9252), gallic acid
(G7384), and sodium borohydride (NaBH4; 80637300) were obtained from Millipore Sigma
(St. Louis, MO, USA) and were used as received.

2.2. Analysis of the Upland Cress Extract

The total phenolic content of the sample was determined by the Folin-Ciocalteu
method [20]. A 20 µL aliquot of upland cress extract was added to 1.58 mL water and
100 µL of the Folin-Ciocalteu reagent. After 5 min, 300 µL of 20% sodium carbonate
solution was added to the mixture and agitated for 10 min. After sitting in the dark for 2 h
at 22 ◦C, the absorbance was measured at 765 nm using UV spectrophotometer (GenesysTM

150; Thermo Fisher Scientific, Waltham, MA, USA). Different concentrations of gallic acid
were used to prepare the calibration curve (R2 = 0.9915). The total phenolic content was
expressed as µg gallic acid equivalent (GAE) per mL extract.
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The concentration of ascorbic acid (vitamin C) in the upland cress was analyzed
through iodometric titration [21]. Briefly, 4 mL of upland cress extract, 0.2 mL 0.5% starch,
1 mL 0.6 M potassium iodide, 1 mL of 1 M HCl, and 30 mL of DI water were mixed in a
flask. The mixture was titrated using 0.002 M potassium iodate with the first permanent
trace of blue-black color as an indicator of the endpoint.

2.3. Green Synthesis of Au NPs

The green synthesis and purification protocols(Scheme 1) were based on previous
work [19] with modifications, in the extraction process (blending instead of boiling was
used). Briefly, 10 g of upland cress were blended in 100 mL deionized (DI) water for 15 s.
The mixture was then vacuum filtered twice using Whatman filter paper and centrifuged
at 4000 rpm for 5 min to produce the extract (supernatant). Extract (5 mL), 10 mM gold (III)
chloride trihydrate (0.4 mL), and DI water (35 mL) were mixed and then placed in a shaker
(215 rpm) at 37 ◦C.
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For purification, sonication and two more solvents were utilized to achieve a more
thorough process in comparison to previous work [19]. The nanoparticles were collected
through centrifugation (4000 rpm, 20 min). The particles were suspended in DI water
(10 mL) and sonicated for 5 min. The suspension was then centrifuged (4000 rpm, 20 min).
Subsequently, the collected nanoparticles were subjected to a series of wash/vortex and
centrifugation cycles using Triton X-114 (0.75 µL/mL DI water), acetone, isopropyl alcohol,
and DI water respectively. Finally, the nanoparticles were oven dried at 45 ◦C, ground
using a mortar and pestle, and stored at −20 ◦C for future use.

2.4. Characterization of Au NPs

UV-Vis spectroscopy (GenesysTM 150; Thermo Fisher Scientific, Waltham, MA, USA)
was used to study the effects of incubation time on the green synthesis process. The peak
absorbance wavelength was determined using the scanning mode (450–650 nm). Zeta
(ζ) potential of the Au NPs (0.4 mM) was measured using a Zetasizer Nano ZS (Malvern,
Westborough, PA, USA). Scanning electron microscopy (FE-SEM, Hitachi S-4800 ultra-high
resolution cold cathode field emission scanning electron microscope, Kefeld, Germany)
was used to image Au NPs (40 mM) that were dried and mounted to aluminum stubs. At
the same time, energy dispersive X-ray spectroscopy (EDX, Noran (Si(Li))detector, Thermo
Fisher Scientific, Waltham, MA, USA) was used to verify the elemental composition of
the Au NPs. Atomic force microscopy (AFM) images, using 1.25 mM Au NP solution,
were taken using contact mode on a Bruker MultiMode atomic force microscope (Billerica,
MA, USA) with a Veeco Nanoscope IIIa controller (Santa Barbara, CA, USA). Au NPs
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(oven-dried at 45 ◦C) were also analyzed using attenuated total reflection Fourier transform
infrared (ATR-FTIR; MIRacle 10, IR-Tracer 100; Shimadzu, Kyoto, Japan) spectroscopy.
Lastly, powder X-ray diffraction analysis was performed using a Bruker D8 Discover X-ray
diffractometer (Billerica, MA, USA) to confirm the crystalline structure of the Au NPs.

2.5. Catalysis of the Reduction of 4-Nitrophenol

Sodium borohydride (200 mM; over ice) and 4-nitrophenol (2.0 mM) solutions were
freshly prepared. Then, 50 µL 4-nitrophenol, 5 µL Au NPs (80 mM), and 2 mL DI water
were gently mixed in a cuvette. After this, 25 µL NaBH4 was added into the cuvette
immediately before starting measurements. Scans were performed every minute for 30 min
using a UV-Vis spectrophotometer (250–550 nm) [22].

2.6. Antibacterial Activity Testing

The antibacterial effects of Au NPs on both Gram-negative Escherichia coli (Item #:
470176-528, Ward’s Science, Rochester, NY, USA) and Gram-positive Bacillus megaterium
(Item #: 15-4900, Carolina Biological Supply Company, Burlington, NC, USA) bacteria were
evaluated using the agar disc diffusion method [23,24]. E. coli and B. megaterium were
cultured in nutrient broth media (37 ◦C, 24 h) and inoculated onto agar plates (Mueller-
Hinton growth medium). Diffusion discs were dipped into varying concentrations of Au
NP solution (0.50, 0.25, 0.10, 0.05 mM) and placed on the inoculated plates. Ampicillin
discs (10 mcg, AMP10-1815; Carolina Biological Supply Company, Burlington, NC, USA)
and blank discs were added to the plates and served as positive and negative controls,
respectively. The plates were incubated (37 ◦C, 24 h) and the antibacterial inhibition zones
were analyzed.

2.7. Cytotoxicity and Cellular Uptake Studies

Bone marrow mesenchymal stem cells (BMSCs; MUBMX-01001, Cyagen, Santa Clara,
CA, USA) and HeLa cells (Shanghai Key Laboratory of Maternal Fetal Medicine, Shanghai,
China) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)/F-12 (Gibco, Grand
Island, NY, USA) and DMEM, separately. The medium was supplemented with 10% fetal
bovine serum, 100 U ml−1 penicillin, and 100 mg/L streptomycin (Gibco, Grand Island,
NY, USA). The cells were cultured in a humidified CO2 incubator (5%) at 37 ◦C. For the
cytotoxicity study, cells were seeded in 96-well plates at a density of 10,000 cells/well. After
24 h incubation, culture medium was replaced using fresh medium containing various
concentrations of Au NPs (0.10, 0.25, 0.50, 1.00, 1.50, 2.00, 2.50 mM). The cells were then
rinsed twice with PBS after 24 h and medium containing CCK8 (10 µL/100 µL medium;
Beyotime Institute of Biotechnology, Shanghai, China) was added. After 2 h, 100 µL
medium of each well was transferred to a new 96-well plate and the absorbance was
determined at 450 nm using a micro plate reader (Bio-Rad 680, Bio-Rad; Hercules, CA,
USA). Cell viability was determined using the absorbance ratio of an experiment well to
the average of the control wells (i.e., cell culture medium only).

To assess cellular uptake, at 70–80% confluency, cells were cultured in fresh medium
containing 1 mM Au NPs for 24 h. Then, cells were detached using 0.25% trypsin-
ethylenediaminetetraacetic acid (EDTA) (Gibco, Grand Island, NY, USA) digestion, rinsed
twice in cold PBS, and collected through centrifugation. Cells were then fixed using
2.5% glutaraldehyde for 2 h. Subsequently, the cells were washed and fixed with ca-
codylate buffer and osmium tetroxide (2%), respectively, dehydrated with 70–100% ace-
tone and embedded and cut in a film (70 nm) using an ultra-microtome. After a uranyl
acetate-lead citrate double staining, the samples were observed under TEM (H-600, Hitachi;
Tokyo, Japan).
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3. Results and Discussion
3.1. Total Phenolic and Ascorbic Acid Content

When plants contain higher total phenolic content, they possess stronger antioxi-
dant activity [25]. Ascorbic acid also contributes to high levels of antioxidant capacity
of upland cress [19]. Hence, it is critical to determine the total phenolic and ascorbic
acid content. The total phenolic and ascorbic acid concentrations were determined to be
163.3 ± 1.5 µg GAE/mL extract and 24.5 ± 1.1 µg/mL extract, respectively. The high
phenolic and ascorbic acid content potentially contributed to reduction and capping during
nanoparticle synthesis.

3.2. Effects of Incubation Time on the Green Synthesis Process

To improve the extraction efficiency and consistency of the synthesis process, the
previous procedure [19] was modified. Specifically, blending was used to prepare the ex-
tract rather than boiling, as boiling showed inconsistencies. The unique optical properties
of Au NPs are primary indicators for confirming the successful synthesis of nanoparticles.
The apparent color transition from pale green to wine red color (Figure 1) is indicative of the
formation of gold nanoparticles due to the surface plasmon resonance phenomenon [26].
As the nanoparticles grow, the absorption wavelengths become longer and redder. The
color and intensity changes reflect the formation and growth of Au NPs, respectively [26].
There was no significant color change observed after 4 h. To further investigate the effects
of incubation time on the green synthesis process, 2-, 4-, and 6-h-long periods were selected
based on a previous study [19]. As shown in Figure 2A, a characteristic absorption peak is
visible for each nanoparticle sample prepared with different incubation times. A right shift
and intensity increase of the characteristic absorbance peak between the 2- and 4-h samples
indicate the growth of Au NPs and potential formation of agglomerates. After 4 h, there was
no significant peak shift. Comparing with the control (0 h incubation, insert of Figure 2A),
the absorbance remains in the low (450–650 nm) wavelength range. No absorbance peak is
visible ~530 nm. After 4 h, there was no significant peak shift. Based on the results, a 6-h
incubation time was chosen for the nanoparticle synthesis. UV-Vis spectroscopy results
(Figure 2B) indicated a characteristic absorption peak of about 529 nm, which is within the
characteristic range for gold nanoparticles (~500–550 nm). The concentration-dependence
of particle formation was also observed when various concentrations of Au NPs (0.5,
1.0, 2.5 mM) were used (Figure 2B). The observed time-dependence and concentration-
dependence of Au NP formation is consistent with literature [27,28].
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3.3. Morphology, Chemical Composition, and Surface Charge

Both SEM and AFM were used to examine the morphology and size/size distribution
of the Au NPs. SEM and AFM offer straightforward visualization of metallic nanoparticles
due to their high resolution. Au NPs are indicated by the AFM and SEM as the bright
spots in either image. SEM imaging (Figure 3A) revealed the production of spherical Au
NPs with uniform size (10.7 ± 2.2 nm) and without aggregation. AFM imaging (Figure 3B)
further confirmed the production of well dispersed spherical nanoparticles with a narrow
size distribution. EDX results (Figure 3C) indicate an 11.13% gold composition by mass.
Carbon and oxygen peaks within the spectrum indicate the presence of phytoconstituents,
organic capping agents associated with the upland cress extract. Other inorganic elemental
species such as calcium, potassium, chlorine, and magnesium were observed and their
presence can be attributed to their high content in upland cress [12,29]. The presence
of copper in the EDX spectrum was observed due to the conductive adhesive used for
SEM imaging. Zeta potential measurements were performed to assess the surface charge
and stability of the synthesized Au NPs. Zetasizer readings provided an average zeta (ζ)
potential of −36.8 mV, implying favorable colloidal stability [30]. The apparent stability is
most likely due to the phytochemical capping of the Au NPs.

The ATR-FTIR spectrum of Au NPs is shown in Figure 4. Functional groups were
assigned to the corresponding spectral bands based on literature [15,31]. The bands in-
clude 3286 cm−1 (–OH stretching of phenolics and other phytochemicals); 2928 cm−1 and
2875 cm−1 (–CH stretching of alkanes); 1636 cm−1 (including –NH bending and –C=O);
1512 cm−1 (–CH of alkanes and –NO of nitro-compounds); 1454 cm−1 (including –OH
bending –C=O of phenolics and other phytochemicals); and 1387 cm−1 (–CN stretch-
ing of aromatic amine group). Based on the results, the presence of stabilizing/capping
agents (phenolics and other phytochemicals of upland cress extract) on the Au NPs was
confirmed [15].
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3.4. Crystal Structure of Au NPs

Powder XRD analysis (Figure 5) provided diffraction peaks at 2θ angles 38.20◦, 43.73◦,
64.77◦, 77.72◦, and 82.09◦ corresponding to the crystalline gold atomic planes (111), (200),
(220), (311), and (222) confirming the expected face-centered cubic structure (JCPDS Card
No. 96-901-1613). Unassigned diffraction peaks are presumed to be related to the produc-
tion of bio-organic crystallite phases on the surface of the Au NPs [32,33]. Peak broadening
observable in the XRD pattern can be attributed to the scale of the measured crystallites as
explained by the Scherrer equation (Equation (1)) [19,34].

D =
kλ

β cos(θ)
(1)

where k = 1, λ = 0.1542, β is the full width at half maximum, and θ is the diffraction
angle. Using 2θ values of 38.20◦ and 64.77◦, the nanoparticle size was determined to be
approximately 13 nm, which is similar to the SEM and AFM results.
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3.5. Catalysis of the Reduction of 4-Nitrophenol

The catalysis of the reduction of 4-nitrophenol is a commonly used reaction when
testing the catalytic ability of nanoparticles [12,35–37]. Verification of nanoparticle catalysis
is centered on the analysis of the extinction of the absorbance peak of 4-nitrophenol (400 nm)
which indicates the catalyzed reduction of 4-nitrophenol to 4-aminophenol. Results show
that over a 30-min measurement interval, the characteristic peak of 4-nitrophenol decreased
substantially, verifying successful catalytic ability (Figure 6A). The catalysis was also
verified through the reaction system color change from bright yellow to pale pink (color of
Au NPs). The kinetics of the catalyzed reaction were analyzed according to the Langmuir-
Hinshelwood mechanism for bimolecular surface reactions [6,38]. According to this general
model, the reduction reaction occurs on the surface of the Au NPs. Here, borohydride ions
(BH4

−) adsorb to the surface and hydrogen species are formed via electron transfer. At the
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same time, 4-nitrophenol adsorbs to the surface. The 4-nitrophenol is then reduced to 4-
aminophenol on the surface before detachment from the catalyst site [12]. The pseudo-first
order equation used to analyze this process is shown as Equation (2).

ln(
At
A0

)
= −kappt (2)
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Application of this relationship reveals an initial period of no reaction (4 min), followed
by first-order reaction kinetics (linear region). The rate constant was derived from the linear
region and was found to be 0.0267 min−1 (Figure 6B) with an R2 of 0.995. The initial period
of no reaction is most likely attributed to the blockage of potential catalysis sites by capping
molecules. This size of Au NPs is preferred for catalysis according to reference [39,40].

3.6. Antibacterial Activity

The analysis of inhibitory zones shows a dose-dependent and species dependent
antibacterial effect on Gram-negative E. coli and Gram-positive B. megaterium (Figure 7).
Measurements of bacterial growth inhibition indicate the largest zones of inhibition occur-
ring at Au NP doses of 0.25 mM (9 mm) and 0.5 mM (7.25 mm) for E. coli and B. megaterium,
respectively. Analysis of the average inhibition zones across all trials indicate a higher
antibacterial activity in the B. megaterium with an average of 7.3 mm versus an average
of 6.6 mm seen with E. coli. The Au NPs appear to have lower antibacterial activity than
Ag NPs using the same synthesis method [19]. It is reported that nanoparticles have been
demonstrated to show a size and surface ligand dependent cytotoxic effect [24,41]. The
small size of the synthesized Au NPs and the presence of bioorganic surface ligands related
to the upland cress extract may contribute to the observed antibacterial activity. This
antibacterial activity of Au NPs may be attributed to one or multiple mechanisms of Au
NPs including the direct disruption of major internal cell function (ATP production, DNA
replication, enzyme inhibition), the formation of toxic reactive oxygen species (ROS), as
well as direct damage to the cellular membrane [41,42]. The antibacterial activity of Au NPs
show promise for their biomedical applications with added infection prevention benefits.
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Figure 7. Antimicrobial testing results: top: E. coli and bottom: B. megaterium. The ampicillin and
blank discs were used as positive and negative control, separately.

3.7. Cytotoxicity and Cellular Uptake

Considering the potential biomedical applications, both stem (BMSCs) and cancer
(HeLa) cells were used to study the cellular uptake and cytotoxicity of Au NPs (Figure 8).
BMSCs were studied for potential stem-cell based medicines, while HeLa cells were ex-
amined for prospective cancer treatment applications. A broad range (0.1–2.5 mM) of
nanoparticle concentrations were tested and LC50 (50% lethal concentration—the con-
centration that kills 50% of the cells) were determined. The results showed that BMSCs
(LC50 = 2 mM) are more sensitive to the Au NPs than HeLa cells (LC50 > 2.5 mM). The cell
viability of the BMSCs dropped lower than 70% when the Au NP concentration reaches
0.1 mM while the HeLa viability remains higher than 70% until the concentration surpasses
1.0 mM. A recent study showed about 80% cell viability of PC3 cancer cells using Au NPs
of similar size, which is close to our results (84%) [43]. A cell viability of ~79% for BMSCs
was reported with spherical Au NPs (18 nm; 0.09 mM) [44] which is comparable to our
results as well (77%; 0.1 mM). A recent study indicated that 15 nm Au NPs could affect
the characteristic MSC marker expression (e.g., CD 105) and cell differentiation, especially
when the concentration is higher than 9 µg/mL [45]. Cell damage and apoptosis may be
explained by the generation of reactive oxidative stresses (ROS) [46]. Based on the cytotoxi-
city results a concentration of 1.0 mM was used for cellular uptake studies. TEM images of
the cellular studies (Figure 9) indicate that nanoparticles are visible within the cells. The
nanoparticles are mostly within membrane-bound vesicles such as endosomes (formed due
to endocytosis). These results are consistent with previous publications which state that
endocytosis (most likely receptor-mediated) is the primary route for cellular uptake [43,47].
For potential applications, the size of the Au NPs can be fine-tuned to adjust toxicity and
cellular uptake, as it has been well studied that the size greatly affects the nanoparticle-cell
interactions (e.g., cellular uptake efficiency and mechanism) (size-dependent cellular up-
take and localization profiles of silver nanoparticles; size- and cell type-dependent cellular
uptake, cytotoxicity and in vivo distribution of gold nanoparticles).
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4. Conclusions

The study focused on the novel use of upland cress as a green synthesis agent for the
production of gold nanoparticles. A blending method was used to extract the necessary
phytochemicals (e.g., phenolics and ascorbic acid) within the upland cress to serve as a
reducing agent for the reduction of gold (III) chloride trihydrate and a capping agent.
The resultant purified particles were characterized using UV-Visible spectroscopy, SEM-
EDX, AFM, Zetasizer, ATR-FTIR, and XRD. The results indicated the successful synthesis
of Au NPs which were found to be spherical, well dispersed with an average diameter
~11 nm, and a characteristic absorbance peak at ~529 nm. A negative ζ-value of −36.8 mV
indicated stability of the Au NPs while XRD analysis verified the production of crystalline
face-centered cubic gold. Furthermore, the antimicrobial testing results demonstrated
concentration-dependent antimicrobial properties of the Au NPs. The catalytic ability of
Au NPs was demonstrated through the conversion of 4-nitrophenol to 4-aminophenol
(first-order kinetics). Cellular uptake and cytotoxicity studies using both BMSCs and HeLa
cells indicated the uptake of Au NPs into cells and cell type dependent cytotoxicity. This
green synthesis method provides a simple, cost effective, green solution to produce gold
nanoparticles and provides a promising source of functionalized nanoparticles for use in
various applications.
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Abstract: Tumor-associated cell-free DNA (cfDNA) is a dynamic biomarker for genetic analysis, early
diagnosis and clinical treatment of cancers. However, its detection has limitations because of its low
abundance in blood or other complex bodily fluids. Herein, we developed an ultrasensitive cfDNA
electrochemical biosensor (E-cfDNA sensor) based on tetrahedral DNA framework (TDF)-modified
gold nanoparticles (Au NPs) with an interface for cfDNA detection. By accurately controlling the
numbers of base pairs on each DNA framework, three types of TDFs were programmed: 26 base pairs
of TDF; 17 base pairs of TDF; and 7 base pairs of TDF (TDF-26, TDF-16 and TDF-7, respectively). We
also combined the TDF with hybridization chain reaction (HCR) to achieve signal amplification. Un-
der optimal conditions, we detected the breast cancer susceptibility gene 1 (BRCA-1), a representative
cfDNA closely related to breast cancer. An ultra-low detection limit of 1 aM with a linear range from
1 aM to 1 pM by TDF-26 was obtained, which was superior to the existing methods. Each type of TDF
has excellent discrimination ability, which can distinguish single mismatch. More significantly, we
also detected BRCA-1 in mimic serum samples, demonstrating that the E-cfDNA sensor has potential
use in clinical research.

Keywords: tetrahedral DNA framework; gold nanoparticles; hybridization chain reaction; cell-free
DNA; electrochemical biosenors

1. Introduction

Tumor-associated cell-free DNA (cfDNA) is a dynamic biomarker derived from dif-
ferent release mechanisms, such as necrosis, apoptosis and active release from carcinoma
cells [1,2]. cfDNA can be used for early cancer diagnosis, gene mutation diagnosis, assisted
targeted therapy and prognosis, etc. [3,4]. However, due to its extremely low content in
blood or other bodily fluids, it is necessary to develop an ultrasensitive detection system
for the analysis of cfDNA.

In recent decades, a certain number of technologies have been reported for the analysis
of cfDNA, including polymerase chain reaction, DNA sequencing [5,6], microarray [7],
nanomaterial-based biosensors [8,9], etc. Among these technologies, electrochemical-
based biosensors are regarded as a promising direction for cfDNA detection because
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of their advantages of high sensitivity, low cost, and miniaturization [10–12]. In order
to improve the detection performance of electrochemical analysis, quite a few methods
have been studied. For example, as an important branch of electrochemical biosensors,
screen-printed carbon electrodes (SPCE) are not only reproducible and inexpensive, but
can also be prepared into multi-channel electrodes to achieve high-throughput detection
and improve detection efficiency [13]. However, the screen-printed carbon surface is
highly rough and prone to nonspecific adsorption [14]. Inorganic nanomaterials such as
gold nanoparticles (AuNPs) can be modified on the electrode surface, providing excellent
electrical conductivity, high surface area to volume ratio, superior catalytic capability and
stability, and the ability to control the electrode microenvironment [15–17].

AuNPs are used to boost the fixation of the capture probe through the Au-S bond [18,19].
The traditional capture probes are usually thiolated single-stranded DNA [20]. Never-
theless, it is hard to modulate the density and orientation of the capture probes at the
interface, which affect their recognition and binding of target molecules [21]. In recent
years, tetrahedral DNA framework (TDF), a kind of three-dimensional programmable soft
lithography nanomaterial, has been used as a capture probe to be fixed on the surface of the
gold electrode [22]. Due to its rigid structure and controllable size, the TDF could precisely
control the direction of the capture probes and the distance between the probes, avoiding
molecular entanglements, providing a solution-phase-like environment, and improving
the sensitivity of electrochemical sensors [23–25]. Lin et al. used millimeter-sized gold
electrodes modified with different sizes of TDFs for DNA detection, which achieved atto-
molar sensitivity [26]. Our group has successfully combined TDFs with poly-adenine-based
AuNPs for the analysis of BRCA1 with a detection limit of 0.1 fM [27].

In order to further improve the detection performance of electrochemical cfDNA
biosensors, various signal amplification strategies are introduced into the biosensors,
such as enzyme amplification strategies [28,29], and nanoparticle-based amplification strate-
gies [30,31]. The hybridization chain reaction (HCR) is a toehold-mediated amplification
reaction that could be applied to solid-state interfaces, such as electrodes, nanoparticles,
glass slides or microfluidic chips, etc. [32]. The HCR products combine with other output
moleculars to achieve the ultrasensitive detection of nucleic acid. Yang et al. reported an
HCR-based electrochemical genosensor, in which the capture probe was immobilized on
the electrode substrate through Au-S bonds, realizing BRCA1 detection with ultrahigh
sensitivity [33]. Ge et al. developed an electrochemical biosensor based on the synergistic
effect of the TDF and the HCR. TDF could control the density and direction of the capture
probes and targets, while the targets triggered the HCR that combined with HRP to achieve
sensitive detection of miRNAs [34].

Herein, given the synergistic superiority of TDF and HCR, we exploited home-made
Au NPs modified with a multichannel electrochemical biosensor for ultrasensitive detection
of cell-free DNA (E-cfDNA sensor). Using this platform, we detected the breast cancer
susceptibility gene 1 (BRCA1, a representative cfDNA closely related to breast cancer) that
achieved a detection limit at the attomolar level. In addition, this E-cfDNA sensor also
realized the discrimination of a single-base mismatch. Moreover, this platform provides a
universal tool for other cfDNA, and has great potential in clinical liquid biopsy.

2. Materials and Methods
2.1. Materials and Instruments

All nucleotide sequences used (Tables 1 and S1, ordered from Sangon Biotech, Shang-
hai, China): tris (2-carboxyethyl) phosphine hydrochloride, named TCEP solution (Sigma-
Aldrich, Shanghai, China); poly-HRP40 (streptavidin modified), named SA-polyHRP
(Fitzgerald Industries International Inc., New Castle, DE, USA); TMB Substrate (Neogen,
KY, USA); HAuCl4 (99.8% Au, Strem Chemicals Inc., Bischheim, France); fetal bovine
serum, named FBS (Invitrogen, Carlsbad, CA, USA); all chemical buffer (Sangon Biotech,
Shanghai, China). We also used: 16-mutichannel screen-printed carbon electrode, named
16-SPCE (CH Instruments, Inc., Shanghai, China); CHI-660C electrochemical workstation
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(CH Instruments, Inc., Shanghai, China); NanoDrop One (Thermo Fisher Scientific Inc.,
Tumwater, WA, USA); Nova nanoSEM 450 instrument (FEI Company, Rockville, MD, USA);
and AFM Multimode 8 instrument (Bruker, Billerica, CA, USA).

Table 1. Nucleotide sequences for selective ability of the E-cfDNA sensor.

Name Sequence (5′-3′)

Mismatch-1 TGGTAACAGTGTGAGGTTTAACGGAACAAATGGAAGAAAATC
Mismatch-3 TGGTAACAGTGTGAGGTTTAACGGAACAAGATGATGAAAATC
Random TGGTAACAGTGTGAGGTTTAACGTCGATGCCTGATCTTGGTA
Target-BRCA-1 TGGTAACAGTGTGAGGTTTAACGGAACAAAAGGAAGAAAATC

Human serum samples were derived from healthy human blood, which was donated
by volunteers. First, the whole blood was centrifuged at 3500 rpm for 10 min, then the
supernatant was collected and kept at 4 ◦C for later use.

2.2. Synthesis and Characterization of TDFs

TDFs of different sizes were synthesized according to the improved process [35].
Briefly, single-stranded A (1 µL), three-thiolated single-stranded B, C, D (1 µL, respectively)
and TCEP (10 µL) were added to 86 µL T-buffer (20 mM Tris, 50 mM MgCl2, pH 8.0). The
mixture was assembled in T100TM PCR Thermal Cycler (heated to 95 ◦C for 10 min then
cooled to 4 ◦C for 20 min) for later use. The self-assembled TDFs were characterized by
8% native polyacrylamide gel electrophoresis (PAGE), and running condition was 100 V for
120 min in R-buffer (40 mM Tris, 1 mM Ethylene Diamine Tetraacetic Acid (EDTA), pH 8.0),
which was visualized under UV light.

2.3. Synthesis and Characterization of HCR Structures

Biotin-H1 (10 µM) and biotin-H2 (10 µM) formed hairpin structures, respectively
(heated to 95 ◦C for 10 min, and cooled to 4 ◦C for 20 min). Then, a mixture containing H1
(1 µM), H2 (1 µM) and different concentrations of initiator (target BRCA-1) were prepared
in T-buffer. After that, the mixture was incubated for 2 h at room temperature to form HCR
products. The products were characterized by 2% agarose gels (running condition was
150 V for 60 min in R-buffer) and visualized under UV light.

2.4. Development of E-cfDNA Sensor

Firstly, the SPCE was pretreated with the electrochemical workstation to generate
AuNPs on the working electrode. Before deposition, the SPCE was cleaned by P-buffer
(10 mM phosphate buffer, 0.14 M NaCl, 2.7 mM KCl, pH 7.4) and dried by N2. Then, 60 µL
HAuCl4 solution was dribbled onto the electrode surface to form SPGE, the electrodepo-
sition condition was as follows: scan rate, 100 mV/s; deposition time, 300 s; deposition
potential, −200 mV. After that, excess HAuCl4 solution was removed by P-buffer for later
use. Secondly, 10 µL fresh TDF solution (1 µM) was dribbled onto the electrode and incu-
bated at 30 ◦C over 8 h, and then rinsed by P-buffer. The TDF-modified SPGE was prepared
for the following experiments.

2.5. cfDNA Detection by E-cfDNA Sensor

Under optimal conditions, the target BRCA-1 was first hybridized with the capture
probe (extended chain of TDF) at the SPGE surface in T-buffer for 2 h. At the same time,
biotin-H1 (1 µM) and biotin-H2 (1 µM) were heated and annealed as the before condition.
After the target BRCA-1 hybridization was completed, H1/H2 mixture (100 nM) was
dribbled onto the modified electrode and incubated for 2 h (room temperature). The
extra solution was rinsed with P-buffer, and 10 µg/mL SA-polyHRP (3 µL) incubated the
electrode surface for 15 min at room temperature. Finally, the electrodes were measured by
the CHI-660C, the procedure for testing samples in FBS (50%) and human serum (50%) was
the same as above.
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3. Results and Discussion
3.1. Principle of the E-cfDNA Sensor

The design principle of the E-cfDNA sensor for cfDNA detection was based on the
redox reaction that convert chemicals signals into electrical signals. As illustrated in
Figure 1, firstly, Au NPs were deposited on the surface of the 16-SPCE to form homemade
screen-printed gold electrodes (SPGE). Secondly, the TDF contained three thiol group-
modified vertices that could be immobilized on the surface of the SPGE through Au-S
bonds, and another vertex of the TDF carried a pendant DNA probe that could bind to
the target DNA. Thirdly, to further address the limitation of electrochemical biosensors in
terms of specificity and sensitivity, we introduced HCR to achieve signal amplification. We
used target DNA as the initiator and two biotin-labeled hairpin structures (biotin-H1 and
biotin-H2) as the fuel chains. When the target DNA was present, the promoter sequence on
target DNA hybridized to H1, forming a cascade reaction to produce HCR products. Finally,
SA-polyHRP was attached to the biotin-tagged HCR products and the reduction of H2O2
was catalyzed in the presence of TMB, resulting in quantitative electrochemical signals.
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Figure 1. Schematic interpretation of the E-cfDNA sensor. Amperometric current (IT) and cyclic
voltammetry (CV) were employed to investigate the performance of this platform.

3.2. Characterization and Optimization of Treated Electrode

16-SPCE is easily modified by various nanomaterials (gold, silver, graphene, etc.) to
optimize the detection performance [36,37]. Here, we characterized the size and the mor-
phology of the SPCE before and after electrodeposition by SEM. The pristine morphology
of the SPCE surface was characterized in Figure 2a. After the bare electrode was deposited,
Au NPs were deposited on the electrode surface in an aggregated state (Figure 2b,c). The
number and the size of Au NPs on the electrode surface increased with the prolongation
of the electrode deposition time, which increased the specific surface area (insert images
shown in Figure 2a–c). Clearer SEM images of SPCE and SPGE with different deposition
time were provided in Figure S1. The diameter of AuNPs was approximately 123.62 nm,
ranging from 56 to 194 nm when the deposition time was 300 s. A larger specific surface
area facilitated the subsequent immobilization of the TDFs. To improve the detection perfor-
mance of SPGE, we optimized the electrodeposition time and the concentration of HAuCl4.
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As shown in Figure S2, the peak current in the CV curve increased with the deposition time
and reached the highest value at 300 s, which was taken as the optimal deposition time.
Next, the concentration of HAuCl4 was optimized using the electrodeposition method.
As shown in Figure S3, when the concentration of HAuCl4 was 50 µg/mL, the current no
longer increased, and we took this concentration as the optimal concentration for preparing
electrodes.
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In order to subsequently explore the performance of TDFs on the SPGE surface, we
first synthesized three different sizes of TDFs: TDF-26, TDF-17 and TDF-7. As shown in
Figure 2d–f, native polyacrylamide gel electrophoresis (PAGE) analysis proved that TDFs
were successfully assembled independently. Taking TDF-17 as an example, we selected
TDF-17, triple-stranded, double-stranded and single-stranded DNA (ABCD, ABC, AB, A)
to assemble DNA nanostructures. ABCD shifted slower than ABC, AB and A combinations,
proving that the additional sequences and thiol groups did not interfere with the assembly.
We also characterized the morphology of TDFs (TDF-17) on the mica surface by using
atomic force microscopy (AFM), which indicated that the programmed structure of TDFs
with pyramidal configuration was uniform and no aggregates appeared on the surface
(Figure S4). The average edge length of the TDF-17 measured was about 6.194 nm, which
was close to the theoretical value (Figure S4).

Furthermore, we also investigated the HCR reaction in solution. As shown in Figure S5,
in the absence of an initiator (target BRCA-1), biotin-H1 and biotin-H2 maintained hairpin
structures when introducing the target BRCA-1 sequence, a partial sequence of this target
hybridized to the biotin-H1 strand, and the HCR reaction was triggered by alternately
adding biotin-H1 and biotin-H2 to form long HCR products. It has been previously
reported that the length of HCR products are inversely proportional to the concentration
of the initiator. When the concentration of the target BRCA-1 was 1 µM, the length of
the product was about 500 bp. When the concentration of the target BRCA-1 was 0.1 µM,
the length of the product was about 1000 bp. Later, these long HCR products could bind
more SA-polyHRP, ultimately achieving efficient signal amplification.
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3.3. Comparison of Capture Performance among Different Probes

To evaluate the capture performance of the TDF-HCR-based E-cfDNA sensor, we
first employed TDF-17 as the capture probe. The single-strand group and the single-TDF
group were designed as controls. As shown in Figure 3a, the amperometry was used to
directly characterize the electrochemical process of different probes. At an initial potential
of 100 mV, we immediately obtained an attenuation curve of current (I) versus time (t),
which leveled out within 100 s. As shown in Figure 3b, the blank current of the E-cfDNA
sensor was as low as 0.33 µA, demonstrating little non-specific adsorption of nucleic acid or
enzymes. The current was 1.65 µA for the single-strand group and 4.18 µA for single-TDF
group, while the current was 8.09 µA for TDF-HCR group. The same trend appeared in
the cyclic voltammetry (CV) tests (Figure S6). Compared with the single-stranded DNA
capture probe, three-dimensional TDF as a rigid scaffold could be anchored on the surface
of gold electrodes, and the extended strand at the vertex of the TDF maintained an ordered
and upright orientation. In addition, TDF has a spatial structure that can enlarge the
distance between probes, avoiding intermolecular entanglement. Furthermore, compared
with the single-TDF group, the TDF-HCR strategy showed more than two times higher
than the current signals. This result was attributed to the target DNA initiating the cascade
HCR to form a long product, and the biotin-labeled product provided numerous binding
sites for binding multiple avidin-labeled polyHRP, resulting in a significant increase in
signal.
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3.4. Performance Verification of the E-cfDNA Sensor Mediated by TDF Regulation

Modulating the orientation and density of capture probes can improve hybridization
efficiency between the target DNA and probe [38,39]. Here, we designed and programmed
differently sized TDFs to accurately modulate the density of the capture probes on the
SPGE surface (Figure 4a,d,g). Three sizes of TDFs were used: TDF-26, TDF-17 and TDF-7,
each of which contained 26, 17, and 7 base pairs on each edge, and the corresponding
theoretically calculated edge lengths were 8.8 nm, 5.8 nm, 2.4 nm, respectively. As shown
in Figure 4, the response current signal increased significantly as the concentration of the
target BRCA-1 increased from 0 nM to 1 nM, which suggested that the electrochemical
signal closely depended on the concentration of the target (Figure 4b,e,h). However, each
group had different detection limits and linear ranges for the target. For the DTF-26 group
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(Figure 4c), the linear detection ranged from 1 aM to 1 pM with a 1 aM limit of detection
(LOD), and the regression equation was Y = 0.4154 Log(X) + 1.7414 (R2 = 0.9826). For the
DTSP-17 group (Figure 4f), the linear detection ranged from 10 aM to 1 pM with a 10 aM
LOD, the regression equation was Y = 0.4427Log(X) + 1.4654 (R2 = 0.9445). For the DTSP-17
group (Figure 4i), the linear detection ranged from 1 fM to 1 pM with a 1 fM LOD, and
the regression equation was Y = 0.1613Log(X) + 0.5294 (R2 = 0.9371). Based on the above
results, we demonstrated that as the size of the TDFs increased, the concentration of the
lowest detectable target molecule decreased, and the sensitivity increased. In previously
reported studies, Lin et al. found that the assembly density of DNA tetrahedral probes
was inversely proportional to their size, and the hybridization efficiency of probes on the
interface also heavily depended on the distance between probes [26]. That is, within a
certain range, the larger the size of the DNA tetrahedron, the longer distance between the
probes, resulting in a higher hybridization efficiency of the probes. In this work, due to
the jointly optimized Au deposition substrate and HCR amplification system, the lowest
detection limit can be as low as 1 aM, which is far superior to previous reports (Table 2).
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Table 2. Comparison of the E-cfDNA sensor with other techniques for DNA detection.

Techniques Name Linear Range LOD Refs.

Fluorescence
Biosensors

CRISPR-Cas12a-based cfDNA biosensing system 1 fM to 100 pM 0.34 fM [8]
DNA tetrahedral-based fluorescent microarray

platform 100 aM to 1 pM 10 aM [39]

Electrochemical
Biosensors

Label-free electrochemical biosensor 0.01 fM to1 pM 2.4 aM [28]
HCR and DNA nanostructure-based electrochemical

biosensor 1 fM to 100 pM 100 aM [34]

Electrochemiluminescence
Biosensors

DNA walk-based electrochemiluminescence
biosensing 1 fM to 100 pM 0.18 fM [40]

Cas12a-based electrochemiluminescence biosensor 1 pM to 10 nM 0.48 pM [41]

E-cfDNA sensor 1 aM to 1 pM 1 aM This work

3.5. Selective Ability of the E-cfDNA Sensor

The selectivity and specificity of the proposed E-cfDNA sensor was tested by using a
perfectly matched sequence, a single-base mismatch DNA sequence (Mismatch-1), a three-
base mismatched DNA sequence (Mismatch-3), and a random DNA sequence (Random)
as detection targets (Table 1). As shown in Figure 5, the three types of TDF/HCR-based
sensors could easily distinguish the target sequence from the mismatched sequence. Taking
TDF-26 as an example, the amperometric current corresponding to the perfectly matched
target (1 nM) was 10.335 µA, whereas the amperometric current corresponding to Mismatch-
1, Mismatch-3 and Random were 1.749 µA, 0.751 µA, 0.459 µA, respectively. The current
signals corresponding to target DNA were significantly higher than that of mismatched
DNA, up to 22-fold, demonstrating the high specificity of the sensor. The results were
mainly due to the uniqueness of the design, as shown in Figure S1. HCR cannot form a
cascade reaction without the target sequence.
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3.6. Application to the Clinical Utility

To further demonstrate the superiority of our electrochemical biosensor, the sensor
was used to detect cell-free DNA in serum to demonstrate capture performance in complex
components. We spiked the 1 nM of target BRCA-1 into fetal bovine serum (50%) and
human serum (50%). As shown in Figure 6, the functionalized electrodes exhibited negligi-
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ble signal changes (less than 7%) in either fetal bovine serum or human serum compared
with PBS buffer, which indicated that the possibility of the E-cfDNA sensor can be used in
clinical samples.
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4. Conclusions

In conclusion, we fabricated a home-made AuNP-deposited multi-channel electrode,
and then exploited the ultrasensitive E-cfDNA sensor for specific cell-free DNA detection
based on the programmed TDF and HCR. The TDF nanostructures immobilized on the
electrode interface served as rigid scaffolds, and hybridized with the target sequence to
trigger the HCR reaction, which achieved signal amplification. Compared to the traditional
single-stranded capture probe, our TDF-HCR strategy showed over eight-fold increased
amperometric current signals for detection of the target BRCA-1 gene. To further improve
the sensitivity of the E-cfDNA sensor, we programmed TDFs of different sizes to precisely
control the orientation of the capture probes and the distance probe-to-probe. Each of the
TDF group exhibited a linear response to its target DNA, especially TDF-26, which showed
the highest amperometric current signals with an ultra-low detection limit of 1 aM. In
addition, our E-cfDNA sensor also maintained ultrahigh sensitivity in complex matrices,
revealing promise for clinical early tumor detection, mutation screening and prognosis.
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S3: Optimizing the deposition concentration of HAuCl4 on SPCE; Figure S4: The AFM image of
TDF-17; Figure S5: Characterization of the HCR products; Figure S6: Cyclic voltammetry (CV) of
different capture probes.
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Abstract: Drug resistance of filamentous fungi to the commonly used antifungal agents is a major
concern in medicine. Therefore, an effective approach to treat several opportunistic fungal infections
is the need of the hour. Mentha piperita is used in home remedies to treat different disorders. Isolates
of fungi were taken from hospitals in Riyadh, Saudi Arabia, and identified using molecular tools.
Amphotericin B, Voriconazole, and Micafungin were applied to screen the resistance of these isolates
using both disc and broth microdilution techniques. An aqueous extract of Mentha piperita was
utilized to synthesize AuNPs and the nanoparticles were characterized using UV-Vis, FTIR, TEM,
EDAX, and XRD. The AuNPs were tested for antifungal activity against the nosocomial fungal
pathogens and the activity of extracellular enzymes of such pathogens were analyzed after treatment
with AuNPs. We conclude that AuNPs synthesized using Mentha piperita do not possess especially
effective antifungal properties against multi-drug resistant Aspergillus species. Five out of eighteen
isolates were inhibited by AuNPs. When inhibition was observed, significant alterations in the
activity profile of extracellular enzymes of the nosocomial fungi were observed.

Keywords: Mentha piperita; nosocomial fungi; AuNPs; antifungal; extracellular enzymes

1. Introduction

Aspergillus is an omnipresent, filamentous, mycotoxigenic fungus classified into a
group of pathogens termed environmental opportunistic pathogens (EOPs) [1]. It is no-
tably recognized for causing nosocomial invasive aspergillosis, a rigorous health hazard
among immune-compromised patients [2,3]. Although limited reports are available on
nosocomial invasive aspergillosis, it is observed to be concomitant with the maintenance
activities of buildings in and around hospitals with limited chances of incidence among
common inhabitants [4].

Lower respiratory infections result in several deaths and pose a serious concern in
countries with developing economies [5]. Invasive aspergillosis is a lower respiratory
infection primarily of nosocomial origin [6,7]. Members of Aspergillus spp., such as As-
pergillus niger, Aspergillus flavus, Aspergillus fumigatus, and Aspergillus terreus are established
pathogens isolated in patients with invasive pulmonary aspergillosis [8]. Recent stud-
ies propose using metallic nanoparticles for the management of other lower respiratory
infections like COVID-19 [9].

Nanotechnology has become an established field of research over the recent decade
and the use of nanomaterials is pivotal for this upsurge in medicine and diagnostics [10–13].
Due to the multiple advantages they possess, biosynthesis using a bottom-up approach is
recently preferred over chemical or physical methods [14,15]. In particular, biosynthesis
using plant extracts is gaining importance compared to microbe-assisted synthesis, due
to the added advantages of the large volume of capping agents, laborious expenditures
associated with microbial cultures, and separation techniques along with the reduced
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extent of toxicity and time. In addition, the phytochemicals of plant extracts can stabilize
the nanomaterials, leading to relatively higher stability [16–18]. In some cases, plant en-
zymes like bromelain and vegetable wastes or their extracts have been used to synthesize
AuNPs [19–21]. Adding to these benefits, metallic nanoparticles, notably AuNPs, synthe-
sized for applications in medicine are known to possess antifungal properties, particularly
against pathogens capable of causing respiratory infections [22–27].

Although research continues to combat resistance to antifungal agents due to their
extensive usage, fungi continue to improve the resistance mechanisms. Based on their
location of action, antifungal agents are categorized into the following classes: polyenes,
azoles, allylamines, flucytosine, and echinocandins [28,29]. Most antifungal agents target
the formation and functioning of ergosterol, the significant constituent of the fungal cell
wall, and inhibit the synthesis of macromolecules [30]. As antifungal resistance has turned
out to be a critical issue, new agents to stand against infections caused by fungi have
become the need of the hour.

Owing to this background, AuNPs were synthesized and used in this study as anti-
fungal agents against clinical pathogens responsible for nosocomial infections. In addition,
this is the first-ever international report with regard to a few aspects: 1. On testing the
efficacy of AuNPs on filamentous fungi, especially against multi-drug resistant Aspergillus
species. 2. In evaluating the antifungal activity of AuNPs by both disc diffusion and broth
microdilution methods for applications in nanomedicine against filamentous fungi. 3. In
comparing the antifungal effects of AuNPs with existing standard drugs.

2. Materials and Method
2.1. Collection and Identification of Fungal Pathogens
2.1.1. Sample Collection and Ethical Clearance

Blood samples were obtained from patients with aspergillosis in the microbiology
departments of both King Khalid University Hospital and Regional Laboratory and Blood
Bank of King Saud Medical City hospital over a period of 1 month. The fungal isolates
were collected from the departments according to the guidance of the Ministry of Health-
Kingdom of Saudi Arabia (MOH-KSA) and after the acceptance of the Institutional Review
Board of King Khalid University Hospital. The isolates were collected, preserved in sterile
bags, and transported to the laboratory under the most ideal conditions possible.

2.1.2. Retrieval and Identification of Fungi

Eighteen isolates obtained from the source departments were revived, sub-cultured
on Sabouraud’s agar (Oxoid Ltd., Basingstoke, UK), and incubated for 5 days at 28 ◦C.
The pure cultures were stored in glycerol at −80 ◦C for further analysis. Mat morphology
and microscopy were used for primary identification of the isolates. However, precise iden-
tification of the isolates was done on the basis of 18S rRNA sequencing and a comparison
of homology with the sequences of the existing genotypes available in databanks.

2.1.3. Screening for Antifungal Resistance

The fungal isolates were screened to establish the resistance to key antifungal agents:
Amphotericin B (Cayman, Ann Arbor, MI, USA), Voriconazole (TCI, Tochigi, Japan), and
Micafungin (Sigma-Aldrich, St. Louis, MO, USA). The Clinical and Laboratory Standards
Institute (CLSI) M38-A standards were used as a reference to compare the minimum
inhibitory concentration (MIC) obtained by Kirby–Bauer disc diffusion using modified the
Espinel-Ingroff et al. technique [31–33]. Discs impregnated with DMSO were used as a
control. The reference for each standard drug was: 1. Amphotericin B (10 µg); reporting
resistance (R) when ZI ≤ 12 mm, Intermediate (I): ZI = 13–14 mm, and Susceptible (S):
ZI ≥ 15 mm. 2. Voriconazole (10 µg); resistance (R) when: ZI ≤ 25 mm, Intermediate (I):
ZI = 26–27 mm, and Susceptible (S): ZI ≥ 28 mm. 3. Reporting resistance to Micafungin
was done resembling caspofungin (5 µg) applied in the Espinel-Ingroff et al. technique,
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resistance (R) when ZI ≤ 13 mm, Intermediate (I): ZI = 14–16 mm, and Susceptible (S):
ZI ≥ 17 mm.

2.2. Synthesis and Characterization of AuNPs
2.2.1. Preparation of the Plant Extract

M. piperita leaves were collected and identified by Government Botanical Survey and
the voucher specimen was stored. The plant leaves were dried in an incubator (Memmert
GmbH, Burladingen, Germany) for 7 days at 25 ◦C. The dried leaves were ground (AL-
SAIF ELEC grinder, 90,582) and washed thoroughly with double distilled water in order
to remove any surface contaminants. The decoction extraction method was applied for
the preparation of the aqueous extract. The extract was prepared in a specific 1:16 ratio
(plant to solvent). A total of 10 gms of the powdered material was dissolved in 160 mL of
double-distilled water. Overall, the concentration of extract was 0.06 g/mL (62.5 mg/mL
or 62,500 ppm). The extracts were transferred to an incubator shaker (Gallenkamp, Gilling-
ham, UK) and kept overnight at 25 ◦C. Later, filtration of the extract was achieved in two
stages; with sterile large 124 cm filter papers (Whatman type No. 1, Gillingham, UK) and
Acrodisc Syringe Filters (0.45 µm pore size/ Pall, New York, NY, USA) to eliminate any
possible contamination.

2.2.2. Synthesis of AuNPs

The aqueous plant extract was blended with 1 mM HAuCl4·3H2O (abcr GmbH,
Burladingen, Germany) prepared under aqueous conditions in ratios of 1:1, 1:5, 1:10,
and 1:15 and incubated at room temperature until a visible color change is observed.
The control sample was prepared using the same test procedures, ratio, and conditions. Yet,
sterilized distilled water was used in place of HAuCl4·3H2O. The purple solution obtained
after incubation was centrifuged at higher centrifugal speeds (MiniSpin®, Eppendorf AG,
Burladingen, Germany). The pellet was suspended in Milli-Q water and dried in an
incubator for 24 hrs at 48–50 ◦C. Stocks of AuNPs were prepared at a concentration of
1000 ppm and serial dilutions of this stock were performed to obtain working solutions
with concentrations of 200 ppm, 100 ppm, 50 ppm, and 25 ppm.

2.2.3. Characterization of AuNPs

The biosynthesized AuNPs were initially characterized using a UV-visible spectropho-
tometer (UV-Vis, JASCO, New York, NY, USA). Possible encapsulates were identified using
Fourier-transform infrared spectroscopy (FTIR, PerkinElmer Spectrum 100, New York, NY,
USA). Elemental analysis was performed using energy-dispersive X-ray spectroscopy (EDX,
JEOL, Tokyo, Japan). Morphology was observed using a transmission electron microscope
(TEM, JEM 1011, Akishima, Tokyo, Japan). The crystalline nature was studied using X-ray
diffraction (XRD, Rigaku Ultima IV, New York, NY, USA).

2.3. Antifungal Activity of AuNPs

Varying concentrations of AuNPs (25, 50, 100, 200, and 1000 ppm) were prepared and
10 µL of the solutions were loaded onto sterile discs. The antifungal activity was measured
as a zone of inhibition in mm (mean ± SD). The broth microdilution technique was adopted
following the CLSI M38-A protocol as a reference method to screen the accuracy and
sensitivity of the disc diffusion method.

2.4. Effect of AuNPs on Extracellular Fungal Enzymes

The A. flavus (AM11) strain was used to test the influence of AuNPs on fungal
metabolism represented by the enzymatic activity of the fungi. The profiling of nineteen
extracellular enzymes was performed through API-Zym (Biomeruex, Craponne, France)
strips test. The protocol was based on the standard method adopted by Pietrzak et al. [34],
with slight modifications. The experiment was done by assigning two groups; test and
control groups. In the test group, fungal inoculant (spore’s suspension: equivalent to
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0.5 McFarland) in media (30 mL malt extract broth; MEB) was treated with AuNPs (1 mL of
AuNPs for determining the minimum effective concentration—MEC) whereas, the control
group was the same as the test group but without the AuNPs.

After treatment with AuNPs, the media was incubated for 7 days at 25 ◦C in 100 mL
flasks. Subsequently, the fungal biomass was filtered through filter paper (Whatman type 1,
Gillingham, UK). The filtrates were quantified for enzyme activity according to the standard
API-Zym protocol depending on an increase in the intensity of color among the test sample
in comparison to the control under identical conditions. A 0–5 score system was used, in
which 0 determines no activity, while 5 determines maximum liberation of the hydrolyzed
substrate. The concentration of enzymes was directly proportional to the intensity of the
color. According to the scores 0, 1, 2, 3, 4, and 5, the enzyme activity will be 0, 5, 10, 20, 30,
and ≥40 nmol, respectively.

2.5. Statistical Analysis

All experiments were performed in triplicate and represented as mean ± SD. Two-way
ANOVA was applied and p < 0.05 was considered to be significant.

3. Results and Discussion
3.1. Identification of the Fungal Pathogens

Eighteen members of Aspergillus spp., such as Aspergillus niger, Aspergillus flavus,
Aspergillus fumigatus, and Aspergillus terreus were identified in total. Seventeen isolates were
identified by 18S rRNA sequencing. Each identified isolate was given an accession number
and stored in NCBI. The other isolate termed Aspergillus terreus 8 was identified by mat
morphology and microscopic observations. However, the identification of the isolates by
use of molecular tools and phylogeny was assisted by the maximum likelihood tree method
and bootstrapping by Molecular Evolutionary Genetic Analysis (Mega X) software [35]
(Figure 1 and Table 1).

Table 1. List of fungi isolated and their NCBI accession numbers.

NO. Strain Code Fungi (Similarity:
100%) NCBI Accession No.

1 (AM1) Aspergillus flavus OK396684

2 (AM2) Aspergillus flavus OK396685

3 (AM3) Aspergillus flavus OK396686

4 (AM4) Aspergillus flavus OK396687

5 (AM5) Aspergillus flavus OK396688

6 (AM6) Aspergillus fumigatus OK396689

7 (AM7) Aspergillus fumigatus OK396690

8 (AM8) Aspergillus niger OK396691

9 (AM9) Aspergillus niger OK396692

10 (AM10) Aspergillus terreus OK396693

11 (AM11) Aspergillus flavus OK396694

12 (AM12) Aspergillus flavus OK396695

13 (AM13) Aspergillus flavus OK396696

14 8 Aspergillus terreus 8 -

15 (AM14) Aspergillus flavus OK396697

16 (AM15) Aspergillus flavus OK396698

17 (AM16) Aspergillus flavus OK396699

18 (AM17) Aspergillus niger OK396700
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Figure 1. Identification of the clinical fungal pathogens by 18S rRNA sequencing. Maximum likeli-
hood tree method and Tamura 3-parameter mode, 1000 bootstrapping by Mega X software. 
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Figure 1. Identification of the clinical fungal pathogens by 18S rRNA sequencing. Maximum
likelihood tree method and Tamura 3-parameter mode, 1000 bootstrapping by Mega X software.

3.2. Screening for Fungal Resistance to Standard Antifungals

Considering the 300 pathogenic fungi of Aspergillus spp., A. fumigatus, A. flavus,
A. niger, and A. terreus are considered significant in causing infections amongst immuno-
compromised patients [36,37]. These strains were isolated in patients with invasive as-
pergillosis of nosocomial origin, as per this study. Although infections caused by these
pathogens are dependent on topographical and climatic conditions of countries, A. flavus
is the most prevalent (61.1%) eukaryotic microbe in countries with hot and arid climatic
conditions such as Saudi Arabia [38,39].

Among the eighteen tested strains in the disc method, seventeen strains (94.4%)
were resistant (except A. flavus (AM15), which was sensitive (5.6%)) to Amphotericin B.
A. fumigatus (AM6) was the most sensitive strain to this strong antifungal agent (Table 2).
All tested strains were Voriconazole resistant (100%). In particular, A. terreus 8 was the
most resistant (Table 3). Similar observations were made for Micafungin (Table 4). Ac-
cording to the standard broth microdilution technique, the susceptibility of fungal strains
to Amphotericin B, Voriconazole, and Micafungin are shown in Tables 5–7. Owing to
the CLSI method, all strains (18) were resistant to Amphotericin B, especially A. terreus
(AM10), A. flavus (AM11), A. flavus (AM3), and A. terreus 8 with MIC >16 µg/mL. With
respect to Voriconazole, most isolates were resistant, (72.2% (13)) especially A. flavus (AM4),
A. flavus (AM14,) and A. flavus (AM15), whereas intermediate and high sensitivity profiles
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to Voriconazole were 16.7% (3) and 11.1% (2), respectively. Micafungin was not effective
against most fungi tested 94.4% (17).

Table 2. Susceptibility of fungal species to different concentrations of Amphotericin B (disc method).

No.
Isolate Inhibition Zone (mm)

1 µg/mL 2 µg/mL 4 µg/mL 10 µg/mL

1 A. flavus (AM1)
2 ± 3.5 6.7 ± 0.6 7.7 ± 0.6 9.39 ± 0.6 (R)

9 9 9 9

2 A. flavus (AM2)
2± 3.5 7.7 ± 0.6 8.7 ± 0.6 9.7 ± 0.6 (R)

9 9 9 9

3 A. flavus (AM3)
2.3 ± 1.3 7.7 ± 0.5 8.7 ± 0.5 10.7 ± 0.5 (R)

10.0 10.0 10.0 10.0

4 A. flavus (AM4)
2 ± 1.2 6.3 ± 0.5 9 ± 0 9.79 ± 0.5 (R)

8 8 8 8

5 A. flavus (AM5)
9.3 ± 0.6 8.7 ± 0.6 9 ± 0 9 ± 0 (R)

10 10 10 10

6 A. fumigatus (AM6)
7.7 ± 0.6 10.7 ± 0.6 11.7 ± 0.6 19.0 ± 1 (R)

10 10 10 10

7 A. fumigatus (AM7)
7.7 ± 0.6 10.7 ± 0.6 12.3 ± 0.6 18.7 ± 0.6 (R)

10 10 10 10

8 A. niger (AM8)
0 ± 0.6 0 ± 0.6 6.7 ± 0.6 12.7 ± 0.6 (R)

0 0 0 0

9 A. niger (AM9)
2 ± 3.5 6.7 ± 0.6 9 ± 2 18.7 ± 0.6 (R)

7 7 7 7

10 A. terreus (AM10)
6.7 ± 0.6 7.7 ± 0.6 8.7 ± 0.6 14.7 ± 0.6 (R)

9 9 9 9

11 A. flavus (AM11)
5.7 ± 0.6 7.7 ± 0.6 9.7 ± 0.6 10.7 ± 0.6 (R)

9 9 9 9

12 A. flavus (AM12)
2 ± 0.6 6.7 ± 0.6 7.3 ± 0.6 9.7± 0.6 (R)

8 8 8 8

13 A. flavus (AM13)
0 ± 0 0 ± 0 6.7 ± 0.6 9.3 ± 0.6 (R)

0 0 0 0

14 A. terreus 8
7 ± 0 6.7 ± 0.6 7.7 ± 0.6 11.7 ± 0.6 (R)

10 10 10 10

15 A. flavus (AM14)
7.7 ± 0.6 8 ± 0 9 ± 0 12.3 ± 0.6 (R)

9 9 9 9

16 A. flavus (AM15)
0 ± 0 0 ± 0 0 ± 0 0 ± 0 (R)

0 0 0 0

17 A. flavus (AM16)
6.7 ± 0.6 7.3 ± 1.2 8.7 ± 0.6 9.7 ± 0.6 (R)

7 7 7 7

18 A. niger (AM17)
0 ± 0 6 ± 0 12.7 ± 0.6 16.7 ± 0.6 (S)

0 0 0 0
R: Resistant, S: Sensitive.
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Table 3. Susceptibility of fungal species to different concentrations of Voriconazole (disc method).

N
Isolate Inhibition Zone (mm)

1 µg/mL 2 µg/mL 4 µg/mL 10 µg/mL

1 A. flavus (AM1)
0 ± 0 6.3 ± 0.6 6.7 ± 0.6 7 ± 0 (R)

7 7 7 7

2 A. flavus (AM2)
0 ± 0 6 ± 0 6.3 ± 0.6 6.3 ± 0.6 (R)

6 6 6 6

3 A. flavus (AM3)
0 ± 0 0 ± 0 0 ± 0 6.0 ± 0 (R)

0 0 0 0

4 A. flavus (AM4)
0 ± 0 0 ± 0 0 ± 0 6.7 ± 0.6 (R)

0 0 0 0

5 A. flavus (AM5)
6 ± 0 6.7 ± 0.6 6.7 ± 0.6 8.7 ± 0.6 (R)

8 8 8 8

6 A. fumigatus (AM6)
0 ± 0 0 ± 0 7.7 ± 0.6 10.3 ± 0.6 (R)

0 0 0 0

7 A. fumigatus (AM7)
0 ± 0 0 ± 0 0 ± 0 9 ± 0 (R)

0 0 0 0

8 A. niger (AM8)
0 ± 0 0 ± 0 0 ± 0 8 ± 0 (R)

0 0 0 0

9 A. niger (AM9)
0 ± 0 6 ± 0 7.7 ± 0.6 13.3 ± 0.6 (R)

0 0 0 0

10 A. terreus (AM10)
6 ± 0 6 ± 0 6.7 ± 0.6 7 ± 0 (R)

7 7 7 7

11 A. flavus (AM11)
6 ± 0 6 ± 0 6.3 ± 0.6 7 ± 0 (R)

7 7 7 7

12 A. flavus (AM12)
0 ± 0 0 ± 0 0 ± 0 7.7 ± 0.6 (R)

7 7 7 7

13 A. flavus (AM13)
0 ± 0 0 ± 0 6.3 ± 0.6 7 ± 0.6 (R)

7 7 7 7

14 A. terreus 8
0 ± 0 0 ± 0 0 ± 0 0 ± 0 (R)

20 20 20 20

15 A. flavus (AM14)
0.0 ± 0 0.0 ± 0 0.0 ± 0 14.7 ± 0.6 (R)

0 0 0 0

16 A. flavus (AM15)
6.7 ± 0.6 7 ± 0 8.7 ± 0.6 9.7 ± 0.6 (R)

9 9 9 9

17 A. flavus (AM16)
6.7 ± 0.6 7 ± 0 8 ± 0 8.7 ± 0.6 (R)

8 8 8 8

18 A. niger (AM17)
0 ± 0 0 ± 0 6.7 ± 0.6 16.7 ± 0.6 (R)

0 0 0 0
R: Resistant.
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Table 4. Susceptibility of fungal species to different concentrations of Micafungin.

N
Isolate Inhibition Zone (mm)

1 µg/mL 2 µg/mL 4 µg/mL 10 µg/mL

1 A. flavus (AM1)
0 ± 0 0 ± 0 0 ± 0 6.3 ± 0.6 (R)

0 0 0 0

2 A. flavus (AM2)
0 ± 0 0 ± 0 0 ± 0 0 ± 0 (R)

0 0 0 0

3 A. flavus (AM3)
0 ± 0 0 ± 0 0 ± 0 0 ± 0 (R)

2 2 2 2

4 A. flavus (AM4)
0 ± 0 0 ± 0 0 ± 0 7 ± 0 (R)

0 0 0 0

5 A. flavus (AM5)
0 ± 0 0 ± 0 0 ± 0 6.7 ± 0.6 (R)

0 0 0 6.6

6 A. fumigatus (AM6)
2 ± 3.5 4 ± 3.5 6.7 ± 0.6 8 ± 1.7 (R)

0 0 0 0

7 A. fumigatus (AM7)
6 ± 0 6.3 ± 0.6 6.7 ± 0.6 7.7 ± 1.5 (R)

0 0 0 0

8 A. niger (AM8)
0 ± 0 0 ± 0 0 ± 0 3.3 ± 5.8 (R)

0 0 0 0

9 A. niger (AM9)
0 ± 0 6.7 ± 0.6 6.7 ± 0.6 9.7 ± 0.6 (R)

11 11 11 11

10 A. terreus (AM10)
0 ± 0 0 ± 0 0 ± 0 0 ± 0 (R)

9 9 9 9

11 A. flavus (AM11)
0 ± 0 0 ± 0 0 ± 0 0 ± 0 (R)

0 0 0 0

12 A. flavus (AM12)
0 ± 0 0 ± 0 6.3 ± 0.6 5 ± 4.4 (R)

0 0 0 0

13 A. flavus (AM13)
0 ± 0 0 ± 0 0 ± 0.6 7.3 ± 1.5 (R)

0 0 0 0

14 A. terreus 8
0 ± 0 0 ± 0 0 ± 0 9.7 ± 0.6 (R)

0 0 0 0

15 A. flavus (AM14)
0 ± 0 0 ± 0 0 ± 0 6.3 ± 0.6 (R)

0 0 0 0

16 A. flavus (AM15)
0 ± 0 0 ± 0 0 ± 0 0 ± 0 (R)

4.3 4.3 4.3 4.3

17 A. flavus (AM16)
0 ± 0 0 ± 0 0 ± 0 6.3 ± 0.6 (R)

0 0 0 0

18 A. niger (AM17)
0 ± 0 0 ± 0 0 ± 0 0 ± 0 (R)

4.3 4.3 4.3 4.3
R: Resistant.
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Table 5. Susceptibility of fungal species to different concentrations of Amphotericin B (broth microdi-
lution method).

Isolate Growth Rate/Score

1 µg/mL 2 µg/mL 4 µg/mL 8 µg/mL 16 µg/mL

A. flavus (AM1)
3 ± 0.6 2 ± 0 1 ± 0 0± 0 (R) 0 ± 0

4 4 4 4 4

A. flavus (AM2)
3 ± 0 1 ± 0 0 ± 0 (R) 0 ± 0 0 ± 0

4 4 4 4 4

A. flavus (AM3)
4 ± 0 3 ± 0.6 2 ± 1.2 1 ± 1.2 1 ± 0.6 (R)

4 4 4 4 4

A. flavus (AM4)
4 ± 0 4 ± 0 4 ± 0.6 2 ± 1.7 0 ± 0 (R)

4 4 4 4 4

A. flavus (AM5)
4 ± 0 4 ± 0 3 ± 1.2 1 ± 0 0 ± 0 (R)

4 4 4 4 4

A. fumigatus (AM6)
4 ± 0 4 ± 0.6 2 ± 1.2 1 ± 0 0 ± 0.6 (R)

4 4 4 4 4

A. fumigatus (AM7)
4 ± 0 3 ± 0.6 3 ± 2.3 0 ± 0 (R) 0 ± 0

4 4 4 4 4

A. niger (AM8)
4 ± 0 3 ± 2.3 1 ± 1.2 1 ± 0.6 0 ± 0 (R)

4 4 4 4 4

A. niger (AM9)
4 ± 0 4 ± 0 0 ± 0 (R) 0 ± 0 0 ± 0

4 4 4 4 4

A. terreus (AM10)
4 ± 0 4 ± 0 4 ± 0 4 ± 0 3 ± 1.2 (R)

4 4 4 4 4

A. flavus (AM11)
4 ± 0 4 ± 0 4 ± 0 3 ± 0 2 ± 0 (R)

4 4 4 4 4

A. flavus (AM12)
4 ± 1 3 ± 1.2 3 ± 1.7 1 ± 1.5 0 ± 0 (R)

4 4 4 4 4

A. flavus (AM13)
4 ± 0 4 ± 0 3 ± 0.6 0 ± 0.6 (R) 0 ± 0

4 4 4 4 4

A. terreus 8
4 ± 0 4 ± 0 4 ± 0 4 ± 0.6 2 ± 0.6(R)

4 4 4 4 4

A. flavus (AM14)
4 ± 0 3 ± 0 2 ± 0 0 ± 0 (R) 0 ± 0

4 4 4 4 4

A. flavus (AM15)
4 ± 0 3 ± 1.2 3 ± 2.3 3 ± 2.3 0 ± 0 (R)

4 4 4 4 4

A. flavus (AM16)
4 ± 0 2 ± 0 0 ± 0 (R) 0 ± 0 0 ± 0

4 4 4 4 4

A. niger (AM17)
2 ± 0 2 ± 0 1 ± 0 0 ± 0 (R) 0 ± 0

4 4 4 4 4
R: Resistant.
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Table 6. Susceptibility of fungal species to different concentrations of Voriconazole (broth microdilu-
tion method).

Isolate Growth Rate/Score

1 µg/mL 2 µg/mL 4 µg/mL 8 µg/mL 16 µg/mL

A. flavus (AM1)
4 ± 0 3 ± 0 3 ± 0 2 ± 0 2 ± 0 (R)

4 4 4 4 4

A. flavus (AM2)
4 ± 0 4 ± 0 4 ± 0.6 3 ± 0 1 ± 0 (R)

4 4 4 4 4

A. flavus (AM3)
4 ± 0 3 ± 0 2 ± 0 2 ± 0 1 ± 0 (R)

4 4 4 4 4

A. flavus (AM4)
4 ± 0 3 ± 0 3 ± 0 3 ± 0 3 ± 0 (R)

4 4 4 4 4

A. flavus (AM5)
3 ± 0 3 ± 0 2 ± 0 1 ± 0 0 ± 0 (R)

4 4 4 4 4

A. fumigatus (AM6)
2 ± 0 0 ± 0 (I) 0 ± 0 0 ± 0 0 ± 0

4 4 4 4 4

A. fumigatus (AM7)
3 ± 0 0 ± 0 (I) 0 ± 0 0 ± 0 0 ± 0

4 4 4 4 4

A. niger (AM8)
2 ± 0 2 ± 0 2 ± 0 1 ± 0 1 ± 0 (R)

4 4 4 4 4

A. niger (AM9)
0 ± 0 (S) 0 ± 0 0 ± 0 0 ± 0 0 ± 0

4 4 4 4 4

A. terreus (AM10)
3 ± 0 3 ± 0 2 ± 0 1 ± 0 1 ± 0 (R)

4 4 4 4 4

A. flavus (AM11)
2 ± 0 2 ± 0 2 ± 0 2 ± 0 0 ± 0 (R)

4 4 4 4 4

A. flavus (AM12)
3 ± 0 3 ± 0 2 ± 0 1 ± 0 0 ± 0 (R)

4 4 4 4 4

A. flavus (AM13)
3 ± 0 3 ± 0 2 ± 0 2 ± 0 1 ± 0 (R)

4 4 4 4 4

A. terreus 8
3 ± 0 3 ± 0 3 ± 0 3 ± 0 1 ± 0.6 (R)

4 4 4 4 4

A. flavus (AM14)
3 ± 0 3 ± 0 3 ± 0 3 ± 0 2 ± 0 (R)

4 4 4 4 4

A. flavus (AM15)
4 ± 0 4 ± 0 4 ± 0 3 ± 0 2 ± 0 (R)

4 4 4 4 4

A. flavus (AM16)
0 ± 0 (S) 0 ± 0 0 ± 0 0 ± 0 0 ± 0

4 4 4 4 4

A. niger (AM17)
2 ± 0 0 ± 0 (I) 0 ± 0 0 ± 0 0 ± 0

4 4 4 4 4
R: Resistant, I: Intermediate, and S: Sensitive.
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Table 7. Susceptibility of fungal species to different concentrations of Micafungin (broth
microdilution method).

Isolate Growth Rate/Score

1 µg/mL 2 µg/mL 4 µg/mL 8 µg/mL 16 µg/mL

A. flavus (AM1)
4 ± 0 4 ± 0 4 ± 0 3 ± 0 1 ± 0 (R)

4 4 4 4 4

A. flavus (AM2)
4 ± 0 4 ± 0 4 ± 0 4 ± 0 0 ± 0 (R)

4 4 4 4 4

A. flavus (AM3)
4 ± 0 4 ± 0 4 ± 0 4 ± 0 3 ± 0 (R)

4 4 4 4 4

A. flavus (AM4)
4 ± 0 4 ± 0 4 ± 0 4 ± 0 2 ± 0 (R)

4 4 4 4 4

A. flavus (AM5)
4 ± 0 4 ± 0 4 ± 0 4 ± 0 1 ± 0 (R)

4 4 4 4 4

A. fumigatus (AM6)
4 ± 0 4 ± 0 4 ± 0 4 ± 0 3 ± 0 (R)

4 4 4 4 4

A. fumigatus (AM7)
4 ± 0 4 ± 0 4 ± 0 4 ± 0 3 ± 0 (R)

4 4 4 4 4

A. niger (AM8)
4 ± 0 3 ± 0 2 ± 0 1 ± 0 1 ± 0 (R)

4 4 4 4 4

A. niger (AM9)
4 ± 0 3 ± 0 2 ± 0 1 ± 0 1 ± 0 (R)

4 4 4 4 4

A. terreus (AM10)
4 ± 0 4 ± 0 4 ± 0 4 ± 0 2 ± 0 (R)

4 4 4 4 4

A. flavus (AM11)
4 ± 0 4 ± 0 4 ± 0 3 ± 0 1 ± 0 (R)

4 4 4 4 4

A. flavus (AM12)
4 ± 0 4 ± 0 4 ± 0 3 ± 0 1 ± 0 (R)

4 4 4 4 4

A. flavus (AM13)
4 ± 0 4 ± 0 3 ± 0 2 ± 0 1 ± 0 (R)

4 4 4 4 4

A. terreus 8
4 ± 0 4 ± 0 4 ± 0 4 ± 0 3 ± 0 (R)

4 4 4 4 4

A. flavus (AM14)
4 ± 0 4 ± 0 4 ± 0 4 ± 0 1 ± 0 (R)

4 4 4 4 4

A. flavus (AM15)
4 ± 0 4 ± 0 4 ± 0 4 ± 0 3 ± 0 (R)

4 4 4 4 4

A. flavus (AM16)
3 ± 0 3 ± 0 2 ± 0.6 1 ± 0 0 ± 0 (R)

4 4 4 4 4

A. niger (AM17)
0 ± 0 (S) 0 ± 0 0 ± 0 0 ± 0 0 ± 0

4 4 4 4 4
R: Resistant, S: Sensitive.

Overall, a broad resistance was observed and 55.6% of these resistant fungi opposed
the antifungal activity as witnessed through the MIC ≥ 16 µg/mL of Amphotericin B.
Furthermore, the resistance recorded with the other two antifungal agents was MIC
≥ 16 µg/mL in all resistant fungi. This grave matter of concern was documented to be
higher than the expected and noticed values of other similar studies conducted either with
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polyene or azole antifungals [40–42]. Adding to this, the significant resistance recorded
among Aspergillus spp. can either be intrinsic or of an acquired type. The latter type can
occur as an outcome of the long-term habit of using antifungals for chronic aspergillosis,
especially against A. fumigatus, A. flavus, or A. terreus [43]. Although Micafungin and
Voriconazole have emerged recently as alternatives for the management of invasive as-
pergillosis, the resistance observed in this study was in contrast to the reports that support
the susceptibility of fungi to these two agents [44–46].

3.3. Characterization of AuNPs

The visible color change to purple after incubating the precursor HAuCl4·3H2O
with the plant extract is an initial confirmation for the reducing abilities of M. piperita
(Figure 2) [47]. Surface plasmon resonance (SPR) is a band that occurs on the surface of
metallic nanomaterials. Noticeable peaks in the range of 530 to 540 nm correspond to the
SPR of AuNPs [48–50]. UV-Vis analysis indicates the formation of AuNPs by the plant
extract as per the characteristic wavelength observed around 530 nm (Figure 3).
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To further confirm the synthesis of AuNPs by M. piperita extract, FTIR was adopted
(Figure 4). The FTIR peaks obtained in this study are supported well by previous reports
which indicate the possible reducing and encapsulating agents on the AuNPs [51,52].
Extracts from plants of the genus Mentha rich in phenolic acids and essential oils are known
to possess antifungal properties and are used as food preservatives [53,54]. According to
a widely accepted hypothesis, a series of antioxidants, enzymes, and phenolics present
in a plant extract can reduce the cations of gold to zerovalent gold. Consequently, the
assemblage of gold atoms leads to the formation of AuNPs [55]. Phenylpropenes such as
Apiol and Isoeugenol, Terpenoids such as Spathulenol, Ledene, α-Guaiene, and Pinene,
and cyclohexanones such as Menthone are the active compounds of M. piperita extract.
These compounds might act as reducing and stabilizing agents for the AuNPs [56].
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The AuNPs synthesized by the M. piperita extract formed strong prominent bands at
510, 1080, 1390, 1530, 1651, 2915, and 3400 cm−1. The bands at 3400 cm−1 and 2915 cm−1

suggest the presence of stretching vibrations (O–H), and aldehydic C–H stretching, re-
spectively. Again, their corresponding N–H bending vibration was seen at 1651 cm−1 and
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1530 cm−1, respectively. In addition, the weak bands at 1390 cm−1 and 1080 cm−1 were
assigned to C–N stretching vibrations of aromatic and aliphatic amines. The C–N stretching
vibrations of aromatic and aliphatic amines were obtained at 1390 cm−1 and 1080 cm−1.
The band observed at 570 cm−1 belongs to C–Br stretching vibrations which are consistent
with the previous study [57].

After the possible encapsulates were identified, the morphology of AuNPs was studied
using TEM. TEM is a widely applied technique to study the morphology of nanomaterials
at various magnifications [58]. According to this technique, the synthesized AuNPs were
predominantly spherical in shape (Figure 5). ImageJ software (1.8.0) predicted the size
of the nanomaterials to be in the range of 38.5 ± 10.6 nm. After the morphology was
studied, elemental mapping was performed by EDAX to determine the purity of the
AuNPs. The composition of C (15.65%), O (0.29%), and Au (84.06%) indicates that the
synthesized AuNPs were predominantly metallic gold forms. A strong and distinctive
peak for AuNPs at 2.1 KeV was observed (Figure 6) [59]. After the morphology and
elemental analyses were performed, the crystalline nature of the AuNPs was determined
using XRD (Figure 7). The XRD peaks i.e., (111), (200), (220), (311), and (222) observed at
their respective 2θ values, confirm the formation of face-centered cubic (fcc) structure of
metallic gold which matched with the JCPDS No. 04-0784 [60,61]. The peak corresponding
to the (111) plane is more intense than the other planes confirming that the plane (111)
is the predominant orientation. The lattice constant (a) of AuNPs is calculated using the
following formula (Equation (1)):

1
d2 =

h2 + k2 + l2

a2 (1)

where interplanar spacing (d), can be calculated by using Bragg’s law (2d sinθ = λ) and
(hkl) are the Miller indices of the diffraction planes. The highest intensity diffraction peak
belonging to the (111) plane is selected for calculation of the lattice parameter i.e., found to
be 4.077 Å. The average crystallite size (D) was calculated from the XRD analysis using the
Debye–Scherrer formula, given by Equation (2),

D =
0.9λ

βcosθ
(2)

where λ is the wavelength of the X-ray radiation, β is the FWHM of the diffracted peaks,
and θ is the glancing angle. The value of D is calculated to be ~24 nm which is concomitant
with the result obtained from TEM analysis.
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3.4. Antifungal Activity of the AuNPs

A marked antifungal activity of AuNPs against five out of 18 Aspergillus isolates was
observed. Three out of eleven (28%) A. flavus isolates (AM2, AM11, and AM15) and both
A. terreus isolates (AM10 and 8) were inhibited (Table 8). The inhibition zones in the highest
AuNP concentration (1000 ppm) varied between 6.3 mm for A. terreus and 9.3 mm against
A. flavus (AM2). The rest of the 18 isolates were not inhibited by AuNPs, showing 0 mm
inhibition zones. The broth microdilution method showed the inhibition of AuNPs for
all five isolates found susceptible in the disc method. The five isolates were remarkably
inhibited by the highest AuNP concentration while A. flavus (AM2) was inhibited already
in the 200 ppm concentration (Table 9). MIC was 1000 ppm for A. flavus (AM15) while
MEC was 25 ppm for (AM2) (Table 9).

Table 8. Efficacy of different concentrations of AuNPs against fungi as the zone of inhibition in
disc method.

No. Fungi
Inhibition Zone (mm)

25 50 100 200 1000

1 A. flavus (AM1) 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

2 A. flavus (AM2) 0 ± 0 6.7 ± 0.6 7 ± 1 7.3 ± 0.6 9.3 ± 2.3

3 A. flavus (AM3) 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

4 A. flavus (AM4) 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

5 A. flavus (AM5) 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

6 A. fumigatus (AM6) 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

7 A. fumigatus (AM7) 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

8 A. niger (AM8) 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

9 A. niger (AM9) 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

10 A. terreus (AM10) 6.7 ± 0.6 7 ± 0 7 ± 0 7 ± 0 7 ± 0

11 A. flavus (AM11) 0 ± 0 6.7 ± 0.6 6.7 ± 0.6 7 ± 0 8.7 ± 0.6

12 A. flavus (AM12) 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

13 A. flavus (AM13) 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

14 A. terreus 8 0 ± 0 0 ± 0 0 ± 0 0 ± 0 6.3 ± 0.6

15 A. flavus (AM14) 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

16 A. flavus (AM15) 0 ± 0 0 ± 0 0 ± 0 0 ± 0 6.7 ± 0.6

17 A. flavus (AM16) 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

18 A. niger (AM17) 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

Table 9. Effect of different concentrations of AuNPs on fungal growth (growth rate score 0 = no
growth, 4 = max growth) measured using broth microdilution technique.

No. Fungi
Growth Rate (Scores/4)

25 50 100 200 1000

1 A. flavus (AM2) 3 ± 0 * 3 ± 0 3 ± 0 3 ± 0 2 ± 0

2 A. terreus (AM10) 4 ± 0 4 ± 0 4 ± 0 2 ± 0 * 2 ± 0

3 A. flavus (AM11) 4 ± 0 4 ± 0 4 ± 0 3 ± 0 * 1 ± 0

4 A. terreus 8 4 ± 0 4 ± 0 4 ± 0 3 ± 0 * 2 ± 0

5 A. flavus (AM15) 4 ± 0 3 ± 0 * 1 ± 0 1 ± 0 0 ± 0 **
*: MEC, **: MIC.

The AuNPs synthesized were not especially efficient against Aspergillus isolates. Only
five out of eighteen isolates were inhibited by AuNPs. At the same time, the isolates were
mostly resistant against the commercial drugs tested and needed the highest concentration
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to be inhibited. The relatively low inhibition efficiency of AuNPs is no surprise because
it has been reported several times previously. AuNPs synthesized using the seed extract
of Abelmoschus esculentus were not especially efficient against A. flavus and A. niger
while they inhibited Candida albicans remarkably [62]. Elsewhere, AuNPs showed high
activity against several Candida species [63]. The fungi Agaricus bisporus mediated AuNPs
showed high antifungal activity against A. flavus but not against A. terreus [64]. When
different synthesis and purification processes of the AuNPs were compared, the porification
was observed to affect the efficiency of AuNPs against C. albicans [65]. Furthermore, AuNPs
have been shown to inhibit C. albicans and Sacharomyces cerevesiae less than AgNPs [66].
AuNPs showed almost no activity against C. albicans, C. tropicalis, and Fusarium oxysprorum,
while they were inhibited by NPs of Ag, Zn, and Cu synthesized using A. kambarensis
extract [67]. Several other studies on varying and many times low efficiency against fungi
have been published [55,68,69]. However, in some studies, high antifungal activity against
A. niger, A. flavus, and A. fumigatus was also reported [70,71].

When thinking about the resistance against commercial drugs, the isolates that were
inhibited by AuNPs behaved in various ways. For instance, A. flavus AM 15 needed
the max concentration of 16 µg/mL Amphotericin B to be inhibited totally according
to the microdilution method (Table 5). AM15 was inhibited to score 3 (out of 4) with
2 ug/mL concentration being relatively resistant. A. flavus AM11 was inhibited to score
3 only in the highest concentration. Aspergillus terreus AM10 was also resistant against
Amphotericin B having a score of 3 at the highest concentration while a score of 4 up to
8 µg/mL concentration. Aspergillus terreus 8 was inhibited to score 2 only in the highest
concentration. The least resistant isolate was A. flavus AM2 that was inhibited to score 3
already in the lowest concentration (1 µg/mL) and totally in 8 µg/mL.

3.5. Effect of AuNPs on the Activity of Fungal Extracellular Enzymes

The mechanism of antifungal activity of metallic nanoparticles has been attributed to
several factors at molecular or physiological levels at membrane levels such as cell wall
degradation or changes in the activity of extracellular enzymes [72,73]. Hence, we further
tested the activity of extracellular enzymes before and after treatment with AuNPs.

Members of the Aspergillus genus are known to produce extracellular enzymes such
as amylase, protease, deoxyribonuclease (DNase), lipase, elastase, and keratinase for
growth, reproduction, and survival inside the host [74,75]. These extracellular enzymes
are responsible for the formation of the extracellular matrix which can help in fungal
evasion of killing by neutrophils and leading to a blockade in the production of reactive
oxygen species. The components of the extracellular matrix of these pathogenic fungi (e.g.,
polysaccharides) are positively regulated by extracellular enzymes and can protect fungi
from attacks by the host immune system [76]. Therefore, the extracellular components are
outstanding targets for antifungal therapy [77].

With this background, the determination of the activity of extracellular enzymes
after treatment with the AuNPs can be used as a tool to predict the possible survival
mechanism. Hence, in this study, the effect of AuNPs on the extracellular enzymes was
tested. Aspergillus flavus was selected in this report due to its high cytotoxic feature and
its significant role in respiratory tract infections (invasive aspergillosis) and resultant
complications in immunocompromised patients [78].

Profiling of extracellular enzymes produced by A. flavus (AM11, the most susceptible
fungi) before treatment with AuNPs indicated that enzymes such as alkaline phosphatase,
acid phosphatase, Naphthol-AS-BI-phosphohydrolase, α-galactosidase, ß-glucosidase, and
α-mannosidase possessed higher activity (20 ≥ 40 nmoles among 36.8% of enzymes). Low
to moderate amounts of activity (5–10 nmoles among 63.2% of the enzymes) were noted
predominantly among other enzymes identified. After treatment with AuNPs, the activities
of enzymes such as acid phosphatase, Naphthol-AS-BI-phosphohydrolase, α-galactosidase,
and ß-glucosidase decreased (82.4% of changes in the altered profile of enzymes). However,
the activity profiles of enzymes such as ß-glucuronidase increased. The outcomes indicate
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that the activity of fungal extracellular enzymes diminished significantly after treatment
with AuNPs (Figure 8).
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Figure 8. Effects of AuNPs on the activity of extracellular enzymes of A. flavus (AM11).

4. Conclusions

Mentha piperita represented a strong source for the synthesis and formation of AuNPs.
The synthesized AuNPs were characterized structurally and morphologically. Further, the
possible encapsulates were identified. In addition, this is the first-ever international report
with regard to a few aspects related to antifungal effects, as mentioned at the end of the
introduction section. Our findings related to the resistance pattern of these nosocomial
isolates to common antifungals may indicate the emergence of serious acquired resistance
to such agents, which might have arisen from the misuse of antifungals. This problem needs
to be highlighted for proper maintenance of fungal infections in the future. Additionally,
there are limited studies published in Saudi Arabia focusing on resistant Aspergillus and
the worsening threat. Hence, this study would be effective for the use of nanomedicine in
the management of nosocomial fungal infections of the respiratory tract. To conclude, the
synthesized AuNPs were effective against five isolates of Aspergillus species that can cause
invasive aspergillosis. Further studies are warranted to elucidate the interactions of these
nanomaterials with the eukaryotic fungi at molecular levels.
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Abstract: Cancer is still one of the major health issues faced by human beings today. Various nano-
materials have been designed to treat tumors and have made great progress. Herein, we used
amino-functionalized metal organic framework (UiO-66-NH2) as superior templates and successfully
synthesized the UiO-66-NH2@Aushell composite nanoparticles (UA) with high loading capacity and
excellent photothermal properties through a simple and gentle method. In addition, due to the rich
pore structure and excellent biocompatibility of the as-prepared composite nanoparticles, the hy-
drophobic NO donor BNN6 (N,N′-Di-sec-butyl-N,N′-dinitroso-1, 4-phenylenediamine) molecule was
efficiently delivered. Based on the phenomenon where BNN6 molecules can decompose and release
NO at high temperature, when UiO-66-NH2@Aushell-BNN6 composite nanoparticles (UA-BNN6) en-
tered tumor cells and were irradiated by NIR, the porous gold nanoshells on the surface of composite
nanoparticles induced an increase in temperature through the photothermal conversion process and
promoted the decomposition of BNN6 molecules, releasing high concentration of NO, thus efficiently
killing HeLa cells through the synergistic effect of NO-photothermal therapy. This effective, precise
and safe treatment strategy controlled by NIR laser irradiation represents a promising alternative in
the field of cancer treatment.

Keywords: MOF; BNN6; gold nanoshells; NO-photothermal therapy

1. Introduction

Since the discovery of NO as an important biological signal molecule, it has attracted
considerable attention from researchers [1,2]. As a gas transmitter, NO has been found
to play an important role in regulating various cellular events, such as vascular dilation,
platelet aggregation and adhesion, inflammatory response, immune response, and neuro-
transmission. Due to its specific properties, NO has great clinical value in cardiovascular
diseases, wound healing, and antibacterial and tumor therapy [3–9]. In particular, NO gas
therapy provides an efficient and green therapy method for the treatment of malignant
tumors that cause great harm to human health. Due to the constant efforts of scientific
researchers, we have a more profound understanding of the mechanism of NO-killing
tumor cells. It was found that a high concentration of NO (1 > uM) could induce the
apoptosis of tumor cells [10]. The mechanisms behind this apoptotic effect are the ability of
NO to induce an oxidative and nitrifying stress, damage mitochondria and DNA, inhibit
DNA synthesis and repair, deaminate DNA, and inhibit cell respiration. Although NO has
a strong anti-tumor effect, its short life cycle and sensitivity to biological substances limit
its clinical applications. Therefore, a major challenge faced by researchers is to develop
an effective NO donor and NO-encapsulated cargo carrier to control the release of NO in
space, time, and measurement [11,12].
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In view of the above problems, various exogenous NO donors have been reported,
such as diazeniumdiolates [13], s-nitrosothiols [14], metal-nitrosyl complexes [15], and
nitrobenzene derivatives [16]. However, they often have the disadvantage of spontaneous
uncontrolled release, which seriously hinders their clinical application. Usually these NO
donors are attached or immobilized on small drug molecules, organic polymer materials,
or inorganic materials [17–20]. At the same time, in order to efficiently release NO in tumor
tissues, such NO delivery platforms can generally release NO in response to specific stimuli,
such as light, heat, or pH [21–24]. Among several methods, photoexcitation stands out for
its ease of operation and safety. Currently, the main light source applied is ultraviolet and
visible light. However, this kind of light source has the disadvantages of shallow tissue
penetration and significant side effects on surrounding tissues, whereas near-infrared light
represents the best choice due to its deep tissue penetration and low phototoxicity [25,26].
In recent years, the NO release platform based on near infrared light excitation has been
developed, and relatively ideal experimental results have been obtained.

MOF-NH2@Aushell composite nanomaterials not only have the advantages of good
biocompatibility, easy degradation, and easy chemical modification of MOF materials [27,28]
but also possess excellent photothermal properties and highly porous gold nanoshells [29,30].
Compared with SiO2@Aushell materials coated with a dense gold nanoshell [31,32], MOF-
NH2@Aushell composite nanomaterials can be easily functionalized due to their richness
of material selection, the controllability of their size and structure, and the porosity of
their gold shell. MOF-NH2@Aushell also has great advantages in terms of drug delivery
and controlled release. Here, we used the UA as a carrier to immobilize the NO donor
reagent, BNN6, obtaining a multifunctional UA-BNN6. The surface plasmon resonance
properties of the gold nanoshell surface layer of the UA endow the material with excellent
photothermal properties, whereas its rich hierarchical pore structure provides space for
the loading of BNN6. The BNN6 molecule has low cytotoxicity and is easily degraded to
release NO at high temperatures. It is considered to be an ideal peripheral NO donor. By
combining the photothermal conversion performance of UA with the decomposition and
release of NO by BNN6 at high temperature, the synergistic effect of NO-photothermal
therapy on tumor cells initiated by infrared NIR response was achieved [33,34]. After the
composite nanomaterial entered cancer cells, the NO donor molecule was successfully
transported inside the cells. Under NIR irradiation, the nanomaterial generated a high
temperature and BNN6 was degraded to a released high concentration of NO. In addition,
the temperature increase induced by the composite nanomaterials also caused damage
to cancer cells (Scheme 1). Compared with photothermal therapy alone, the synergistic
effect of NO-photothermal therapy has the advantages of using low dosage, being simple
to operate, and having few side effects. This green and efficient cancer treatment strategy
has great clinical application value.
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Scheme 1. A schematic illustration of the synthesis of UA-BNN6 and its use as an NIR laser-mediated
NO release nanovehicle for tumor therapy.

2. Materials and Methods
2.1. Reagents and Instruments

Thiazolyl blue (MTT) and N,N′-Bis(1-methylpropyl)-1,4-phenylenediamine (BPA)
(95%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Zircomiun tetrachlo-
ride (98%), 2-aminoterephthalic acid (98%), N,N-Dimethylformamide(DMF), potassium
carbonate, hydrochloric acid (HCl), chloroauric acid (HAuCl4), polyvinyl pyrrolidone
(PVP, Kr = 40,000), sodium nitrite (≥99%), and other reagents were of analytical grade
and were purchased from Sinoreagent (Shanghai, China). The Hoechst 33342, nitric ox-
ide assay kit, and NO fluorescent probe DAF-FM DA were purchased from Beyotime
Biotechnology Co. Ltd. (Nanjing, China). Phosphate buffer saline (PBS) and all other
solutions were prepared throughout using ultrapure water (18.2 MΩ cm−1, Millipore,
MA, USA).

The scanning electron microscope images, energy dispersive spectrometer (EDS), and
EDS mapping images were acquired with a Zeiss Ultra Plus SEM (Zeiss, Oberkochen, Ger-
many). The fluorescence and UV−vis spectra were recorded using a Shimadzu RF-5301PC
fluoremeter (Kyoto, Japan) and a Biomate 3S spectrophotometer (Thermo Fisher, MA, USA),
respectively. The FT-IR spectrum was performed on a Nicolet iS5 IR spectrometer (Thermo
Fisher, Waltham, MA, USA) in the range of 400–4000 cm−1. The MTT assays were carried
out using a MK3 microplate reader (Thermo Fisher, Waltham, MA, USA). The confocal
microscopic images were acquired with a Nikon Ti-E confocal microscopy (Nikon, Tokyo,
Japan). The NIR laser (λ = 808 nm, maximum power of 1 W/cm2) was purchased from Lei
Rui Company, Changchun, China. The infrared mappings were imaged by an FLIR C3
infrared camera (FLIR Systems Inc, Wilsonville, OR, USA).
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2.2. Synthesis of UiO-66-NH2 Nanoparticles

UiO-66-NH2 nanoparticles were synthesized based on previous reports [29]. Briefly,
40 mg ZrCl4 and 31 mg of 2-aminoterephthalic acid were dispersed in 5 mL DMF and then
added to 28 µL deionized water. The final mixture was hydrothermally treated at 120 ◦C
for 24 h. The obtained product was washed with DMF and ethanol, respectively. The final
product was dispersed in 10 mL of deionized water.

2.3. Synthesis of UA

The preparation of growth solution was as follows: 50 mg K2CO3 was dispersed in
100 mL water, then 1.5 mL of 50 mM HAuCl4 aqueous solution was added and stirred at
900 rpm for 10 min. Finally, the mixture was placed in a dark environment for 12 h.

The synthesis of UA was as follows: 5 mL of the prepared UiO-66-NH2 mixture was
added to 50 mL of the growth solution. Then, 5 mL of 1 mg/mL PVP (MW = 40,000)
aqueous solution and 1 mL of formaldehyde were added and stirred at room temperature
for 10 min. The reaction solution changed from colorless to dark blue. The final product
was washed with dionized water, centrifuged 3 times, and then dispersed in 1 mL of
deionized water.

2.4. Synthesis of BNN6

Next, 2.34 mL (10 mmol) of N, N′-Bis(1-methylpropyl)-1,4-phenylenediamine (BPA)
was diluted in 18 mL of ethanol, and 20 mL (6 M) of degassed NaNO2 aqueous solution was
added dropwise to the above solution with a separating funnel and stirred for 30 min under
nitrogen atmosphere. Subsequently, 20 mL (6 M) of HCl was added dropwise through a
separating funnel. As the reaction progressed, the color of the reaction solution gradually
changed from red to orange, and off-white precipitate appeared. After stirring for 4 h, the
precipitate was collected by centrifugation and then centrifuged and washed with 50%
ethanol several times. The final product was freeze-dried and stored at −20 ◦C, away
from light.

2.5. Adsorption of BNN6 on UA

Next, 10 mg UA and 10 mg BNN6 were dispersed in 10 mL of DMSO. After stirring at
room temperature for 24 h, the obtained solution was washed with DMSO and centrifuged
several times to remove free BNN6. The final product was then washed with dionized
water and freeze-dried, and the adsorption capacity of BNN6 to the nanoparticles was
measured using an ultraviolet-visible spectrometer.

2.6. Cytotoxicity test of UA

The cytotoxicity test of UA was evaluated by MTT. Briefly, 4000 Hela cells per well
were inoculated into 96-well plates and cultured in DMEM medium. After incubating
for 12 h at 37 ◦C, the medium was removed, and 100 µL of fresh medium containing
different concentrations of samples was added to each well, respectively. After another
24 h of incubation, medium was discarded, and 100 µL serum-free medium containing
MTT (0.5 mg/mL) was added. After a further incubation of 4 h at 37 ◦C, medium was
removed, and 150 µL DMSO was added to each well. After shaking on a shaker for 10 min,
the absorption was detected at 490 nm using a microplate reader.

2.7. Cellular Uptake Study

The synthesis UA–FIT (15 mg of UA and 5 mg of FITC) was dissolved in 5 mL
DMSO. After the mixture was stirred at room temperature for 24 h, the obtained product
was centrifuged and washed several times using DMSO and deionized water and then
dispersed in deionized water.

Cell uptake of composite nanoparticles: to monitor the uptake of nanomaterials by
cells, we used UA–FITC to observe the cells under a laser confocal microscope. First,
HeLa cells were inoculated in a confocal dish and cultured with DMEM at 37 ◦C for 12 h.
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Subsequently, 100 µL of UA–FITC in DMEM solution (100 µg/mL) was added, and cells
were incubated for another 6 h. The medium was then removed, and cells were washed
with PBS (pH 7.4) three times to remove the non-uptaken nanoparticles. Finally, the cell
nucleus was labeled with Hoechst 33342 dye, and cells were visualized using a confocal
laser scanning microscope (Nikon, Tokyo, Japan) under a 60-fold oil immersion lens.

2.8. Photothermal Properties of UA

The photothermal properties of nanoparticles were evaluated by infrared photother-
mal imager (FLIR Systems Inc, Wilsonville, OR, USA), and 1 mL of a certain amount of UA
dissolved in PBS was placed in a centrifuge tube. The solution was then irradiated with a
near-infrared laser (Lei Rui, Changchun, China) (1 W. cm−2) with a wavelength of 808 nm,
and the temperature was recorded every 30 s with an infrared thermal imaging camera
(FLIR Systems Inc, Wilsonville, OR, USA).

2.9. Photothermal Stability of UA

Using the same above-mentioned procedure, l mL of PBS containing 100 µg of UA
was placed in a centrifuge tube and irradiated with NIR laser (Lei Rui, Changchun, China)
(808 nm, 1 W/cm2) for 5 min, followed by natural cooling for 15 min. Temperature changes
were recorded by infrared thermal imager every 30 s. The above procedure was repeated
5 times.

2.10. NO Release Performance of UA-BNN6

Based on the phenomenon that BNN6 molecules decompose and release NO at high
temperatures, the photothermal conversion performance of the gold nanoshells present on
the surface of the composite nanoparticles under NIR radiation provides conditions for the
release of NO, thus ensuring this NO release process is controlled by NIR switch on/off.
The experimental procedures for the evaluation of the NO-releasing performance of our
nanomaterials are as follows: the PBS solution and a certain concentration of different
samples were prepared and exposed to NIR (808 nm) with a certain energy density for a
certain period of time. Subsequently, the NO concentration and fluorescence intensity of
the as-prepared solutions in each group were measured using a nitric oxide detection kit
(Beyotime Biotechnology, Nanjing, China) according to the manufacturer’s instructions.
DAF-FM DA was used as a NO fluorescence probe.

2.11. Intracellular NO Fluorescence Detection

The presence of NO in HeLa cells was observed using DAF-FM DA as a NO fluorescent
probe. HeLa cells were inoculated into 6-well plates and incubated with DMEM medium at
37 ◦C for 12 h. The medium was then removed and DMEM medium containing UA-BNN6
or UA (100 µg/mL) was added. After further incubation for 6 h, an appropriate volume
of diluted DAF-FM DA was added and incubated for 20min for staining. Finally, the cells
were washed with PBS (pH 7.4) three times to remove the non-uptaken DAF-FM DA, and
irradiation was continued with NIR for a certain time (0–30 min). Cell fluorescence was
observed by confocal laser scanning microscopy (LSCM) under excitation wavelength of
488 nm.

2.12. Determination of Intracellular NO Concentration

The concentration of NO in HeLa cells was determined using a nitric oxide detection
kit purchased from Biyuntian. The specific steps were as follows: first, HeLa cells with a
concentration of 1 × 105 cells/well were seeded in 6-well plates and incubated at 37 ◦C
for 12 h with DMEM medium. The medium was then removed, and DMEM medium
containing UA-BNN6 or UA (100 µg/mL) was added. After further incubation for 6 h, cells
were irradiated with NIR for a certain period of time (0–30 min) and then collected. Finally,
nitric oxide assay kit was used to determine the concentration of NO in cells as per the
manufacturer’s instructions.
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2.13. In Vitro NO-Photothermal Therapy Synergistic Effect against Cancer Cells

The NO-photothermal synergistic treatment efficiency of composite nanoparticles on
tumor cells was evaluated using MTT assay. HeLa cells were seeded in a 96-well plate
(100 µL/well) at a density of 1 × 104 cells/well. After incubating at 37 ◦C for 24 h, the
medium was removed. Then, 100 µL of fresh medium containing different samples was
added to each well. After another 4 h incubation, some of the wells were irradiated with
808 nm NIR laser (1 W·cm−2) for 20 min. After another 24 h of incubation, the medium
was removed, 100 µL of serum-free medium containing MTT (0.5 mg/mL) was added,
and plates were placed it in a 37 ◦C incubator for 2 h. The liquid was then discarded, and
150 µL of DMSO was added to each well and placed on a shaker for 10 min, under dark
conditions. Finally, the absorbance was measured at 490 nm with a microplate reader.

2.14. Animal Model

BALB/c female nude mice (5–6 weeks old) were purchased from Nanjing Yunqiao
Purui Biotechnology Co., Ltd. (Nanjing, china) and were given ad libitum access to food
and water. All animal experiments were conducted in accordance with the guidelines
of the Southeast University Animal Research and Ethics Committee and approved by
the National Institute of Biological Sciences and the Southeast University Animal Care
Research Advisory Committee. HeLa cells were inoculated subcutaneously into the right
side of each nude mouse to obtain HeLa xenograft-bearing mice.

2.15. In Vivo Antitumor Efficacy Study

The in vivo antitumor efficacy of UA-BNN6 was evaluated using HeLa tumor-bearing
mice (23–28 g) as animal model. When tumors reached a size of 100 mm3, nude mice were
randomly divided into five groups: PBS (control group), UA, UA-BNN6, UA +NIR group
and UA-BNN6+NIR group. PBS (150 uL), UA and UA-BNN6 (2 mg ml−1, 150 uL) groups
received an intratumoral injection. NIR laser irradiation (808 nm) was set at 1.0 W cm−2

for 15 min. A second treatment was repeated 6 days after the first one. The weight and
tumor size of nude mice were recorded every two days. The volume was calculated using
the following formula: V = d2 × D/2 (d is the shortest diameter of the tumor and D is the
longest diameter of the tumor). After 14 days of treatment, nude mice were euthanized and
tumors were removed and weighed. Finally, the main organs of nude mice were excised
and stained with hematoxylin and eosin (H&E) for histological analysis.

3. Results and Discussion

In this study, UA were synthesized by mixing amino group-rich UiO-66-NH2 nanopar-
ticles with HAuCl4 and K2CO3.The deposition of gold seeds on the surface of the composite
nanoparticles takes place through electrostatic adsorption with the amino groups part,
whereas the gold nanoshells with porous structure is generated under the reduction action
of formaldehyde [29]. UiO-66-NH2 nanoparticles were obtained by the coordination of
ZrCl4 with the organic ligand amino terephthalic acid. As shown in Figure 1a, the TEM
image revealed the relatively uniform size (particle size of about 60 nm) of the synthesized
nanoparticles, with a typical octahedral crystal morphology of UiO-66 nanocrystals. In this
study, we used UiO-66-NH2 nanocrystals as a template to further synthesize UA. TEM
images (Figure 1b,c) clearly show that the synthesized nanoparticles were homogenous,
with a particle size of about 80 nm, indicating that the thickness of the gold nanoshells of
the as-prepared nanoparticles is about 10 nm. The obtained nanoparticles still retained
the crystalline morphology of UiO-66-NH2. In addition, it can be clearly observed that
the composite nanomaterials have a hierarchical porous structure, composed of the pore
structure in the center of UiO-66-NH2 and the large pore channel structure of the gold
nanoshells on the surface. Furthermore, the EDS spectra (Figure 1d) of the nanoparticles
showed obvious peaks of the Au element. EDS mapping image (Figure 1e) of the same
sample also confirms that the material contained a high amount of the Au element, as high
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as 73.46%. The above results fully demonstrate that UA with a hierarchical pore structure
have been successfully synthesized.

Figure 1. (a) TEM images of UiO-66-NH2. (b,c) TEM image, (d) EDS spectra and (e) EDS mapping
image of UA.

Benefiting from the advantages of the abundant hierarchical pore structure and the
high specific surface area, UA become an ideal carrier with efficient loading capacity.
In this study, BNN6 was efficiently loaded into the pores of UA through π-π force and
hydrogen bonding. The synthesis of the NO donor BNN6 was obtained by reacting BPA
and NaNO2 in an acidic environment based on existing reports, and its synthesis path
is shown in Figure S1. Subsequently, UA were placed in a DMSO solution of BNN6 and
stirred overnight to obtain UA-BNN6. The infrared spectroscopy of each sample (Figure 2a)
shows that UA-BNN6 had an obvious absorption peak at 1377 cm−1, which is attributed
to the stretching vibration peak of N-N = O, whereas no obvious absorption peak was
seen in the infrared spectrum of UA. These results indicate that BNN6 was successfully
adsorbed on UA-BNN6. In addition, it was calculated from the UV-vis spectra (Figure
S2) of the supernatant that when the concentration of BNN6 was 1 mg/mL, the loading
amount of BNN6 into the nanoparticles was 2.8 mg/5 mg (Figure 2b). Finally, the SEM
image (Figure 2c) of UA-BNN6 showed that the crystal morphology of the material did not
change after adsorption of BNN6 molecules.

It is well known that gold nanomaterials have excellent photothermal conversion
performance due to their surface plasmon resonance properties. In addition, their excellent
photothermal stability and good biocompatibility render them a great thermal sensitizer,
which has been widely used in the domain of photothermal therapy of cancer treatment.
Similarly, UA have excellent photothermal properties due to the presence of gold nanoshells
on their surface. According to the UV-vis spectrum of UA (Figure 3b), it can be seen
that it has a strong oscillation absorption peak around 808nm, which indicates that our
synthesized nanomaterials would have an excellent photothermal conversion performance
under laser irradiation in the near-infrared region. Subsequently, we used an infrared
thermal imager to evaluate the photothermal conversion performance of UA under 808
nm NIR laser irradiation. As shown in Figure 3c, when a PBS solution of UA (100 µg/mL)
is irradiated by 808 nm NIR laser (1.0 W·cm−2), the temperature increases rapidly with
the increase of irradiation time. The temperature increased up to 64 ◦C after 300 s of
irradiation. In contrast, the temperature of the free PBS solution in the control group
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remained at about 25 ◦C under the same conditions of laser irradiation. In addition, PBS
solutions containing different concentrations of UA were irradiated by NIR laser under
the same conditions (Figure 3a), and temperature changes were observed by infrared
thermal imager. It can be seen that the change in temperature significantly depend on
the concentration and irradiation time. The photothermal stability of the material was
evaluated by controlling the heating/cooling cycle of the material by switching the laser on
and off. The results show (Figure 3d) that the photothermal conversion performance of our
synthesized nanomaterials hardly decreases even after the sample has been subjected to the
repeated heating and cooling process five times. The above results fully demonstrate that
UA have excellent photothermal properties and are promising candidates as photothermal
agents.
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(100 µg mL−1, 1.0 W cm−2). (d) The temperature variation of UA-BNN6 aqueous solution over five
on/off cycles upon 808 nm NIR laser irradiation (100 µg mL−1, 1.0 W cm−2).

Studies have reported that BNN6 can stimulate decomposition and release NO under
ultraviolet light or a high-temperature environment. In addition, its low cytotoxicity makes
it widely used as a NO donor reagent for NO gas therapy. The gold nanoshell layer on the
surface of UA-BNN6 has high photothermal conversion performance and generates local
high temperature under the irradiation of NIR laser. This provides favorable conditions
for the decomposition of BNN6 molecules loaded on the material to release NO. This
strategy of releasing NO in response to NIR light provides the possibility for the precise
and controllable release of NO. In vitro NO release performance of our nanomaterials
was evaluated using a nitric oxide detection kit and NO fluorescence probe DAF-FM DA.
Figure 4a shows that when the concentration of composite nanoparticles is 100 µg/mL, the
release rate of NO showed an obvious dependence on the NIR laser energy density, with
most of NO is released after a 15 min NIR laser irradiation time. As expected, a release of
NO can be hardly detected in the control group under the same conditions, which indicates
that the NIR laser irradiation does not cause the decomposition of BNN6 molecules. This
is consistent with the results of the UV-vis spectra (Figure S2), which showed an obvious
absorption oscillation peak in the 365 nm region and a very weak absorption oscillation
peak in the near-infrared region. Furthermore, to monitor the release of NO, UA-BNN6
were heated directly at 50 ◦C or continuously irradiated with an 808 nm near-infrared laser
(1.0 W/cm2). The results showed (Figure 4b) that the release of NO reached 4.62 µM when
the NIR laser irradiation lasted for 20 min, while only a very small amount of NO was
detected when the sample was directly heated. This indicates that photothermal agents
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can greatly improve the decomposition efficiency of BNN6 and release NO because the
temperature on the material surface is much higher than the average temperature of the
medium [35]. In addition, Figure 4c shows that the NO release behavior of UA-BNN6 is
controlled by switching the NIR laser on or off. Upon turning on the NIR illumination,
NO release from our nanomaterial is initiated. Conversely, when the NIR light source is
turned off, the NO release from the nanomaterial stops immediately. Correspondingly,
the release of NO was detected by NO fluorescence probe DAF-FM DA. Figure S3a shows
that only the fluorescence intensity of the PBS solution of UA-BNN6 was significantly
enhanced after NIR laser irradiation, showing obvious concentration Figure S3b and time
Figure S3c dependence. The fluorescence intensity of the sample was basically stable after
laser irradiation for 20 min, indicating that BNN6 molecule was basically decomposed
completely. In the corresponding photographs (Figure S3c), it can be observed that with
the increase of NIR laser irradiation time, the color of the mixture gradually changes from
white to wine red, which is due to the decomposition of the beige BNN6 molecule into the
wine red BHA molecule and NO at high temperatures.
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The biocompatibility of UA was evaluated using the MTT assay. The results (Figure 5a)
show that even if UA concentration reaches 50 µg/mL, the cell survival rate of HeLa cells is
still as high as 87.7%, indicating that our nanomaterial has low cytotoxicity. Subsequently,
UA–FITC obtained by replacing BNN6 molecules with FITC molecules was co-incubated
with HeLa cells, and the nuclei were labeled with Hoechst 33342 dye. Finally, a laser
scanning confocal microscope (LSCM) was used to observe the uptake or our nanomaterial
by HeLa cells with a 60× oil-immersion objective. As displayed in Figure 5b, strong green
fluorescence appears in the cytoplasm, while only blue fluorescence appears in the nucleus,
indicating that the material mainly enters the cytoplasm but not the nucleus after being
uptaken by cells. These results fully indicate that nanoparticles have good biocompatibility
and cell uptake.

Figure 5. (a) The viabilities of HeLa cells after 24 h of incubation with different concentrations of
UA. (b) Confocal laser scanning microscopic (CLSM) imaging of HeLa cells after co-incubation with
UA–FITC (the nucleus was stained with Hoechst 33342).
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Similarly, we used HeLa cells to investigate the intracellular NO release performance
of UA-BNN6. The NO concentration in the cells was measured using a nitric oxide de-
tection kit, and the cells were observed with the NO fluorescent probe DAF-FM DA. The
fluorescence images (Figure S4) of each cell group showed that the cells only showed weak
fluorescence after co-incubation with the sample UA-BNN6 or UA. Similarly, the cells
incubated with the UA and irradiated with an NIR laser also showed weak fluorescence. In
contrast, when the cells were incubated with the sample UA-BNN6 and irradiated with a
NIR laser for 20 min, the fluorescence image showed strong fluorescence. Correspondingly,
the NO concentration in the cells of each experimental group was determined using a nitric
oxide detection kit. The results (Figure 6a) showed that after the cells were co-incubated
with UA-BNN6 and irradiated with NIR laser, the concentration of NO was 3.5 times
that of the control group. The concentration of NO in the other experimental groups was
almost unchanged compared with the control group. Furthermore, the intracellular con-
centration of NO was determined under different NIR laser irradiation times. The results
(Figure 6b) showed that the intracellular concentration of NO basically remained stable
after continuous NIR laser irradiation for more than 20 min with (808 nm, 1.0 W/cm2). This
shows that our composite nanoparticles can promptly respond to NIR laser stimulation to
release most of the NO. Correspondingly, the cells labeled with the NO fluorescent probe
DAF-FM DA (Figure 6c) showed that the fluorescence intensity of the cells was obviously
dependent on the duration of NIR laser irradiation, and the fluorescence intensity was
basically stable after 20 min. These results further indicate that UA-BNN6 taken up by cells
can respond to the stimulation of NIR light and release a large amount of NO in a precise
and controllable manner.

Given the fact that BNN6 molecules degrade and release NO at high temperatures, and
with the excellent photothermal properties of the gold nanoshells present on the surface
of UA-BNN6 upon exposition to NIR laser irradiation, our synthesized nanomaterial
can not only decompose and create a high-temperature environment for BNN6 but also
lead to a local temperature increase in the cancer cells, finally achieving a synergistic
NO-photothermal anti-cancer effect. Herein, using HeLa cells as an in vitro model, an
MTT assay was used to evaluate the NO-photothermal synergistic anticancer properties
of UA-BNN6. The results (Figure 6d) showed that the tumor cells maintained a high
survival rate even when high concentrations of UA or UA-BNN6 were used, indicating
the low cytotoxicity of the composite nanoparticles. On the contrary, cells co-incubated
with the sample UA or UA-BNN6 and irradiated with a 808 nm NIR laser (1.0 W/cm2)
showed significant cytotoxicity. At the concentration of 50 µg/mL, each group showed
different cytotoxicity results. Among them, only tumor cells incubated with UA or UA-
BNN6 and irradiated with NIR laser exhibited significant cytotoxicity, where UA-BNN6
showed the most severe cytotoxicity. The former showed strong cytotoxicity, mainly due
to the photothermal effect of gold nanoshells, while the latter benefited from the NO-
photothermal synergistic antitumor effect of the material. Using composite nanomaterials
that can respond to NIR stimulation and quickly initiate the process of NO-photothermal
synergistic killing of cancer cells is an efficient and green anti-tumor method.
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Figure 6. (a) Intracellular NO generation in HeLa cells after being treated with UA, UA-BNN6,
UA+NIR, and UA-BNN6+NIR. The untreated cells were used as the control. (b) Intracellular
NO generation in HeLa cells after being treated with UA-BNN6+NIR at different time intervals.
(c) Fluorescence confocal images of the intracellular generation of NO in HeLa cells after treatment
with UA-BNN6+NIR at different time intervals. DAF-FM DA was used as the NO fluorescent probe.
(d) The viabilities of HeLa cells after being treated with UA, UA-BNN6, UA+NIR, and UA-BNN6+NIR
(808 nm, 1.0 W cm−2).
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In view of the satisfactory synergistic killing effect of UA-BNN6 composite nanopar-
ticles on cancer cells, HeLa tumor-bearing mice were used as animal models to evaluate
the antitumor properties of the composite nanoparticles in vivo. Firstly, nude mice were
injected with UA-BNN6 or PBS and irradiated with near-infrared laser (808 nm, 1.0 W/cm2)
for 5 min. To evaluate the photothermal efficiency of the material in nude mice, infrared
thermal imaging system was used to observe the changes of surface temperature. As
displayed in Figure 7a,b, the temperature at the tumor site of the nude mice injected with
UA-BNN6 increased significantly upon laser irradiation, reaching 44.9 ◦C just after 1 min
of irradiation and further rising to 54.3 ◦C after 5 min. In contrast, nude mice injected
with PBS showed only a slight increase in temperature after laser irradiation for 5 min.
These results indicate that the UA-BNN6 can be used as a thermosensitive agent for in vivo
tumor photothermal therapy. Subsequently, to further verify the therapeutic performance
of the composite nanoparticles on tumors, we randomly divided HeLa xenograft-bearing
mice (with an initial tumor volume of 100 mm3) into five groups: PBS group (control
group), UA group, UA-BNN6 group, UA+NIR group, and UA-BNN6+NIR group. Nude
mice in each group received corresponding treatment every 6 days. The results showed
(Figure 7e) that the tumors of nude mice in the PBS, UA, and UA-BNN6 groups increased
significantly within the first 14 days, mainly due to the low tumor-growth inhibition effect
of the administrated samples. In contrast, tumors in nude mice of the UA+NIR and UA-
BNN6+NIR groups were significantly shrunken and practically disappeared. However, it
was evident that the wound healing of nude mice treated with UA+NIR was significantly
slower than that of the UA-BNN6+NIR group. The former could inhibit tumor growth
mainly through photothermal effect upon NIR irradiation. Indeed, the NIR laser irradia-
tion of nude mice in the UA-BNN6+NIR group caused an increase in temperature in the
tumor area and promoted the decomposition of the NO donor, BNN6, thus releasing a
large amount of NO. Compared with the single PTT treatment, UA-BNN6+NIR achieved a
remarkable NO-photothermal synergistic effect, resulting in a more efficient anti-tumor
effect. Indeed, various studies have reported that NO can promote wound healing [36].
The tumor volume growth (Figure 7c) recorded in nude mice during the treatment period
also showed that the most effective tumor growth inhibitory response was obtained in
the UA+NIR and UA-BNN6+NIR groups. After 14 days of treatment, the tumors of the
nude mice were removed and weighed, and the results (Figure 7e) showed that the final
tumor weights were consistent with the tumor growth behavior in each group. In addi-
tion, no significant decrease in body weight of nude mice during different treatments was
observed (Figure 7d), indicating the high biocompatibility of the composite nanoparticles.
Finally, major organs (heart, liver, spleen, lung, and kidney) of nude mice were excised and
stained with hematoxylin and eosin (H&E) for histological analysis. The results showed
(Figure S5) that, compared with the PBS group, no obvious damage was seen in all major
organs in each group, further confirming the excellent biocompatibility of the nanomaterial.
The above results fully demonstrate that UA-BNN6 are highly efficient, biocompatible,
and safe nanomaterials for synergistic NO-photothermal therapy of cancer, hence having
outstanding application prospects as anti-tumor agents to realize targeted cancer clearance.
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Figure 7. NO-photothermal synergistic tumor therapy in vivo. (a) Photothermal imaging of nude
mice 6 h after injection of PBS or UA-BNN6 and 808 nm NIR laser treatment and (b) temperature
change curve of tumor site; (c) changes of tumor volume in nude mice during different treatments;
(d) changes in body weight of nude mice during treatment; (e) photographs of nude mice and tumors
after different treatments (left), and the weight of removed tumors (right).
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4. Conclusions

In summary, in this contribution UA with excellent NIR absorption properties were
successfully synthesized by a simple and gentle method. Owing to the rich porous structure
of the synthesized composite nanoparticles, UA can efficiently deliver the hydrophobic NO
donor BNN6 into cancer cells/tissues. Based on the phenomenon that BNN6 molecules
can decompose and release NO at high temperatures, UA-BNN6 that enter cancer cells can
generate local high temperatures under NIR irradiation and promote the decomposition
of BNN6 molecules to release relatively high concentrations of NO, so as to achieve a
NO-photothermal therapy synergistic effect against cancer cells. This NIR-controlled
treatment strategy has the advantages of high anti-cancer efficacy, precision, and good
biocompatibility, paving a way for a future green and efficient cancer therapy approach for
targeted cancer clearance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12081348/s1, Figure S1: The synthesis and decomposition
route of BNN6, Figure S2: UV-vis absorption spectra of BNN6, Figure S3: Fluorescence curves of PBS
solutions of UA-BNN6 after irradiation by NIR (808 nm, 1.0 W cm−2), Figure S4: Confocal images
of intracellular generation of NO in HeLa cells after treatment with UA, UA-BNN6, UA+NIR and
UA-BNN6+NIR, Figure S5: H&E staining of tissue sections of main organs in nude mice.
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Abstract: Gap-enhanced Raman tags (GERTs) were widely used in cell or biological tissue imaging
due to their narrow spectral linewidth, weak photobleaching effect, and low biological matrix
interference. Here, we reported a new kind of graphene-wrapped, petal-like, gap-enhanced Raman
tags (GP-GERTs). The 4-Nitrobenzenethiol (4-NBT) Raman reporters were embedded in the petal-like
nanogap, and graphene was wrapped on the surface of the petal-like, gap-enhanced Raman tags.
Finite-difference time-domain (FDTD) simulations and Raman experimental studies jointly reveal
the Raman enhancement mechanism of graphene. The SERS enhancement of GP-GERTs is jointly
determined by the petal-like “interstitial hotspots” and electron transfer between graphene and
4-NBT molecules, and the total Raman enhancement factor (EF) can reach 1010. Mesoporous silica
was grown on the surface of GP-GERTs by tetraethyl orthosilicate hydrolysis to obtain Raman tags of
MS-GP-GERTs. Raman tag stability experiments showed that: MS-GP-GERTs not only can maintain
the signal stability in aqueous solutions of different pH values (from 3 to 12) and simulated the
physiological environment (up to 72 h), but it can also stably enhance the signal of different Raman
molecules. These highly stable, high-signal-intensity nanotags show great potential for SERS-based
bioimaging and multicolor imaging.

Keywords: gap-enhanced Raman tags; graphene; Raman-enhanced mechanism; stability

1. Introduction

Surface-enhanced Raman scattering (SERS) is an ultrasensitive vibrational spectroscopy
technique that is widely used in various fields, such as chemistry, physics, biology, and
medicine [1–5]. The nanoprobes designed based on SERS technology are called “SERS tags”,
which are usually composed of metal nanoparticles and Raman reporter molecules [6]. The
strong characteristic Raman signal can be generated by “SERS tags”; thus, it has a similar
optical-labeling function with fluorescent dyes and quantum dots, showing great potential in
the field of biological analysis and imaging [7–9]. However, this simple metal nanoparticle-
Raman reporter molecule structure lacks stability, and the Raman signal is easily disturbed
by the environment. Usually, a layer of material needs to be wrapped around the structure
to protect the Raman signal molecule. When necessary, specific target molecules need to be
modified outside the protective layer to obtain SERS probes with various biological functions.

Gap-enhanced Raman tags (GERTs) are an emerging class of SERS tags. In GERTs,
Raman reporter molecules are embedded between metal core shells, which reduces the in-
fluence of the external environment and nanoparticle aggregation on Raman signals [10–13].
Recently, Zhang et al. [14]. proposed a petal-like, gap-enhanced Raman tag (P-GERTs),
which enables single-particle detection due to the strong electromagnetic field hot spots
generated by both the inner gap and the outer petaloid structure. However, the Raman
reporters adsorbed on the surface of the outer petal structure of P-GERTs are still affected
by the external environment, resulting in unstable SERS signals and poor controllability.
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Nanomaterials 2022, 12, 1626

Graphene is one of the most widely studied and mature two-dimensional (2D) atomic
materials [15–17]. It has the advantages of single atomic layer thickness, unique phononic
structure, high-electron mobility, chemical inertness, and biocompatibility [18–20]. More-
over, graphene can also be used as a shell-separating nanoparticle extension material for
the fabrication of ultrathin shells at the atomic layer scale, while also providing addi-
tional chemical enhancement [21]. Numerous studies have shown that the combination of
graphene and metal nanoparticles can enhance the SERS performance of substrates [22–24].
Qiu et al. [25]. used the electrostatic interaction between graphene oxide and gold nanorods
to synthesize graphene oxide-wrapped gold nanorods and reduce the biological toxicity of
gold nanorods. Zhang’s research group [26,27] combined graphene with silver nanoparti-
cles to obtain stable and highly reproducible SERS substrates. Li et al. [28]. reported the
enhanced Raman spectra of graphene-wrapped gold nanoparticles, which exhibited good
pH stability and high-temperature stability.

In this work, we developed new graphene-wrapped, petal-like, gap-enhanced Raman
tags (GP-GERTs for brevity). The 4-NBT Raman reporters were embedded between the
petal-like nano-gaps, and graphene was wrapped on the surface of the petal-like gold
nanoparticles by electrostatic interaction. We explained the Raman enhancement mech-
anism of GP-GERTs through FDTD simulations and Raman experimental studies. The
“interstitial hot spots” between petals and the “charge transfer” between graphene and
4-NBT jointly enhanced the SERS signal, and the total Raman EF can reach 1.75 × 1010.
Mesoporous silica was grown on the surface of GP-GERTs by hydrolysis of tetraethyl
orthosilicate to obtain MS-GP-GERTs. Due to the special structure of Raman tags and the
chemical inertness of graphene, MS-GP-GERTs showed excellent stability in serum environ-
ment and aqueous solutions with different pH values. The Raman signal of MS-GP-GERTs
remained stable, whether immersed in an aqueous solution with a pH ranging from 3 to
12 or immersed in a simulated physiological environment for a long time (up to 72 h).
In addition, the MS-GP-GERTs structure can also achieve stable SERS enhancement for a
variety of different Raman reporters. This highly stable, high-signal intensity Raman tag
has great potential for applications in different types of biomedical imaging and multicolor
Raman imaging.

2. Materials and Methods
2.1. Materials

Chloroauric acid (HAuCl4·4H2 O)) and cetyltrimethylammonium chloride (CTAC, 99%)
were purchased from Shanghai Meryer Chemical Reagent Co., Ltd (Meryer, Shanghai, China).
The 4-Nitrobenzenethiol (4-NBT, 95%), 1,4-benzenedithiol (1,4-BDT, 98%), 4-mercaptobenzonitrile
(4-MBN, 95%), Biphenyl-4,4′-dithiol (B-4,4′-D, 98%), and 2-naphthalene thiophenol (2-NT, 98%)
were obtained from Shanghai Macklin Biochemical Technology Co., Ltd (Macklin, Shanghai,
China). Ascorbic acid (AR, 99%), sodium hydroxide solid powder (NaOH, AR, 96%), hy-
drochloric acid (ACS, 37%), sodium chloride (AR, 99.5%), glucose monohydrate (98%), and
ethyl orthosilicate (TEOS) were purchased from Shanghai Aladdin Biochemical Technology Co.,
Ltd (Aladdin, Shanghai, China). Bovine serum albumin (98%) was purchased from Hefei Qian-
sheng Biotechnology Company (Qiansheng, Hefei, China). Mechanically exfoliated single-layer
graphene (99%) was purchased from Shenzhen Suiheng Graphene Technology Co., Ltd (Suiheng,
Shenzhen, China). Anhydrous ethanol and isopropanol were purchased from Tianjin Huaxun
Pharmaceutical Technology Co., Ltd. (Huaxun, Tianjin, China). Deionized water (18.25 MΩ)
was used for all experiments.

2.2. Synthesis of GP-GERTs and MS-GP-GERTs

Gold nanocores were synthesized by referring to the work of Zhang et al. [14]. The
synthesis process of GP-GERTs and MS-GP-GERTs are shown in Figure 1.
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Figure 1. Schematic illustration of the synthesis process of the GP-GERTs and MS-GP-GERTs and
SERS measurement by Raman system.

Firstly, Raman reporter molecules were modified on the surface of gold nanocores.
The 4-NBT ethanol solution (500 µL, 10 mM) was added to 10 mL of gold nucleus solution
(1 nM) and sonicated for 30 min; the obtained sol particles were washed with CTAC solution
(50 mM) by centrifugation and then re-dispersed in CTAC (50 mM) solution for later use. In
this process, the ethanol solution of 4-NBT was replaced by the ethanol solution of different
Raman molecules, and the gold nanocores modified with different Raman molecules can
be obtained.

Secondly, gold nanopetals were grown on the surface of gold nanocores modified with
Raman reporters. A total of 0.5 mL of 4-NBT molecule-modified gold nanonucleus solution
was added to a mixed solution of CTAC (8 mL, 0.05 M), ascorbic acid (250 µL, 0.04 M) and
chloroauric acid (500 µL, 5 mM). The solution changed from colorless to pink, purple, and
blue, and it continued to be sonicated for 30 min. P-GERTs with 4-NBT Raman reports were
obtained.

Thirdly, petal-gap enhanced Raman tags was wrapped by graphene. A total of 4 mL of
the prepared P-GERTs were mixed with 2 mL of graphene ethanol solution (20 mg/L), and
NaOH (0.05 M) was added to adjust the pH of the solution to 12.5. The mixture was stirred
at 40 ◦C for 8 h; graphene could be bonded on the surface of P-GERTs via electrostatic
interaction. After the dispersion was cooled to room temperature, it was centrifuged at
14,000 rcf for 15 min to remove the supernatant and was re-dispersed in CTAC to obtain
GP-GERTs.

Finally, mesoporous silica shells were grown on the surface of GP-GERTs through
TEOS hydrolysis. An amount of 1.5 mL of deionized water was added to 2 mL of GP-GERTs,
and sodium hydroxide solution (0.05 M) was added dropwise to adjust the pH to 12.5.
Next, 50 µL of 5% TEOS in isopropanol was added slowly to the solution under stirring.
This procedure was repeated three times at 30-min intervals, and then the mixture was
reacted for 24 h at 40 ◦C. The resulting solution was then centrifuged at 14,000 rcf for 15 min,
the supernatant was removed, and the particles were redispersed in 2 mL of ethanol to
obtain MS-GP-GERTs.

2.3. Characterization of GERTs

Scanning electron microscope (SEM) images were acquired on a Merlin Compact
(Zeiss, Oberkochen, Germany) with an accelerating voltage of 10 kV. Transmission electron
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microscopy (TEM) images were acquired on a FEI Talos F200c (ThermoFisher, Waltham,
MA, USA) at 120 kV. UV-Vis spectra were acquired using a Lambda 45 UV-Vis spectropho-
tometer (PerkinElmer, Waltham, MA, USA). Fourier transform infrared spectra (FTIR) were
acquired using a VERTEX V70 Fourier infrared spectrometer (Bruker, Karlsruhe, Germany).
Raman spectra were recorded with a laser confocal Raman spectrometer (XperRam200,
Nanobase, Seoul, Korea) equipped with an Olympus upright microscope with a 40× objec-
tive, numerical aperture (NA) of 0.65, and an Andor scientific grade TE-cooled CCD. The
Raman excitation wavelength was set to 785 nm, the power was 60 mW, the integration time
was set to 1 s, and the spectral resolution was 2.5 cm−1. All Raman-testing experiments
were performed on silicon substrates. The baseline of spectral data was removed by the
LabSpec software (Horiba, Paris, France).

2.4. Stability Experiments of MS-GP-GERTs

For the experiment of PH stability, 2 mL of the prepared MS-GP-GERTs solution was
centrifuged and dispersed in aqueous solutions of different pH values (pH values ranged
from 3 to 12). After soaking for 30 min, it was centrifuged again and redispersed in 2 mL of
ethanol. A small amount of the sample was drawn dropwise on the silicon substrate using
a pipette, and the MS-GP-GERTs sample to be tested was obtained after natural drying.

Using 10% bovine serum albumin, 10% glucose solution, and 0.9% normal saline to
simulate a physiological environment, the time stability of Raman tags in a physiological
environment was tested. The specific test method is as follows: 2 mL of the prepared
MS-GP-GERTs solution was centrifuged and dispersed in 2 mL of bovine serum albumin
solution (10%). The mixing time of MS-GP-GERTs and 10% bovine serum albumin solution
was controlled as 2 h, 12 h, 24 h, 36 h, and 72 h, respectively. It was then washed twice
by centrifugation with absolute ethanol and redispersed in 2 mL of ethanol. A small
amount of sample was drawn dropwise on the silicon substrate using a pipette, and the
MS-GP-GERTs sample to be tested was obtained after natural drying. Two additional tests
can be performed by replacing the 10% bovine serum albumin solution with 10% glucose
solution or 0.9% normal saline.

3. Results
3.1. UV-Vis Absorption Spectroscopy

According to the synthesis process of Raman tags, we tested three sets of UV-Vis
absorption spectroscopy for comparison. The red and black curves of Figure 2a represent
the absorption spectra of gold nanocores and gold nanocores modified 4-NBT molecules,
respectively. As shown in Figure 2a, the absorption peak of gold nanocores is around 524
nm, which is consistent with the absorption peak of 20 nm gold particles [29]. After the
adsorption of 4-NBT molecules on the surface of the gold nanocores, the absorption peak
has a red shift of 3 nm. The blue and green curves in Figure 2a represent the absorption
spectra of P-GERTs and (MS)P-GERTs, respectively. Different from the absorption peak
of gold nanocores, the absorption peak of P-GERTs is around 638 nm, which can be
explained by the larger diameter of Raman tags and the generation of a large number of
electromagnetic hot spots. In addition, compared with P-GERTs, the absorption peak of
(MS)P-GERTs has a 5 nm red shift, which indicates that mesoporous silica can grow on the
surface of P-GERTs [30].

Figure 2b is the UV-Vis absorption spectroscopy of graphene, GP-GERTs, and MS-
GP-GERTs. As shown in Figure 2b, in the range of 300–900 nm, the absorption curve of
graphene shows a decreasing trend, which is the same as that reported in the previous
literature [31]. In addition, after the Raman tags were combined with graphene, the
absorption peak of the Raman tags in the visible light range disappeared, which was
mainly affected by graphene. It was also confirmed that the Raman tags were encapsulated
by graphene, and GP-GERTs and MS-GP-GERTs were successfully synthesized.
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3.2. Fourier Transform Infrared Spectroscopy (FTIR)

Figure 3 shows the FTIR spectra of graphene, GP-GERTs, and MS-GP-GERTs. As
shown in Figure 3, graphene has no obvious characteristic peaks in the infrared region,
which is because the single-layer graphene we use is prepared by mechanical exfoliation.
During the measurement of FTIR spectra, graphene is compressed into graphite flakes.
Therefore, none of the peaks were measured. GP-GERTs also showed the same trend, with
no obvious peaks in the infrared region, which also indicated that graphene was wrapped
on the surface of petal-like gold nanostructures. The FTIR spectra of MS-GP-GERTs showed
characteristic peaks of mesoporous silica. The peak around 790 cm−1 is derived from the
stretching vibration of Si-O bond, and the peak around 1075 cm−1 is derived from the
Si-O-Si group [32]. Furthermore, since our mesoporous silica was obtained by hydrolysis
of TEOS (isopropanol as solvent), and the composite structure was not calcined when
measuring the FTIR spectrum. Therefore, the vibration peaks of C-H bond appeared
at 2850 cm−1 and 2920 cm−1, and the vibration peak of the Si-OH bond appeared near
3014 cm−1 [33].

Nanomaterials 2022, 12, x FOR PEER REVIEW 6 of 18 
 

 

 
Figure 3. FTIR spectra of graphene, GP-GERTs, and MS-GP-GERTs. 

3.3. SEM and TEM 
Figure 4 shows the SEM images of P-GERTs. Figure 4a is a 100 KX magnification of 

P-GERTs, and the scale bar is 100 nm. The shape of P-GERTs nanoparticles is similar to 
that of petals, and the agglomeration between particles is not obvious, and they are rela-
tively independent of each other. Figure 4b is the P-GERTs magnified by 200 KX, and the 
scale bar is 20 nm. According to Figure 4b, the morphology of P-GERTs nanoparticles can 
be better observed, and the diameter of the particles can be estimated. The SEM images 
confirmed that the P-GERTs had a petal-like shape with particle diameters ranging from 
about 60 nm to 80 nm. 

 
Figure 4. SEM images of P-GERTs: (a) 100 KX magnification; (b) 200 KX magnification. 

Figure 3. FTIR spectra of graphene, GP-GERTs, and MS-GP-GERTs.

69



Nanomaterials 2022, 12, 1626

3.3. SEM and TEM

Figure 4 shows the SEM images of P-GERTs. Figure 4a is a 100 KX magnification of
P-GERTs, and the scale bar is 100 nm. The shape of P-GERTs nanoparticles is similar to that
of petals, and the agglomeration between particles is not obvious, and they are relatively
independent of each other. Figure 4b is the P-GERTs magnified by 200 KX, and the scale bar
is 20 nm. According to Figure 4b, the morphology of P-GERTs nanoparticles can be better
observed, and the diameter of the particles can be estimated. The SEM images confirmed
that the P-GERTs had a petal-like shape with particle diameters ranging from about 60 nm
to 80 nm.
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Figure 5a shows the TEM image of P-GERTs, and the scale bar is 20 nm. The mi-
crostructure of P-GERTs can be more clearly observed from Figure 5a, which consists of an
inner gold core, middle nano gaps (marked by a red arrow in Figure 5a), and outer nano
petals. The total diameter of P-GERTs is about 70 nm, which is mutually confirmed with
the previous SEM images. Figure 5b,c are TEM images of monolayer graphene and GP-
GERTs, respectively, and the scale bar is 2 µm. The complete morphology of the monolayer
graphene can be seen from Figure 5b, and combined with Figure 5c, it can be clearly seen
that most of the P-GERTs nanoparticles are covered by the mesh-like monolayer graphene.
Figure 5d shows a TEM image of (MS)P-GERTs with a scale bar of 200 nm, and the upper
right inset shows a further magnified single (MS)P-GERTs particle with a scale bar of 20 nm.
As shown in Figure 5d, the mesoporous silica layer wraps around the P-GERTs with a
thickness of about 15–25 nm, which also shows a clear mesoporous structure in the enlarged
inset. Figure 5e shows the TEM picture of MS-GP-GERTs, and the scale bar is 200 nm.
From Figure 5e, it can be seen that most of the MS-GP-GERTs nanoparticles are dispersed
independently in the solution, and the individual nanoparticles are marked by red arrows,
and the diameter of the particles is about 80–95 nm. It can be observed that a mesoporous
silica layer grows on the surface of P-GERTs while being covered by excess graphene in
solution. It should be pointed out that there is also a very thin graphene layer (about
0.5–1 nm) between the mesoporous silica layer and the P-GERTs particle. This is because
the excess monolayer graphene was well mixed with the P-GERTs before the mesoporous
silica cladding is grown. Unfortunately, such thin graphene is difficult to observe together
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with mesoporous silica and P-GERTs in TEM characterization. However, in our later Raman
experiments and calculations of the enhancement mechanism, the graphene interlayer was
proven to exist.
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3.4. Simulation

FDTD solutions (Lumerical, Vancouver, BC, Canada) simulation software was used to
simulate the spatial distribution of the electromagnetic field strength of the Raman tags.
Figure 6a shows a simulation model for simulating the electric field effect of a Raman tag.
As shown in Figure 6a, the laser source is total-field scattered-field, and the laser is polarized
along the X direction and propagates in the -Z direction. The real structures of P-GERTs are
very complex with random petal-like structures, and in the FDTD simulations, we used
small gold nanospheres to simulate the petal structures. Figure 6c shows the 3D model of
the P-GERTs we used, which consists of an inner gold core (radius 15 nm), a molecular
layer of 4-NBT in the middle (thickness 1 nm), and outer petals (small gold spheres with
a radius of 9 nm). A total of 26 small golden spheres were used to simulate the petals of
P-GERTs. A total of 18 of them were evenly distributed on three circles perpendicular to
the X, Y, and Z axes, and the distance between the center of the small gold sphere and the
center of the inner gold core is 25 nm. The remaining eight were distributed in the center
of the remaining blank area, and the distance between the centers of the spheres is also
25 nm. The total particle size of the P-GERTs is about 68 nm, and the specific size is given
in Figure 6b. As shown in Figure 6d–f, the frequency domain filed and power monitor
are placed in the XY plane, and the 4-NBT molecular layer refractive index was set to one,
according to other literatures [34,35]. The graphene layer thickness was set to 1 nm, and
the refractive index of graphene was set to 2.63 + 1.28 i [36]. The thickness of the SiO2
layer was set to 20 nm, and the refractive index of SiO2 and Au were both derived from
the parameters in the software. The calculation priority is from inside to outside, and the
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refractive index of the medium surrounding the Raman label was set to 1.33 (simulated
water environment).
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10 nm, 10 nm and 20 nm, respectively.

To investigate the effect of different laser wavelengths on the electric field enhancement
effect of P-GERTs, we calculated the electromagnetic field strengths of P-GERTs when
excited at three different laser wavelengths (532, 638, and 785 nm). As shown in Figure 7a–c,
the electric field intensity distributions of single P-GERTs were similar under the excitation
of three laser wavelengths, and the electromagnetic hot spots were mainly concentrated in
the gap between the gold core and the petals. When excited by 638 nm laser, the maximum
ratio of electromagnetic field strength is 38.6, when excited by 785 nm laser, the maximum
ratio is 33, and when excited by 532 nm laser, the maximum ratio is 28.7. According to the
previous absorption spectrum of P-GERTs, the resonance absorption peak of P-GERTs is
around 638 nm; thus, 638 nm belongs to resonance excitation, which is also the reason for
the strongest electric field enhancement effect. However, resonance excitation can lead to
a significant endothermic effect of metal nanoparticles, and the temperature around the
nanoparticles increases rapidly, which in turn affects the stability of Raman tags [37]. Both
785 nm and 532 nm belong to non-resonant excitation, and the thermal effect is not obvious,
which can ensure the long-term stability of the Raman tags. Compared with 532 nm, the
electric field enhancement effect is stronger at 785 nm excitation; thus, the excitation light
of 785 nm wavelength is used in the subsequent simulation and Raman experiments.
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Figure 7. (a–c) Electric field enhancement distributions of single P-GERTs calculated by FDTD at
excitation wavelengths of 785, 638, and 532 nm; (d–f) Electric field enhancement distributions of
single (MS)P-GERTs, GP-GERTs, and MS-GP-GERTs, all with excitation wavelengths of 785 nm.

Figure 7d–f shows the electric field enhancement distributions for single (MS)P-GERTs,
GP-GERTs, and MS-GP-GERTs. As shown in Figure 7d–f, the electromagnetic hot spots
of single (MS)P-GERTs, GP-GERTs, and MS-GP-GERTs are also concentrated in the gap
between the gold core and the petals. Silica layer and graphene layer have little effect
on the electromagnetic field strength of P-GERTs. The maximum ratio of electromagnetic
field strength of single (MS)P-GERTs, GP-GERTs, and MS-GP-GERTs were 32.3, 33.8, and
33.5, respectively. Several studies have shown that graphene has the effect of enhancing
the Raman signal, but the enhancement mechanism is chemical enhancement, and the
enhancement effect of graphene on the electromagnetic field is not obvious [38–40]. Our
simulation results also provide support for this claim.

3.5. Raman Spectra and Enhancement Mechanism of GERTs

Figure 8a shows the Raman spectrum of 4-NBT molecule (10−3 mol/L) on silicon
substrate. As shown in Figure 8a, there are five main characteristic peaks in the Raman
spectrum of 4-NBT molecule, which are 1335 cm−1, 722 cm−1, 854 cm−1, 1080 cm−1,

and 1570 cm−1, respectively. The peak of 1335 cm−1 corresponds to the strong mode
ν(NO2), the remaining four peaks correspond to the four weak modes, π(CH) + π(CS) +
π(CC), π(CH), ν(CS), and ν(CC), respectively. Figure 8b shows the Raman spectrum of
graphene (10−3 mol/L) on silicon substrate. Within 1200–2800 cm−1, there are three Raman
characteristic peaks of graphene, which are D peak at 1330 cm−1, G peak at 1575 cm−1, and
2D peak at 2670 cm−1. Figure 8c shows the Raman spectra of four Raman tags of P-GERTs,
(MS)P-GERTs, GP-GERTs, and MS-GP-GERTs. As shown in Figure 8c, the Raman peaks
of all Raman tags are similar to those of the 4-NBT molecule. We found that the Raman
signal intensities of P-GERTs and (MS)P-GERTs were comparable, and the Raman signal
intensities of GP-GERTs and MS-GP-GERTs were comparable. We can clearly see that after
graphene-wrapped P-GERTs, the Raman signal of GP-GERTs is significantly enhanced. The
same conclusion can be drawn by comparing the Raman signal intensities of MS-GP-GERTs
and (MS)P-GERTs. To determine the concentration detection limit of MS-GP-GERTs Raman
tags, the prepared MS-GP-GERTs Raman tag solutions were diluted with ethanol. We
prepared samples with Raman tags of MS-GP-GERTs at concentrations of 100 pM, 10 pM,
1 pM, 100 fM, and 10 fM for Raman measurement, and the experimental results obtained
are shown in Figure 8e. From Figure 8e, it can be seen that even at a concentration of 100 fM
of MS-GP-GERTs, a 4-NBT Raman curve with a good signal-to-noise ratio can be obtained.
At further dilution to 10 fM, the Raman signal of 4-NBT was hardly detected.
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It is generally reported that there are two enhancement mechanisms of SERS effect,
namely physical enhancement mechanism and chemical enhancement mechanism [41–43].
The physical enhancement mechanism can be explained as the “interstitial hot spots” of
rough metal surfaces or nanostructures are excited by the laser, causing localized surface
plasmon resonance to generate electromagnetic field enhancement (EM). The chemical
enhancement mechanism can be regarded as the signal enhancement caused by the charge
transfer between the substrate and the molecule, namely the charge transfer mechanism
(CT). It is worth mentioning that the graphene D peak (1330 cm−1) used in our experiments
is very close to the strong mode ν(NO2) peak (1335 cm−1) of the 4-NBT molecule, and
the graphene G peak (1575 cm−1) is very close to the ν(CC) peak (1570 cm−1) of the
4-NBT molecule. Coincidentally, in our experiments, the most obvious Raman signal
enhancements are also the two peaks at 1335 cm−1 (the yellow-shaded area in Figure 8c)
and 1570 cm−1 (the red-shaded area in Figure 8c). According to Zhu et al. [44], the intensity
ratio of the D peak and the G peak in the Raman spectra will change during the process of
converting graphene to graphene oxide. Due to the increased defects in graphene oxide,
the D peak will eventually become stronger. To determine the source of the Raman peak
enhancement in Figure 8c, we replaced the 4-NBT ethanol solution with ethanol solution
during the synthesis of MS-GP-GERTs and GP-GERTs so that the final composite structure
does not contain 4-NBT molecules. Figure 8d shows the Raman spectra of the composite
structures, MS-GP-GERTs, GP-GERTs, and graphene. As shown in Figure 8d, although the
signal intensities of graphene D peak (1330 cm−1) and G peak (1575 cm−1) in MS-GP-GERTs
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and GP-GERTs were slightly enhanced, the ratio of the two hardly changed. This indicates
that the graphene in the composite structure has not changed. It was further confirmed that
the enhancement of Raman peak in Figure 8c originated from the SERS signal of 4-NBT
molecules.

Therefore, the Raman signal enhancement mechanism of GP-GERTs tags may have
three situations: one can be explained as CT mechanism, the electron transfer between
graphene and 4-NBT molecules causes the Raman signal enhancement of GP-GERTs; the
other one can be explained as the EM mechanism, the “interstitial hotspot” around the
P-GERTs tag enhances the Raman signal of graphene, leading to the enhancement of the
Raman signal of GP-GERTs; the third possibility is that these two enhancement mechanisms
coexist.

According to the principle of electromagnetic field enhancement, the approximate
electromagnetic enhancement factor (EFEM) can usually be calculated with the following
formula [45]:

EFEM =
|Eout(ω0)|2|Eout(ωs)|2

|E0|4
≈ |Eout(ω0)|4

|E0|4
(1)

where E0 is the incident electric field strength, which is usually set to 1 V/m. Eout(ω0) is
the local electric field strength of incident light (frequency ω0), and Eout(ωs) is the local
electric field strength of Raman scattered light (frequency ωs).

According to the electric field simulation results in Section 3.3, the EFEM of P-GERTs,
(MS)P-GERTs, GP-GERTs, and MS-GP-GERTs Raman tags can be calculated to be 1.18 ×
106, 1.09 × 106, 1.31 × 106, and 1.26 × 106, respectively.

On the other hand, in the actual Raman experiment, the following formula can be
used to calculate the enhancement factor (EF) of the experimental results [46]:

EF =
ISERS/NSERS

IRaman
/NRaman (2)

Among them, EF represents the enhancement factor obtained by analyzing the exper-
imental results. ISERS and IRaman represent the Raman intensity of SERS and the Raman
intensity of the molecule itself, respectively. NSERS and NRaman represent the number of
molecules in the SERS experiment and the number of molecules in the ordinary Raman
experiment, respectively.

For normal Raman measurements, the concentration of the 4-NBT Raman molecule is
1 mM. For the calculation of the number of molecules in the SERS experiment, according to
literature, the surface area of gold nanospheres with a diameter of 20 nm is about 1256 nm2,
and it can be assumed that the adsorption area of each Raman molecule is 0.2 nm2 [47,48].
We estimate the number of Raman molecules adsorbed on each P-GERT to be 6280, and
multiplying the concentration of gold nanocores can calculate the number of 4-NBT Raman
molecules in the SERS experiment. The enhancement factors of P-GERTs, (MS)P-GERTs,
GP-GERTs, and MS-GP-GERTs can be calculated according to the signal intensity of 4-
NBT molecule at 1335 cm−1 in the Raman experiment and Equation (2), respectively,
EF= 7.56× 109, EF= 7.95× 109, EF= 1.67× 1010, and EF= 1.75× 1010. According to the
signal intensity of graphene at 1575 cm−1 in the Raman experiment and Equation (2), the
enhancement factors of GP-GERTs and MS-GP-GERTs can be calculated to be EF= 5.3× 109

and EF= 4.34× 109, respectively. Compared with the previous calculation results of the
electromagnetic enhancement factor (EFEM), EFEM is 106 order of magnitude, while the
actual EF in the experiment is 109~1010 order of magnitude, and the difference between
EFEM and actual EF is 103~104 order of magnitude. This indicates that the Raman signal
enhancement of GP-GERTs comes not only from EM enhancement, but also from chemical
enhancement (CT mechanism), and the Raman signal enhanced by CT mechanism is in the
order of 103~104.

Based on the experimental and theoretical calculation results, we propose a schematic
diagram of the possible Raman enhancement mechanism of GP-GERTs tags. As shown in
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Figure 9, the EM mechanism and the CT mechanism work together on 4-NBT molecules
and graphene. The EM mechanism originates from “electromagnetic hot spots” inside
and on the surface of the petal-like nanotags. The CT mechanism mainly comes from the
following three aspects: Firstly, the gold nanoparticles are excited by light to generate
hot electrons, which are transferred to 4-NBT molecules, and the 4-NBT molecules are
excited to generate SERS signals. Secondly, the hot electrons on the gold nanoparticles
may also be transferred to the graphene to enhance the Raman signal of the graphene or
transferred to the 4-NBT molecule after passing through the graphene. Thirdly, the hot
electrons generated by the photo-excited graphene are transferred to the 4-NBT molecule,
which in turn generates the SERS signal.
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3.6. Stability of MS-GP-GERTs

The stability of the Raman signal is an important indicator for evaluating Raman tags.
A stable Raman signal for a long time is an important basis for the practical application
value of Raman tags. For Raman tags applied in the field of bioimaging, it is usually neces-
sary to maintain stability under various storage conditions and physiological environments
(such as different pH and serum solutions). Figure 10a shows the experimental data of
the stability study of MS-GP-GERTs in aqueous solutions with different pH values. As
shown in Figure 10a, the Raman spectra and signal intensities of MS-GP-GERTs were hardly
affected despite the wide range of pH changes (from pH = 3 to pH = 12). This indicates that
MS-GP-GERTs have strong pH stability, especially in acidic environments, and the Raman
tags reported previously are difficult to maintain in acidic solutions (pH < 5) [14,30] since
the Raman 2D peak of graphene is more easily affected by the pH of the solution [49,50].
To evaluate the stability of graphene quality, similar to Figure 8d, we investigated the
changes of the 2D peaks of graphene in the composite structure MS-GP-GERTs without
4-NBT molecules in aqueous solutions with different pH values. The experimental results
are shown in Figure 10b. It can be seen from Figure 10b that the 2D peaks of graphene
were less affected by the pH values of the solution, and the intensity of the 2D peaks hardly
changes. Only when the pH value was 3, the 2D characteristic peak was shifted slightly to
lower wave numbers. Therefore, we believe that the quality of graphene in the composite
structure MS-GP-GERTs is stable in solutions of different pH values.
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Subsequently, we carried out a temporal stability test of the Raman signal of MS-GP-
GERTs in 10% bovine serum albumin solution. As shown in Figure 10c, MS-GP-GERTs were
stable for a long time in 10% bovine serum albumin solution. After 72 h, the Raman spectral
curves and signal intensities of MS-GP-GERTs remained basically unchanged, showing
excellent temporal stability in a simulated serum physiological environment. Considering
the actual physiological environment, we further investigated the stability of MS-GP-GERTs
in glucose solution and normal saline. The concentration of glucose solution was set to
10%, and 0.9% normal saline was prepared with sodium chloride and deionized water.
Similar to 10% bovine serum albumin, the incubation time of MS-GP-GERTs with glucose
solution (10%) and normal saline (0.9%) was varied from 0 h to 72 h, and the obtained
experimental results are shown in Figure 10d,e. From Figure 10d, it can be seen that the
Raman spectra of MS-GP-GERTs are very stable during the incubation time, and the Raman
tags show excellent temporal stability in glucose solution. Figure 10e shows the change of
the normalized Raman intensity of the 1335 cm−1 Raman peak during the incubation of
MS-GP-GERTs with normal saline. The Raman intensity of MS-GP-GERTs was also stable
during the incubation time, and saline had little effect on the stability of the Raman signal.

For most SERS tags, due to the direct adsorption of Raman reporters on the surface
of metal substrates, it is difficult to maintain stable performance under harsh conditions,
such as long-term laser irradiation and strong acid conditions [51–53]. This limits the
application of SERS tags to a certain extent, especially in in vivo imaging applications. In
our experiments, MS-GP-GERTs showed excellent stability in the serum environment and
aqueous solutions with different pH values. The main reasons are analyzed as follows:
First, our Raman reporters are not simply adsorbed on the surface of the metal substrate but
embedded in the inner gap of the petal-shaped gold nanoparticles, which makes the Raman
reporters less disturbed by the external environment. Secondly, graphene is wrapped on
the surface of P-GERTs, and the chemical inertness of graphene can protect Raman reporters
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from harsh environments. In addition, the protective layers of the mesoporous silica grow
on the surface of the graphene-wrapped, petal-like tags, which further improve the stability
and biocompatibility of the Raman tags.

Finally, we changed the Raman reporters inside the MS-GP-GERTs to study the stability
of the graphene-wrapped, petal-like, gap-enhanced Raman tag structure to the SERS
enhancement of different Raman reporters. Figure 11a shows the schematic structure of
MS-GP-GERTs with different Raman reporters. Different colors correspond to different
Raman reporters, and red, green, blue, and purple correspond to 1,4-BDT molecules, 4-
MBN molecules, B-4,4′-D, and 2-NT molecules, respectively. Figure 11b shows the SERS
spectra corresponding to Figure 11a. As can be seen in Figure 11b, the graphene-wrapped,
petal-like, gap-enhanced Raman tag structure can achieve stable SERS enhancement for all
four Raman reporter molecules. Similar to Figure 8e, we further examined the concentration
detection limit of MS-GP-GERTs tags with different Raman reporters. Figure 11c,d show
the Raman signals of MS-GP-GERTs tags with different Raman reporters at concentrations
of 10 pM and 100 fM, respectively. Raman spectra of different reporter molecules with
good signal-to-noise ratio can also be obtained when the Raman tags concentration is
100 fM. This means that SERS tags with different Raman characteristic peaks can be easily
prepared by only replacing the internal Raman reporters of MS-GP-GERTs. It shows the
great potential of MS-GP-GERTs in different types of biomedical imaging and multicolor
Raman imaging.
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4. Conclusions

In summary, we developed new graphene-wrapped, petal-like, gap-enhanced Raman
tags and demonstrated the detailed synthesis process. We explained the specific role of
graphene in Raman tags through FDTD simulations and Raman spectroscopy experimental
studies. The Raman enhancement of GP-GERTs is determined by both CT mechanism
and EM mechanism, and the total Raman EF can reach 1010. The stability experiments
show that MS-GP-GERTs not only have excellent stability in different PH values (from 3
to 12) aqueous solutions, but also maintain signal stability in the simulated physiological
environment for a long time (up to 72 h). In addition, the MS-GP-GERTs structure can also
achieve stable enhancement of different Raman reporters, showing a bright application
prospect in the field of biomedical imaging.
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Abstract: As a typical representative of endocrine-disrupting chemicals (EDCs), bisphenol A (BPA) is
a common persistent organic pollutant in the environment that can induce various diseases even at
low concentrations. Herein, the magnetic Fe3O4-Au@Ag@(Au@Ag) nanocomposites (CSSN NCs)
have been prepared by self-assembly method and applied for ultra-sensitive surface-enhanced
resonance Raman scattering (SERRS) detection of BPA. A simple and rapid coupling reaction of
Pauly’s reagents and BPA not only solved the problem of poor affinity between BPA and noble metals,
but also provided the SERRS activity of BPA azo products. The distribution of hot spots and the
influence of incremental introduction of noble metals on the performance of SERRS were analyzed
by a finite-difference time-domain (FDTD) algorithm. The abundance of hot spots generated by
core–shell–satellite structure and outstanding SERRS performance of Au@Ag nanocrystals were
responsible for excellent SERRS sensitivity of CSSN NCs in the results. The limit of detection (LOD)
of CSSN NCs for BPA azo products was as low as 10−10 M. In addition, the saturation magnetization
(Ms) value of CSSN NCs was 53.6 emu·g−1, which could be rapidly enriched and collected under the
condition of external magnetic field. These magnetic core–shell–satellite NCs provide inspiration
idea for the tailored design of ultra-sensitive SERRS substrates, and thus exhibit limitless application
prospects in terms of pollutant detection, environmental monitoring, and food safety.

Keywords: magnetic; core–shell–satellite nanocomposites; surface-enhanced resonance Raman
scattering; coupling reaction; FDTD; bisphenol A

1. Introduction

Endocrine-disrupting chemicals (EDCs), also known as environmental hormones,
are exogenous substances that affect mammalian reproduction by interfering with the
endocrine system of organisms [1–3]. Bisphenol A (BPA), as a typical representative of
EDCs, has been used principally in manufacturing polycarbonates and epoxy resins which
are the main raw materials of plasticizers, plastic bottles and cups, food storage and pack-
aging materials, and other commonly used industrial products [4,5]. Unfortunately, a large
amount of evidence shows that the persistence, bioaccumulation, and biomagnification
of BPA can bring about serious negative effects on human health and the ecosystem [6,7].
Although BPA is a low-toxicity chemical, it can induce a variety of diseases even at very low
concentrations, such as congenital disabilities, diabetes, cardiovascular diseases, multiple
cancers, and especially reproductive system diseases [8–10]. Hence, it is urgent to explore a
rapid, sensitive, efficient, and low-cost detection method for BPA.
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At present, direct detection and indirect detection are two commonly used methods
for BPA detection. The direct detection method of BPA mainly includes high-performance
liquid chromatography (HPLC), gas chromatography/mass spectrometry (GC-MS) and
liquid chromatography/mass spectrometry (LC-MS) [11–13]. Nevertheless, these methods
ordinarily need complex sample pretreatment, long-term testing, professional testers, and
expensive equipment, which limit their practical application. By comparison, indirect
detection methods, such as plasmon resonance biosensors and enzyme-linked immunosor-
bent assay, have high sensitivity [14,15]. However, the complex antibody preparation and
the blurry recognition boundaries between specificity and non-specificity still need to be
solved [16]. In recent years, as a highly sensitive spectral analysis technology, surface-
enhanced Raman scattering (SERS) has stimulated considerable research enthusiasm due
to its high sensitivity, easy operation, multiplexing ability, and applicability, and it is
extensively used in the detection of chemical and biological molecules [17–20]. Both electro-
magnetic enhancement (EM) and chemical enhancement (CE) are widely recognized SERS
enhancement mechanisms [21,22]. A large number of experimental results have proven that
the EM mechanism shows an enhancement of 104 to 1011, while the CE mechanism only
contributes to 10 to 103 enhancement [23]. Therefore, it is widely acknowledged that EM
plays a key role in SERS enhancement [24]. Given that the enhancement of EM caused by
localized surface plasmon resonance (LSPR) excitation usually occurs in nanogaps between
metal nanoparticles (named “hot spots”), it is highly desirable to increase the number of
“hot spots” for obtaining high performance SERS substrates [25–27].

Inducing aggregation and constructing interlayers are two commonly used methods
for introducing high- density hot spots. Nonetheless, the introduction of aggregation will
inevitably bring about non-uniform distribution of noble metals, which is not conducive
to the purpose of increasing hot spots [28]. In comparison, the use of polymers to achieve
the adsorption or self-assembly of hot spots on surface of composite SERS substrates has
attracted more and more attention [29,30]. Polyethyleneimine dithiocarbamate (PEI-DTC)
polymer with excellent bonding strength is an ideal interlayer, which can significantly
improve the affinity of Au and Ag nanocrystals to the SERS surfaces due to the presence of
the bidentate ligands with two chelating sulfur groups [31]. Unfortunately, single-element
Au nanocrystals or Ag nanocrystals have limited plasmonic absorption [32]. The bimetallic
Au@Ag nanocrystals can not only have richer plasmonic modes and tunable LSPR but also
make full use of outstanding SERS activity of Ag nanocrystals as well as uniformity and
stability of Au nanocrystals [33–35]. However, the affinity between phenolic molecules
such as BPA and noble metals is rather weak when mixing the target analytes with noble
metal substrates directly, which is bad for the acquisition of high-quality SERS signals [36].
Because azo dyes have a propensity to bind to noble metal nanocrystals, the coupling
reaction of BPA and diazonium ions to produce azo dyes is an ideal solution for the SERS
detection of BPA, which can greatly boost the activity of SERS substrates [37]. In addition,
the resonance enhancement occurs when the excitation wavelength overlaps or approaches
the electronic transition of target molecules, which is called surface-enhanced resonance
Raman scattering (SERRS) [38]. Therefore, the combination of azo dyes derived from BPA
and SERRS will make it possible for ultra-sensitive detection of BPA.

Herein, we propose magnetic-core–shell–satellite Fe3O4-Au@Ag@(Au@Ag) nanocom-
posites (CSSN NCs), which could serve as ultra-sensitive SERRS substrates for BPA detec-
tion. A simple and rapid coupling reaction of Pauly’s reagents and BPA was used not only
to solve the problem of poor affinity between BPA and noble metals, but also to advance
SERRS enhancement performance. BPA azo products were selected as target molecules to
discuss the effect of the incremental introduction of noble metals on SERRS activity. The
distribution of hot spots was obtained by a finite-difference time-domain (FDTD) theo-
retical method, and the relevant SERRS enhancement mechanism was discussed. Given
that Fe3O4 hollow spheres with large specific surface area have a good superparamagnetic
property, CSSN NCs could be easily recovered through an external magnet, which provided
potential possibilities of recycling and reuse in complex liquid environments [39]. Our
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work not only enriches research on the tailored design of ultra-sensitive SERRS substrates,
but also realizes the rapid and quantitative detection of trace BPA, which may have many
possible applications, such as in pollutant detection, environmental monitoring, and food
safety.

2. Materials and Methods
2.1. Materials and Characterization

The details of this section can be found in Supplementary Materials.

2.2. Synthesis of PEI-DTC Aqueous Solution, Fe3O4 Hollow Spheres, Au Seeds, and Au@Ag
Nanocrystals

PEI-DTC aqueous solution, Fe3O4 hollow spheres, Au seeds, and Au@Ag nanocrystals
were obtained on the basis of our previous work [40].

2.3. Synthesis of Fe3O4-Au (FA) NCs

An amount of 20 mg of Fe3O4 hollow spheres were added to 20 mL of methanol,
followed by dropwise addition of 25 mL of PEI-DTC aqueous solution. After the mixture
stood for 60 min, the product was separated and gathered by a magnet. Then 20 mL of
Au seeds were added under sonication. Finally, FA NCs were obtained after continuous
sonication for 1 h and repeated washing.

2.4. Synthesis of FA@Ag@(Au@Ag) (CSSN) NCs

As illustrated in Scheme 1, the preparation process of CSSN NCs consists of two
steps. The first step was the preparation of FA@Ag NCs. First, 10 mg of FA NCs and
5 mL of deionized water were mixed. Subsequently, AgNO3 (0.1 M; 3 mL) and reductant
NH2OH·HCl (0.1 M; 12 mL) were added. FA@Ag NCs were obtained after sonication for
2 h and several wash cycles with ethanol.
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The second step was the synthesis of CSSN NCs. The previously obtained FA@Ag
NCs were blended with 20 mL of methanol, and 25 mL of PEI-DTC was dropwise-added.
The mixture was stored for about 1 h. Then, FA@Ag@PEI-DTC NCs were obtained through
washing and drying. After 10 mg of FA@Ag@PEI-DTC NCs was put into 5 mL of deionized
water, 40 mL of Au@Ag nanocrystals was poured into the mixture and sonicated for about
2 h. Finally, the product was washed and dried to obtain CSSN NCs.

2.5. Pauly’s Reagents and Coupling Reaction

Three kinds of reagents were prepared and kept at 4 ◦C for further use. Reagent A was
a mixture of p-aminobenzenesulfonic acid (4.5 g), HCl solution (12 M; 5 mL) and deionized
water (500 mL). Reagent B was 5% NaNO2, and reagent C was 10% Na2CO3.

Coupling reaction: Reagents A + B + C + BPA ethanol solution in a volume ratio
of 1:1:1:2.

2.6. FDTD Algorithm Method

Details of FDTD algorithm method can be found in Supplementary Materials.

2.7. SERRS Measurements

Before SERRS measurements, BPA was changed into azo dyes through a coupling
reaction of BPA and diazonium ions to bind noble metals with high affinity and thus
achieve highly sensitive detection of BPA. In this work, the phenol group of BPA could be
converted into azo dyes with p-aminobenzenesulfonic acid through electrophilic aromatic
substitution [41,42]. After the coupling reaction, BPA solution (25 µL) with different
concentrations of 10−10 to 10−4 M and CSSN (1 mg) NCs were mixed in the aluminum pan,
respectively. SERRS spectroscopy was performed under 514.5 nm laser and acquisition
time was about 10 s.

3. Results and Discussion
3.1. Structure and Magnetic Properties of CSSN NCs

XRD technology was used to study the structure and phase purity of Fe3O4 hollow
spheres, FA, FA@Ag and CSSN NCs. As shown in Figure 1, the diffraction peaks of Fe3O4
hollow spheres located at 30.4◦, 35.5◦, 43.4◦, 53.4◦, 57.3◦, and 62.8◦ refer to the (112), (211),
(220), (024), (303), and (224) planes of Fe3O4, respectively, which can be indexed to the
cubic inverse spinel structure of Fe3O4 (JCPDS 19-0629) [43,44]. In addition, the diffraction
peaks are sharp and strong, which indicates that the prepared Fe3O4 hollow spheres have
high phase purity and good crystallization. However, owing to the fact that Fe3O4 as well
as γ-Fe2O3 have the identical spinel structure, it is not sufficient to identify them only
by XRD results [45]. Therefore, the phase structure of Fe3O4 hollow spheres was further
verified by Mössbauer spectroscopy. As depicted in Figure S1, the Mössbauer spectrum of
Fe3O4 hollow spheres can be fitted into two sextets, and the magnetic sextets lines illustrate
the typical double six peak structure of Fe3O4 [46,47]. The corresponding Mössbauer
parameters of Fe3O4 hollow spheres are presented in Table S1. Hyperfine field is 48.7 and
45.5 Tesla, and the isomer displacement is 0.288 and 0.602 mm/s, which correspond to
Fe2+ and Fe3+ at octahedral interstitial sites and Fe3+ at tetrahedral interstitial sites. After
Au seeds were loaded on surfaces of Fe3O4 hollow spheres, four new XRD diffraction
peaks emerged at 38.2◦, 44.3◦, and 64.5◦, which were assigned to (111), (200), and (220)
planes of Au (JCPDS 04-0784) [48]. It should be noted that the positions of Au and Ag
characteristic peaks are too close to be distinguished [49]. Since the intensities of XRD
diffraction peaks are related to the contents of phase in the mixture [50,51], the increase
of the intensities of Ag/Au diffraction peaks in the XRD patterns of FA@Ag NCs proves
that there is dense Ag adsorbed on the surfaces of FA NCs. The XRD pattern of CSSN NCs
shows that the diffraction peaks intensity of Ag/Au further increases significantly when
the Au@Ag nanocrystals are adhered to the FA@Ag NCs. By contrast, the XRD diffraction
pattern of CSSN NCs exhibits weaker Fe3O4 characteristic peaks than that of Fe3O4 hollow
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spheres, FA, and FA@Ag NCs. This may be attributed to the declining proportion of Fe3O4
contents caused by the successful modification of the large amount of Au seeds and Au@Ag
nanocrystals. Consequently, the information obtained from above XRD and Mössbauer
analysis preliminary confirm the successful construction of Fe3O4 hollow spheres, FA,
FA@Ag, and CSSN NCs.
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For researching the magnetic properties of Fe3O4 hollow spheres, FA, FA@Ag, and
CSSN NCs, their magnetic hysteresis (M-H) loops were tested via vibrating sample mag-
netometer (VSM), as displayed in Figure S2. The M-H loops show that Fe3O4 hollow
spheres, FA, FA@Ag, and CSSN NCs have superparamagnetic property. The saturation
magnetization (Ms) values of Fe3O4 hollow spheres, FA, FA@Ag, and CSSN NCs were 89.1,
74.5, 63.7, and 53.6 emu·g−1, respectively. It was found that the Ms value gradually reduces
with the incremental introduction of noble metal due to the diamagnetism of noble metal
nanocrystals [52]. As depicted in the inset of Figure S2, the CSSN NCs can be collected by
an external magnet within 50 s even if their Ms value is the lowest among all the materials.
The remarkable magnetic response property means that CSSN NCs have great convenience
in rapid separation and detection in complex liquid environments.

The morphology, size, and structure of the obtained products were studied by TEM,
EDS elemental mapping, and EDS line scanning. As depicted in Figure 2a, the Fe3O4
nanocrystals show uniform spherical shapes with size of about 600 nm, and the dark edges
and shallow cores of Fe3O4 nanocrystals suggest the formation of hollow structures. It
can be seen from the TEM image of FA NCs (Figure 2b) that Au seeds (about 20 nm) are
densely and uniformly loaded on the surfaces of Fe3O4 hollow spheres. Subsequently,
the seed-mediated growth technique was used to grow Ag shell on the surfaces of FA
NCs. Specifically, Au seeds on Fe3O4 hollow spheres were employed as nucleation sites
for the formation of Ag shells. As exhibited in the dark-field TEM image of FA@Ag NCs
(Figure 2c), with the continuous reduction of Ag+ on surfaces of FA NCs, Ag shells with
subtle roughness formed on the surfaces of FA NCs, and elements of Au and Ag are uni-
formly distributed on the surfaces of Fe3O4 hollow spheres, as shown in the corresponding
EDS elemental mapping in Figure 2c. In order to create more hot spots, Au@Ag nanocrys-
tals continued to be assembled on the surfaces of FA@Ag NCs to obtain CSSN NCs by
PEI-DTC layers. As presented in Figure 2d, PEI-DTC layers with a thickness of around
15 nm are uniformly coated on the surfaces of FA@Ag NCs. For directly confirming the
construction of core–shell–satellite structure in CSSN NCs, we took EDS line scanning
profiles (Figure 2f) across CSSN NCs as presented by the orange highlighted line in the
dark-field TEM image of Figure 2e. As shown in Figure 2f, it was found that the size of
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CSSN NCs increased to around 800 nm due to the presence of Au seeds, Ag shells, and
Au@Ag nanocrystals, which is bigger than that of Fe3O4 hollow spheres. Moreover, the
elements show a symmetrical distribution with the change of detection position. The X-ray
intensity of Au and Ag is maximum while Fe and O is minimum in the edge region. By
comparison, the relative intensity of Fe and O increases gradually and almost no X-ray
intensity of Au and Ag is observed in the direction of the orange arrow. This proves that the
Au@Ag nanocrystals are adsorbed firmly on the outermost layer of FA@Ag@PEI-DTC by
the affinities between the bidentate ligands with two chelating sulfur groups and Au@Ag
nanocrystals [31]. Therefore, the EDS line-scanning results of CSSN NCs are consistent
with the conclusions of XRD, TEM, and corresponding EDS mapping, which proves that
the formation of CSSN NCs with the core–shell–satellite structure is convincing.
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Figure 2. TEM images of Fe3O4 hollow spheres (a) and FA NCs (b). Dark-field TEM images and EDS
elemental mapping results (O, Fe, Au and Ag) of FA@Ag NCs (c). TEM image of FA@Ag@PEI-DTC
NCs (d). Dark-field TEM images (e) and EDS line scanning spectra of CSSN NCs (f).

The valence of elements in CSSN NCs was determined by XPS technology. Full XPS
spectra of Fe3O4 hollow spheres, FA, FA@Ag, and CSSN NCs are exhibited in Figure S3.
Within detection limit of XPS, Fe 2p, O1s, Au 4f, Ag 3d, and C 1s were observed and
no impurity was found. High-resolution XPS results of Ag 3d and Au 4f are reflected in
Figure 3. Ag 3d spectra in Figure 3a display peaks at 368.2 and 374.2 eV with a spin-orbit
splitting of 6 eV for CSSN NCs, which are attributable to characteristics of Ag 3d3/2 and
Ag 3d5/2 of Ag0 [53]. As represented in Figure 3b, peaks of CSSN NCs at 84.1 and 87.8 eV
with an energy difference of 3.7 eV are attributable to Au 4f7/2 and Au 4f5/2 of Au0 [54,55].
An interesting phenomenon is that the binding energy of Ag 3d as well as Au 4f changes
slightly with the incremental introduction of noble metals. The positions of Ag 3d peaks of
CSSN NCs are blue-shifted compared with FA@Ag NCs, and the positions of Au 4f peaks
are red-shifted compared with FA@Ag and FA NCs. This shift in binding energy may be
ascribed to the charge transfer from metallic Au to Ag [56–58].
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Ag 3d (a) and Au 4f (b).

3.2. Choice of Excitation Source

A widely accepted consensus is that the SERRS method can further improve the
sensitivity of Raman scattering spectroscopy, which combines resonance enhancement and
SERS [59]. Hence, it is very important to find a suitable excitation source to arouse the
SERRS effect. UV–Vis spectra of BPA azo products, FA, FA@Ag, and CSSN NCs were tested
to determine a light source with an appropriate wavelength that takes into account the
resonance effect of BPA azo products and plasmon resonance effect of CSSN NCs with
the laser. As presented in Figure S4, the absorption positions of BPA azo products, FA,
FA@Ag, and CSSN NCs are located at 450, 545, 536, and 512 nm, respectively. Because the
plasmonic resonance peak of CSSN NCs is closer to the absorption position of BPA azo
products compared with FA and FA@Ag NCs, the coupling between BPA azo products and
CSSN NCs is considerably easier. Therefore, 514.5 nm laser was selected as the excitation
source in this work given that it is more suitable for the coupling absorption.

3.3. SERRS Spectra of BPA Azo Product on FA, FA@Ag, and CSSN NCs

In order to directly evaluate the SERRS performance of various substrates, BPA
(10−4 M) was chosen as the target molecule and FA, FA@Ag, and CSSN NCs served as
SERRS substrates to explore their SERRS-enhancing capabilities, respectively. The detailed
band assignments of BPA azo products are exhibited in Table S2 [37,60]. As reflected in
Figure 4, with the incremental introduction of noble metals, the SERRS intensity of BPA
gradually increases and CSSN NCs exhibit the strongest SERRS sensitivity compared with
FA and FA@Ag NCs. The above phenomenon is foreseeable and will be discussed in
detail below.
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3.4. Mechanism of SERRS Enhancement

As mentioned above, the widely accepted theory for SERRS enhancement mechanism
is EM mechanism, which derives from LSPR excitation of noble metal nanocrystals [61–63].
Compared with FA NCs, the surfaces of FA@Ag NCs are almost completely covered
with Ag shells, which have better LSPR effect than Au, so it is reasonable that SERRS
performance of FA@Ag NCs is somewhat better than that of FA NCs. In addition, strong
electromagnetic fields will be excited in/between nearby noble metals because of the
coupling effect and thus the SERRS signal intensity of target molecule can be significantly
enhanced in hot spot regions [64–66]. Consequently, increasing the quantity of hot spots
is an effective method to enhance the SERRS activity. To reveal why CSSN NCs have the
highest SERRS enhancement, a FDTD theoretical algorithm was employed to visualize the
distribution of electromagnetic field. As presented in Figure 5, it can be seen that more hot
spots are generated on CSSN NCs. Compared with CSSN NCs, no obvious hot spots are
found on the separate FA@Ag NCs (Figure 5a). A reasonable explanation is that the SERRS
enhancement of FA@Ag NCs may come from hot spots generated by the aggregation of
FA@Ag NCs in an actual detection procedure. As for CSSN NCs, large number of hot spots
can also emerge in the region of narrow spacing between two adjacent Au@Ag nanocrystals,
as shown in Figure 5b,c. In addition, there are large amounts of hot spots between Ag shells
and outermost Au@Ag nanocrystals. It follows that the hot-spots effect is brought into
full play through the construction of the core–shell–satellite structure. It also needs to be
emphasized here that the introduction of the bimetallic Au@Ag nanocrystals is distinctly
important, given that the Au@Ag nanocrystals make full use of excellent SERRS activity
of Ag nanocrystals and high stability of Au nanocrystals [67,68]. Therefore, the excellent
SERRS performance of CSSN NCs is attributed to a considerable quantity of hot spots
generated by the core–shell–satellite structure, as well as excellent SERRS performance of
Au@Ag nanocrystals.
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3.5. Quantitative Detection of BPA Azo Products

In order to assess the practicability of CSSN NCs as SERRS substrate for quantitative
and sensitive detection of BPA, BPA azo products with different concentration from 10−10

to 10−4 M were chosen as probe molecules. Sharp and strong characteristic peaks of BPA
azo products can be clearly observed from SERRS spectra illustrated in Figure 6a. SERRS
intensities of BPA azo products rise monotonously with the increase of concentrations. The
limit of detection (LOD) for the detection of BPA is as low as 10−10 M (about 0.023 ng/mL),
which is well below the safety limit of the European Union (0.6 mg/kg), as well as China
(10 ng/mL) [69]. More importantly, compared with the previous reports, our as-prepared
CSSN substrate has the highest SERRS enhancement performance (Table 1) [70–75]. More-
over, the relationship between the concentrations of BPA azo products adsorbed on CSSN
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NCs and the corresponding SERRS intensities at 1384 cm−1 is reflected in Figure 6b. The
linear relationship versus the logarithm of the concentrations and correlation coefficient
(R2) is up to 0.96, which further proves that CSSN NCs are high performance SERRS sensors
and can realize quantification of BPA down to 10−10 M.
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Table 1. Comparison of the SERS sensitivity of different SERS substrates to BPA.

SERS Substrates LOD (M) References

MoS2/ZnO 10−9 [70]
Au/MBA/PEG/BADGE 3 × 10−9 [71]

Self-assembled graphitic substrates 10−6 [72]
Ag-thiolated β-cyclodextrin 10−7 [73]

MIPs@Ag NPs 5 × 10−8 [74]
Ag@MIP 10−9 [75]

CSSN 10−10 this work

4. Conclusions

In conclusion, magnetic core–shell–satellite CSSN NCs for ultra-sensitive SERRS
detection of BPA have been successfully developed. The coupling reactions between BPA
and Pauly’s reagents not only improved the affinity between BPA and substrates, but also
amplified the SERRS signals due to the SERRS effect generated by the combination of
resonance of BPA azo products and plasma resonance of noble metals. BPA azo products
were chosen as target molecules to investigate the effect of incremental introduction of
noble metals on SERRS activity. The distribution of electromagnetic field of CSSN NCs
was studied through FDTD theoretical algorithm. The results revealed that a considerable
number of hot spots were produced on the core–shell–satellite structure. The excellent
SERRS activity of CSSN NCs was attributed to abundant hot spots of core–shell–satellite
structure as well as outstanding SERRS activity of Au@Ag nanocrystals. BPA azo products
were used to evaluate the practicability of CSSN NCs as SERRS substrate. When the
concentrations of BPA azo products ranged from 10−10 to 10−4 M, SERRS intensities
followed linear relationship versus the logarithm of the concentrations, and LOD was as low
as 10−10 M. In addition, the Ms value of superparamagnetic CSSN NCs was 53.6 emu·g−1,
which gave CSSN NCs the function of rapid separation and detection in complex liquid
environments by an external magnetic field. This study not only provides a novel ultra-
sensitive SERRS substrate, but also shows enormous potential for the field of food safety
and environmental pollution control.

90



Nanomaterials 2022, 12, 3322

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12193322/s1, Figure S1: Mössbauer spectrum of Fe3O4
hollow spheres; Figure S2: Magnetic hysteresis (M-H) loops of Fe3O4 hollow spheres, FA, FA@Ag
and CSSN NCs (The inset is photograph of CSSN NCs dispersed in deionized water before and after
magnet separation); Figure S3: Full XPS spectra of Fe3O4 hollow spheres, FA, FA@Ag and CSSN NCs;
Figure S4: UV-Vis spectra of BPA azo products, FA, FA@Ag and CSSN NCs; Table S1: Mössbauer
spectrum parameters of Fe3O4 hollow spheres; Table S2: Band assignments in the SERRS spectra of
BPA azo products.
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Abstract: Gold nanoparticles (AuNPs) with various sizes and morphologies have been extensively
investigated for effective photothermal therapy (PTT) against multiple cancer types. However, a
highly dynamic and complex tumor microenvironment (TME) considerably reduces the efficacy
of PTT by limiting deep tumor penetration of AuNPs. Herein, we propose a mesenchymal stem
cell (MSC)-mediated deep tumor delivery of gold nanorod (AuNR) for a potent PTT. First, MSCs
are treated with tetraacylated N-azidomannosamine (Ac4ManNAz) to introduce modifiable azide
(N3) groups on the cell surface via metabolic glycoengineering. Then, AuNRs modified with bio-
orthogonal click molecules of bicyclo[6.1.0]nonyne (AuNR@BCN) are chemically conjugated to the
N3 groups on the MSC surface by copper-free click chemistry reaction, resulting in AuNR@MSCs. In
cultured MSCs, the appropriate condition to incorporate the AuNR into the MSCs is optimized; in
addition, the photothermal efficiency of AuNR-MSCs under light irradiation are assessed, showing
efficient heat generation in vitro. In colon tumor-bearing mice, intravenously injected AuNR@MSCs
efficiently accumulate within the tumor tissues by allowing deep tissue penetration owing to the
tumor homing effect by natural tumor tropism of AuNR@MSCs. Upon localized light irradiation,
the AuNR@MSCs significantly inhibit colon tumor growth by the enhanced photothermal effect
compared to conventional AuNRs. Collectively, this study shows a promising approach of MSCs-
mediated deep tumor delivery of AuNR for effective PTT.

Keywords: mesenchymal stem cell; gold nanorod; drug delivery; deep tumor penetration;
photothermal therapy

1. Introduction

Light-mediated therapeutic approaches have emerged as an effective cancer treat-
ment owing to unique advantages, such as minimal invasiveness, high selectivity, and
spatiotemporal control [1–3]. Photothermal therapy (PTT), which can convert light to heat
via photothermal agents, causes irreversible damage in cancer cells by inducing localized
heat depending on the magnitude of the light exposure time and its fluence in a nonin-
vasive manner [4]. Importantly, gold nanoparticles (AuNPs) that have various size and
morphology of spheres, rods, shells, clusters, and cages have been extensively investigated
for effective PTT in diverse cancer types [5–7]. Importantly, the AuNPs efficiently accu-
mulate within the tumor tissues owing to the enhanced permeability and retention (EPR)
effect based on their nano-sized structure; in addition, the tumor targeting efficiency can be
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further enhanced by modification with active-targeting ligands because AuNPs have great
amenability for surface functionalization [8–11]. However, tumor tissues have a highly
dynamic and complex microenvironment (TME), which is characterized by (i) regional
blood flow to the tumors and increased vessel permeability; (ii) high stiffness, interstitial
fluid pressure (IFP), and solid stress; and (iii) physical barriers imposed by the extracellular
matrix (ECM) and increased ECM cross-linking [12,13]. These factors considerably reduce
the tumor targeting efficiency of passive and active targeting strategies by limiting the
deep tumor penetration of nanoparticles [14]. Therefore, there is a desperate need for a
promising strategy to deliver AuNR to the deep tumor tissues for improving PTT efficiency.

Mesenchymal stem cells (MSCs) that can be easily isolated from fat liver, muscles,
bone marrow, and many other places has become an attractive delivery system as a biovesi-
cles to transport nanoparticles to tumor tissues [15]. The MSCs, that often lack major
histocompatibility complex-II (MHC class II), prevent T cell responses and thus evade the
immune systems complications in human and animal models [16]. Notably, MSCs exhibit
natural tumor tropism premised on the site-specific expression of growth factors, such as
epidermal growth factor, platelet-derived growth factor, and stromal-derived factor-1 [17].
Accordingly, they have an intrinsic homing nature to tumors by the activation of tumor-
associated chemokine receptors; in addition to their tumor-targeting ability, recent studies
have shown that MSCs hold a homing effect against specific tumors, which can be opti-
mized by employing the appropriate types of MSCs to target a specific type of tumor [18].
Based on these distinct advantages, MSCs have been widely studied to enhance the deep
tumor penetration of nanoparticles, which is mainly achieved by intracellular loading meth-
ods [19]. This is because the MSCs should encapsulate the nanoparticles based on physical
and non-specific loading approaches owing to a lack of specific receptors compared to
cancer cells [20]. However, this approach can diminish the natural functionality of MSCs
and alter their in vivo fate; most importantly, it also shows limited drug loading efficiency,
resulting in poor therapeutic efficacy.

Herein, we propose an MSCs-mediated deep tumor delivery of gold nanorod (AuNR)
for a potent PTT by the incorporation of AuNR into the MSCs through metabolic glyco-
engineering and copper-free click chemistry reaction. The metabolic glycoengineering
can incorporate modifiable chemical groups into the surface glycans of the cells [21–23].
When the cells are treated with unnatural metabolites such as Ac4ManNAz, Ac4GalNAz,
and Ac4GlcNAz, they utilize them to build blocks via an intrinsic glycan mechanism;
as a result, azide (N3) groups in such metabolites are exogenously generated on the cell
surface [24]. The successful introduction of N3 groups on the cell surface using unnatural
metabolites was evaluated in stem cells as well as in various cancer (colon, breast, glioma,
and prostate cancers) cells and normal (human fibroblast, cardiomyocytes, and human
umbilical vein endothelial) cells, which was extensively employed for the biomedical appli-
cation of tumor-specific imaging and drug delivery [21,23,25]. In particular, nanoparticles
containing bio-orthogonal click molecules of bicyclo[6.1.0]nonyne (BCN) or dibenzylcy-
clooctyne (DBCO) can be chemically conjugated with N3 group in the unnatural glycans
by copper-free click chemistry reaction [25]. The important benefits of this strategy are in
allowing high-amount loading of nanoparticles without affecting the intrinsic functions and
fates of MSCs. Previous study has demonstrated a successful in vivo tracking of MSCs via
magnetic resonance (MR) imaging by labeling the cells with superparamagnetic iron oxide
nanoparticles via metabolic glycoengineering [26]. In this study, AuNRs modified with bio-
orthogonal click molecules of BCN (AuNR@BCN) are prepared, and modifiable N3 groups
are introduced in MSCs by treating unnatural metabolites (Ac4ManNAz) for metabolic
glycoengineering; eventually, AuNR@BCN is incorporated into the MSCs (AuNR@MSCs)
via copper-free click chemistry reaction (Scheme 1a). The AuNRs that are incorporated
into the MSCs via copper-free click chemistry reaction of BCN and N3 on the cell surface
efficiently internalized into the cytoplasm of the MSCs owing to a membrane turnover
mechanism. The biocompatibility of these nanoparticle internalization mechanisms by
metabolic glycoengineering and copper-free click chemistry reaction has been evaluated,
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and it did not affect stem cell function [25]. When the AuNR@MSCs are intravenously
injected into the colon tumor models, they efficiently penetrate deep inside the tumor
tissues via a stem cell homing effect and induce local hyperthermia upon light irradiation
(Scheme 1b). In cell culture systems, the appropriate condition to incorporate the AuNR
into the MSCs is optimized. In addition, the photothermal efficiency of AuNR-MSCs are
assessed under light irradiation, showing efficient heat generation owing to a high AuNR-
loading efficiency compared to conventional intracellular loading methods. The superior
antitumor efficacy of AuNR-MSCs by deep tumor penetration is assessed in colon tumor-
bearing mice. Collectively, this study shows a promising approach of MSCs-mediated deep
tumor delivery of AuNR for an effective PTT.
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Scheme 1. Mesenchymal stem cells deliver gold nanorod to deep tumor tissues for photother-
mal therapy. (a) AuNRs modified with bio-orthogonal click molecules of BCN (AuNR@BCN) are
prepared, and modifiable N3 groups are introduced into MSCs by treating unnatural metabolites
(Ac4ManNAz) for metabolic glycoengineering; eventually, AuNR@BCN is incorporated into the
MSCs (AuNR@MSCs) via copper-free click chemistry reaction. The AuNRs that are incorporated
into the MSCs via copper-free click chemistry reaction of BCN and N3 on the cell surface efficiently
internalized into the cytoplasm of the MSCs owing to a membrane turnover mechanism. (b) When
the AuNR@MSCs are intravenously injected into the colon tumor models, they efficiently penetrate
deep inside the tumor tissues via a stem cell homing effect and induce local hyperthermia upon
light irradiation.
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1.1. Reagents

Gold(III) chloride trihydrate, silver nitrate, hydrochloric acid, tetraethyl orthosili-
cate (TEOS), (3-aminopropyl)trimethoxysilane (APTMS), bicyclo[6.1.0]non-4-yn-9-ylmethyl
N-succinimidyl carbonate (BCN-NHS), L-ascorbic acid, and sodium borohydride were
purchased from Sigma Aldrich (Oakville, ON, USA). Cetyltrimethylammonium bromide
(CTAB) was purchased from Tokyo Chemical Industry (TCI, Tokyo, Japan). Cyanine5.5
NHS ester was purchased from Lumiprobe (Hunt Valley, MD, USA). Tem grid (Carbon
Film 200 Mesh copper) was purchased from Electron Microscopy Sciences (Hatfield, PA,
USA). Human adipose-derived mesenchymal stem cells (MSCs) and HT29 (human colon
adenocarcinoma) were purchased from American Type Culture Collection (ATCC; Manas-
sas, VA, USA). RPMI 1640 medium, fetal bovine serum (FBS), penicillin, and streptomycin
were purchased from WELGENE Inc. (Daegu, Korea). Minimum Essential Medium α, fetal
bovine serum (FBS), Dulbecco’s phosphate-buffered saline (DPBS), EZ-Link phosphine-
PEG3-biotin, and streptavidin-conjugated horseradish peroxidase (streptavidin-HRP) were
purchased from Thermo Fisher Scientific (Waltham, MA, USA). Cell counting kit-8 (CCK-8)
was purchased from Vitascientific (Beltsville, MD, USA). Tetraacetylated N-azidoacetyl
mannosamine (Ac4ManNAz) was purchased from Invitrogen (Rockford, IL, USA).

1.2. Preparation and Characterization of AuNR@BCN

To incorporate the AuNRs into the MSCs via copper-free click chemistry reaction,
BCN groups were introduced in the AuNRs. First, CTAB (3.6445 g, 0.1 M), HAuCl4
(19.6865 mg, 0.01 M), AgNO3 (1.69 mg), and ascorbic acid (176 mg, 0.1 M) were stirred
at 1100 rpm for 3 min, resulting in AuNR@CTAB. Then, AuNR@CTAB was mixed with
0.8 mM CTAB solution, followed by incubation with 0.1 M NaOH and 1 M TEOS (20%
v/v in MeOH) for 15 min. The resulting AuNR@SiO2 was further mixed with APTMS
(0.04 mL) at 4 ◦C for 24 h to yield AuNR@NH2. Finally, the AuNR@NH2, BCN-NHS ester,
and Cy5.5-NHS ester were dissolved in DMSO, and the solutions were stirred for 24 h at
4 ◦C, resulting in AuNR@BCN.

1.3. Preparation and Characterization of AuNR@MSCs

In order to generate azide (N3) groups on the MSC surface via metabolic glycoengineer-
ing, 5 × 105 cells were seeded in the cell culture dishes, followed by treatment with 20 µM
Ac4ManNAz for 48 h. Then, the cells were further incubated with 10 mM BCN-Cy5.5 at 37 ◦C
for 2 h. For the fluorescence imaging, the cells were washed twice with DPBS, fixed with
4% paraformaldehyde for 20 min, and stained with 4′,6-diamidino-2-phenylindole (DAPI)
for 15 min. The N3 generation in the MSCs was observed via a Leica TCS SP8 laser-scanning
confocal microscope (Leica Microsystems GmbH; Wetzlar, Germany) equipped with diode
(405 nm), Ar (458, 488, 514 nm), and He-Ne (633 nm) lasers. To directly visualize the N3
generation, fluorescence dye Cy5.5-conjugated BCN (BCN-Cy5.5, 2 µM), which can be chemi-
cally conjugated with N3 on the cell surface, was further incubated with Ac4ManNAz-treated
MSCs. The successful N3 generation on the MSC surface was also evaluated via Western
blot analysis. Briefly, the Ac4ManNAz-treated MSCs were lysed using RIPA buffer (1% SDS,
100 mM Tris-HCl, pH 7.4) with protease inhibitor for 1 h at 4 ◦C. After protein quantification
by bicinchoninic acid protein assay (BCA), each 5 mg/mL cell lysate was mixed with 5 mM
phophine-PEG3-biotin and incubated at room temperature for 12 h. The proteins from each
sample were mixed with 1× sodium dodecyl sulfate (SDS) gel-loading dye and boiled for 5 min.
Then, 5 µg of proteins was separated by 12% SDS-polyacrylamide gel electrophoresis and
subsequently transferred onto polyvinylidene fluoride (PVDF). The membranes were incubated
with 1× TBST (10 mol/L Tris, 100 mol/L NaCl, and 0.1% Tween 20, pH 7.4) containing 5%
bovine serum albumin (BSA). Finally, the membranes were further incubated with 1× TBST
containing streptavidin-HRP for 2 h at room temperature, and the protein band was visualized
by an enhanced chemiluminescence kit.

To incorporate the AuNR@BCN in the Ac4ManNAz-treated MSCs via copper-free click
chemistry reaction, 5 × 105 Ac4ManNAz-treated MSCs were incubated with AuNR@BCN
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at a 200 µg/mL concentration for 6 h. Successful AuNR incorporation in the MSCs
(AuNR@MSCs) was observed via a Leica TCS SP8 laser-scanning confocal microscope
(Leica Microsystems GmbH; Wetzlar, Germany) equipped with diode (405 nm), Ar (458,
488, 514 nm), and He-Ne (633 nm) lasers. The photothermal efficiency of AuNR@MSCs
was assessed after light irradiation with a power of 1.0 W/cm2 (CW laser, Changchun New
Industries Optoelectronics Tech. Co. Ltd., Changchun, China). The real-time tempera-
ture and thermal images were recorded using a digital thermometer (HH506A, OMEGA,
Norwalk, CT 06854, USA) and IR camera (E6, FLIR Systems, Seoul, Korea), respectively.

1.4. Deep Tumor Penetration of AuNR@MSCs in Colon Tumor Models

The deep tumor penetration of AuNR@MSCs was assessed in colon tumor-bearing
mice, which were prepared via subcutaneous inoculation of 1 × 107 HT29 cells into the
left flank. When the tumor volumes were approximately 200 mm3, AuNR@MSCs or
AuNR@BCN with an equivalent concentration of 5 mg/kg of AuNR were intravenously in-
jected into the mice. To administrate AuNR@MSCs with 5 mg/kg AuNR concentration, the
amount of AuNR@MSCs were quantified by comparing with Cy5.5 fluorescence intensities
of 5 mg/kg of AuNR@BCN (modified with Cy5.5). The tumor accumulation was observed
by noninvasive near-infrared fluorescence (NIRF) imaging via an IVIS Lumina Series III
system (PerkinElmer; Waltham, MA, USA). On day 5 after treatment, the major organs and
tumor tissues were collected from the mice for ex vivo NIRF imaging, and fluorescence
intensities were quantified using Living Image software (PerkinElmer, Waltham, MA, USA).
In addition, tumor tissues from mice were cut into 10-µm thick sections for histology.
Slide-mounted tumor sections were washed with DPBS three times and stained with GFP
fluorescent dye-conjugated CD31 antibody at 4 ◦C for 12 h. Then, the nuclei of the tumor
tissues were stained with DAPI for 15 min at dark condition and analyzed using a Leica
TCS SP8 confocal laser scanning microscope (Fasanenstrasse 71, 10719 Berlin, Germany).

1.5. Therapeutic Efficacy and Toxicity Evaluation in Colon Tumor Models

The therapeutic efficacy and toxicity of AuNR@MSCs were assessed in HT29 tumor-
bearing mice. Briefly, the mice were randomly divided into four groups: (i) saline, (ii) light
irradiation only (Laser only), (iii) AuNR@BCN with light irradiation (AuNR+L), and
(iv) AuNR@MSCs with light irradiation (AuNR@MSC+L). When the tumor volumes were
approximately 100 mm3, AuNR@MSCs or AuNR@BCN with an equivalent concentration
of 5 mg/kg of AuNR were intravenously injected into the HT29 tumor-bearing mice. In
addition, tumor tissues in the Laser only, AuNR+L, and AuNR@MSC+L groups were locally
irradiated by light with a power of 1.0 W/cm2 for 5 min; light irradiation was performed
after 3 days of AuNR@MSCs or AuNR@BCN treatment. The therapeutic efficacy was
assessed by measuring the tumor volumes, calculated as the largest diameter × smallest
diameter2 × 0.53. The tumor volumes and body weights were measured every day, and
mice with a tumor size of 2000 mm3 or higher were counted as dead.

1.6. Statistics

Statistical analyses were performed using GraphPad Prism 9 software (San Diego,
CA 92108, USA). The statistical significance between two groups was analyzed using
Student’s t-test. One-way analysis of variance (ANOVA) was performed for comparisons of
more than two groups, and multiple comparisons were analyzed using the Tukey–Kramer
post-hoc test. Survival data were plotted as Kaplan–Meier curves and analyzed using the
log-rank test. In the figures, statistical significance is indicated with asterisks (* p < 0.05,
** p < 0.01, *** p < 0.001).

1.7. Data Availability

All relevant data are available with the article and its Supplementary Information
Files, or are available from the corresponding authors upon reasonable request.
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2. Results and Discussion
2.1. Preparation and Characterization of AuNR@BCN

To incorporate the AuNR into the human adipose tissue-derived mesenchymal stem
cells (MSCs) via metabolic glycoengineering and copper-free click chemistry reaction,
AuNRs were modified with BCN (AuNR@BCN; Figure S1). The cetyltrimethylammonium
bromide-stabilized gold nanorods (AuNR@CTAB) were used as a platform AuNPs due
to their great amenability to modify its size, shape, and surface [5]. First, AuNR@CTAB
was coated with silica (AuNR@SiO2) because the protecting and shielding of the AuNR
surface with silica shells can increase their stability and biocompatibility, resulting in the
enhanced effectiveness of PTT [27]. The transmission electron microscope (TEM) images
of the AuNR@SiO2 clearly showed the silica-coated areas on the AuNR surface with a
thickness of ~20 nm after modification of AuNR@CTAB (Figure 1a). To incorporate the
bio-orthogonal click molecules onto the surface of AuNR, the AuNR@SiO2 was function-
alized with 3-aminopropyltriethoxysilane (APTES) using the Stöber method, resulting
in AuNR@NH2 [28]; finally, AuNR@BCN was obtained by the chemical conjugation of
AuNR@NH2 with BCN-succinimidyl carbonate (BCN-NHS ester) via copper-free click
chemistry reaction. As shown in Figure 1a, there were no significant morphological changes
in the AuNR@NH2 and AuNR@BCN compared to AuNR@SiO2, as confirmed by TEM
images. The average size of AuNR@CTAB (about 80–90 nm) was slightly increased after
silica-coating, wherein the AuNR@SiO2, AuNR@NH2, and AuNR@BCN have a similar
average size of approximately 130–140 nm (Figure 1b). The zeta potential of AuNR@CTAB
with high positive charge was changed to neutral after surface silica-coating, but that was
reversed as a positive charge after modification with BCN (Figure 1c). Compared with
the AuNR@CTAB (800 nm), the longitudinal SPR peaks of AuNR@SiO2, AuNR@NH2,
and AuNR@BCN moved to 820 nm owing to the altered local environment around the
AuNRs after silica-shell coating (Figure 1d). Next, the biocompatibility of AuNR@BCN was
evaluated in the MSCs, showing no significant cytotoxicity after 48 h of treatment, with
concentrations from 0 to 200 µg/mL (Figure 1e). Finally, the photothermal efficiency of
each AuNR was assessed under light irradiation with a power of 1.0 W/cm2. As shown in
the photothermal images, the local temperature in the tubes was significantly increased
up to 56 ◦C by AuNR@CTAB; in addition, AuNR@SiO2, AuNR@NH2, and AuNR@BCN
showed comparable photothermal efficiency with AuNR@CTAB in the same experimental
condition (Figure 1f,g). These results indicate that surface modification to incorporate the
bio-orthogonal click molecules onto the surface of AuNR did not influence their basal pho-
tothermal efficiency. Taken together, as a photothermal agent modified with bio-orthogonal
click molecules for incorporation into the MSCs, AuNR@BCN was successfully prepared
without affecting the intrinsic characteristics of AuNRs, such as morphology, photothermal
efficiency, and biocompatibility.
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Figure 1. Preparation and characterization of AuNR@BCN. (a) TEM images of AuNR@CTAB,
AuNR@SiO2, AuNR@NH2, and AuNR@BCN. (b) The size distribution of AuNR@CTAB, AuNR@SiO2,
AuNR@NH2, and AuNR@BCN. (c) The zeta potential of AuNR@CTAB, AuNR@SiO2, AuNR@NH2,
and AuNR@BCN. (d) UV spectrum of AuNR@CTAB, AuNR@SiO2, AuNR@NH2, and AuNR@BCN.
(e) The viability of MSCs after 48 h of AuNR@BCN treatment with concentrations from 0 to 200 µg/mL.
(f,g) The photothermal efficiency of AuNR@CTAB, AuNR@SiO2, AuNR@NH2, and AuNR@BCN
under light irradiation with a power of 1.0 W/cm2.

2.2. Optimization for Generation of Azide Groups on the Stem Cell Surface

In order to generate azide (N3) groups on the surface of MSCs without affecting
their intrinsic functions and fates, appropriate treatment periods and times of unnatural
metabolites (Ac4ManNAz) were optimized in vitro. When the MSCs were incubated with
different concentrations of Ac4ManNAz (0–50 µM) for 48 h, the amount of N3 generated on
the cell surface was gradually increased in a dose-dependent manner up to 20 µM, but that
was similar in the MSCs treated with 20 or 50 µM (Figure 2a). The N3 generation on the
MSC surface was further visualized via cellular fluorescence imaging, wherein the MSCs
were further incubated with BCN modified with fluorescent dye, Cy5.5 (BCN-Cy5.5), for
2 h after treatment and with Ac4ManNAz (0–50 µM) for 48 h (Figure 2b). As expected, a
strong Cy5.5 fluorescence signals on the cell surface were clearly observed in the MSCs
treated with 20 µM Ac4ManNAz, and those were similar with 50 µM Ac4ManNAz-treated
MSCs. Next, the cytotoxicity was evaluated by the different concentrations of Ac4ManNAz
treatments in MSCs. The result showed that treatment of up to 20 µM Ac4ManNAz did
not induce significant cell death of MSCs, but the cell viability of MSCs was significantly
decreased compared to naive cells after 48 h of 50 µM Ac4ManNAz treatment (Figure 2c).
This significant cytotoxicity can potentially cause a negative effect on the intrinsic functions
and fates of MSCs. These results are consistent with a previous study that demonstrated
the safety of Ac4ManNAz in stem cells [29]. Over 20 µM Ac4ManNAz treatment led to the

101



Nanomaterials 2022, 12, 3410

inhibition of the functional properties of stem cells, such as proliferation rate, viability, rate
of endocytosis, and genes related to cell adhesion. However, those effects by Ac4ManNAz
treatment were not observed in MSCs when they were treated with 20 µM Ac4ManNAz.
Therefore, we further optimized the appropriate treatment time of Ac4ManNAz via cellular
fluorescence imaging of MSCs treated with 20 µM Ac4ManNAz; as described above, BCN-
Cy5.5 was subsequently incubated with MSCs after Ac4ManNAz treatment to visualize
the N3 on the cell surface (Figure 2d). The result indicates that N3 generation on the MSC
surface was gradually increased in an incubation time-dependent manner, but the amount
of N3 groups generated on the cell surface were nearly similar in MSCs after 48 or 72 h of
Ac4ManNAz treatment. In addition, the amounts of BCN-Cy5.5 conjugated with N3 on
the cell surface were significantly larger than the natural uptake of BCN-Cy5.5 that was
confirmed in the MSCs without Ac4ManNAz treatment (Figure S2). From these results, we
can expect that drug loading into the MSCs via metabolic glycoengineering and copper-
free click chemistry could be considerably higher than conventional intracellular loading
methods. Taken together, these results clearly demonstrate that treatment with 20 µM
Ac4ManNAz for 48 h is the optimal condition to generate high amounts of N3 groups on
the MSC surface without affecting their intrinsic functions and fates.
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MSCs after 48 h of Ac4ManNAz treatment with concentrations from 0 to 50 µM. (d) N3 generation in
the MSCs after 20 µM treatment of Ac4ManNAz with different incubation times, * p < 0.05.

2.3. Preparation of AuNR-Incorporated MSCs (AuNR@MSCs) in Stem Cell Cultured System

Next, we prepared AuNR-incorporated MSCs (AuNR@MSCs) by the incubation of
20 µM Ac4ManNAz-treated MSCs with AuNR@BCN. To efficiently monitor the AuNR
incorporation in the stem cells via fluorescence imaging, AuNR@BCN modified with NHS-
Cy5.5 (Cy5.5-AuNR@BCN) was used, wherein the Cy5.5-AuNR@BCN has BCN and Cy5.5
groups with a ratio of 9:1. First, the different concentrations (0–200 µg/mL) of Cy5.5-
AuNR@BCN were treated with the Ac4ManNAz-treated MSCs (Man+). The fluorescence
signals (red color) of the AuNRs were clearly observed on the cell surface, and they became
gradually stronger in a dose-dependent manner; however, those fluorescence signals in the
AuNR@MSCs were similar after 200 or 400 µg/mL of AuNR@BCN treatment (Figure 3a).
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Notably, the amount of AuNRs incorporated into the cells was significantly higher in
MSCs treated with Ac4ManNAz compared to naive MSCs (Man−). These results clearly
indicate that metabolic glycoengineering-based nanoparticle incorporation allows a higher
loading capacity in the stem cells than conventional intracellular loading methods. The
AuNR incorporation efficiency was also evaluated at the different incubation times after
the treatment of MSCs with 200 µg/mL AuNR@BCN (Figure 3b). The cellular fluorescence
imaging results showed that the amount of AuNRs incorporated into the MSCs was nearly
similar after 6 h and 12 h of AuNR@BCN treatment. The successful incorporation of AuNRs
into the MSCs was further confirmed via cryogenic electron microscopy, which clearly
shows nano-sized rod morphology on the cell surface after 6 h of 200 µg/mL AuNR@BCN
treatment (Figure 3c).
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Hence, the photothermal performance of AuNR@MSCs, which were prepared by the
treatment of 200 µg/mL AuNRs for 6 h with MSCs pre-treated with 20 µM Ac4ManNAz for
48 h, was evaluated under light irradiation (808 nm, 1.0 W/cm2). The photothermal images
clearly showed a potent heat generation efficiency of AuNR@MSCs (Man+/AuNR@BCN),
wherein the local temperature in tubes was significantly increased up to 52 ◦C, along
with the light irradiation time being longer (Figure 3d and Figure S3). Importantly, an
increase in local temperature by AuNR@MSCs was significantly higher compared to MSCs
incorporating AuNRs via conventional intracellular loading methods (Man−/AuNR@BCN;
39 ◦C) after 6 min of light irradiation with a power of 1.0 W/cm2. Taken together, the
AuNR@MSCs prepared by the incorporation of AuNRs in the stem cells through metabolic
glycoengineering and copper-free click chemistry reaction show considerable heat genera-
tion efficiency by allowing a high loading capacity of photothermal agents.

2.4. Deep Tumor Penetration of AuNR@MSCs in Colon Tumor Models

The deep tumor penetration of AuNR@MSCs was assessed in colon tumor models
that were prepared by the subcutaneous inoculation of 1 × 107 HT29 cells. When the tumor
volumes were approximately 200 mm3, AuNR@MSCs or AuNR@BCN with an equivalent
concentration of 5 mg/kg of AuNR were intravenously injected into mice.

Importantly, the tumor accumulation of AuNR@MSCs was significantly higher than
that of AuNR@BCN, as confirmed by in vivo NIRF imaging of colon tumor-bearing mice
(Figure 4a). The AuNR@MSCs in the tumor tissues was sustainably retained after 5 days
of injection, whereas AuNR@BCN passively accumulated within the tumor tissues in the
relatively lower levels and was rapidly removed from the tumors from 1 day of injection.
These results are attributed to the natural homing effect by tumor tropism of stem cells.
Quantitatively, the amount of AuNR@MSCs in the tumor tissues was 1.5–1.71-fold higher
than AuNR@BCN on day 5 of injection (Figure 4b). Ex vivo NIRF images further showed
1.47–1.66-fold higher tumor accumulation of AuNR@MSCs than that of AuNR@BCN af-
ter 5 days of injection (Figure 4c). Histological analyses were additionally performed to
confirm the deep tumor penetration of AuNR@MSCs. Interestingly, a strong Cy5.5 fluo-
rescence (red color) of AuNR@MSCs was observed deep inside the tumor tissues along
the CD31-positive blood vessels (green color) on day 5 of treatment (Figure 4d). Notably,
AuNR@MSCs showed considerable accumulation in the whole region of the tumors com-
pared with AuNR@BCN, indicating the efficient tumor accumulation of AuNRs by the
MSC-mediated delivery strategy. More importantly, the Cy5.5 fluorescence (red color) of
AuNR@MSCs was clearly observed in the central core region of the tumor tissues. These
results demonstrate an effective deep tumor delivery of AuNRs by MSCs. As a control, only
a little AuNR@BCN was observed in the tumor tissues owing to the limited targeting effi-
ciency of nanoparticles by TME. These observations clearly demonstrate that AuNR@MSCs
efficiently accumulate deep inside the tumor tissues via the intrinsic homing nature to
tumors of stem cells [18]. From these results, we can also expect that AuNR@MSCs would
promote a potent PTT under light irradiation owing to their considerable accumulation in
whole tumor areas.
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Figure 4. Deep tumor penetration of AuNR@MSCs in colon tumor models. (a) NIRF images of
HT29 tumor-bearing mice after AuNR@MSCs or AuNR@BCN treatment. (b) Fluorescence inten-
sities in the tumor tissues of HT29 tumor-bearing mice after AuNR@MSCs or AuNR@BCN treat-
ment. (c) Ex vivo fluorescence images of major organs after 5 days of AuNR@MSCs or AuNR@BCN
treatment. (d) Tumor tissues stained with fluorescent dye-conjugated anti-CD31 antibody after
5 days of AuNR@MSCs or AuNR@BCN treatment. Statistical significance is indicated with asterisks
(*** p < 0.001).

2.5. Therapeutic Efficacy of PTT by AuNR@MSCs in Colon Tumor Models

The therapeutic efficacy of PTT by AuNR@MSCs under light irradiation was assessed
in HT-29 colon tumor models. First, photothermal efficiency to generate heat under light
irradiation was evaluated in mice (Figure 5a). Briefly, the mice were randomly divided into
four groups of (i) saline, (ii) light irradiation only (Laser only), (iii) AuNR@BCN with light ir-
radiation (AuNR+L), and (iv) AuNR@MSCs with light irradiation (AuNR@MSC+L). When
the tumor volumes were approximately 100 mm3, AuNR@MSCs or AuNR@BCN with
equivalent concentration of 5 mg/kg of AuNR were intravenously injected into the mice.
In addition, tumor tissues in the Laser only, AuNR+L, and AuNR@MSC+L groups were
locally irradiated by light with a power of 1.0 W/cm2 for 5 min; light irradiation was per-
formed after 3 days of AuNR@MSCs or AuNR@BCN treatment. The photothermal images
of the mice showed significant hyperthermia in the tumor tissues in the AuNR@MSC+L
group (47.4 ◦C) compared to the saline (35.4 ◦C), Laser only (40.7 ◦C), and AuNR@BCN+L
(43.4 ◦C) groups. The high photothermal efficiency in localized tumor tissues is attributable
to the high loading capacity of AuNR@MSC and their deep tumor penetration, resulting
in considerable accumulation. Next, the therapeutic efficacy was assessed by monitoring
tumor growth after treatment with the same protocol as described above (Figure 5b). As
expected, the mice in the AuNR@MSC+L group (396.06 ± 10.42 mm3) showed significantly
delayed tumor growth compared to those treated with saline (1758.2 ± 380.12 mm3), Laser
only (1190.91 ± 290.75 mm3), and AuNR@BCN+L (857.08 ± 309.81 mm3) on day 18 of
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treatment. The limited therapeutic efficacy of AuNR@BCN+L is due to the low tumor
accumulation by highly dynamic and complex ECM that hinder deep tumor penetration of
nanoparticles. With the intrinsic biocompatible characteristics of AuNPs, the body weights
of mice in the AuNR@MSC+L or AuNR@BCN+L groups showed no significant changes
compared to those in the saline group (Figure 5c). As a result, the median survival of
mice in the saline, Laser only, and AuNR@BCN+L groups was determined to be 20, 24,
and 28 days, respectively; wherein the mice were dead owing to the tumor progression
(Figure 5d). In contrast, mice treated with AuNR@MSC+L all survived over 30 days and
had significantly inhibited tumor growth. Consequentially, AuNR@MSC can promote
intense hyperthermia in the tumor tissues under light irradiation via the MSC-mediated
deep tumor delivery of AuNPs, leading to a potent PTT.
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Figure 5. Therapeutic efficacy of PTT by AuNR@MSCs in colon tumor models. (a) Photother-
mal images of HT29 tumor-bearing mice after treatment with saline, Laser only, AuNR+L, or
AuNR@MSC+L. (b) Tumor growth of HT29 tumor-bearing mice after treatment with saline, Laser
only, AuNR+L, or AuNR@MSC+L. (c) Body weight changes during treatment. (d) Survival of mice af-
ter treatment with saline, Laser only, AuNR+L, or AuNR@MSC+L. Statistical significance is indicated
with asterisks (*** p < 0.001).

3. Conclusions

In this study, we proposed MSC-mediated deep tumor delivery of AuNRs to trigger a
potent PTT in colon tumors. First, AuNRs modified with bio-orthogonal click molecules
(AuNR@BCN) were prepared, and their size distribution, morphology, photothermal effi-
ciency, and biocompatibility were assessed in vitro. Then, AuNR@BCN was incorporated
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into the MSC via metabolic glycoengineering and copper-free click chemistry reaction.
From these experiments, an appropriate condition to incorporate AuNR in the stem cells
was carefully optimized. Importantly, the resulting AuNR@MSC showed high loading
capacity compared to the conventional intracellular loading method, resulting in enhanced
photothermal efficiency under light irradiation. Notably, the AuNR@MSC efficiently accu-
mulated deep inside the tumor tissues owing to the tumor homing effect by the natural
tumor tropism of stem cells when they were intravenously injected into the colon tumor
models. As a result, the AuNR@MSC significantly inhibited colon tumor growth under
local light irradiation. Overall, these findings suggested that MSC-mediated deep tumor
delivery of AuNPs provide a new route for effective PTT. As such, this study introduced a
novel technology for efficient delivery of nanoparticles using stem cells, which is potentially
applicable for the treatment of a broad spectrum of diseases that require high targeting and
deep tissue penetration.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12193410/s1, Figure S1. Schematic illustration to show the
protocol for the preparation of AuNR@MSCs. Figure S2. Fluorescence image of MSCs treated with
BCN-Cy5.5 (without Ac4ManNAz treatment) for 48 h. Figure S3. The photothermal efficiency of
Man+/AuNR@BCN and Man−/AuNR@BCN under light irradiation with a power of 1.0 W/cm2.
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Abstract: Metal nanoparticles are effective radiosensitizers that locally enhance radiation doses
in targeted cancer cells. Compared with other metal nanoparticles, gold nanoparticles (GNPs)
exhibit high biocompatibility, low toxicity, and they increase secondary electron scatter. Herein, we
investigated the effects of active-targeting GNPs on the radiation-induced bystander effect (RIBE) in
prostate cancer cells. The impact of GNPs on the RIBE presents implications for secondary cancers
or spatially fractionated radiotherapy treatments. Anti-prostate-specific membrane antigen (PSMA)
antibodies were conjugated with PEGylated GNPs through EDC–NHS chemistry. The media transfer
technique was performed to induce the RIBE on the non-irradiated bystander cells. This study
focused on the LNCaP cell line, because it can model a wide range of stages relating to prostate
cancer progression, including the transition from androgen dependence to castration resistance and
bone metastasis. First, LNCaP cells were pretreated with phosphate buffered saline (PBS) or PSMA-
targeted GNPs (PGNPs) for 24 h and irradiated with 160 kVp X-rays (0–8 Gy). Following that, the
collected culture media were filtered (sterile 0.45 µm polyethersulfone) in order to acquire PBS- and
PGNP- conditioned media (CM). Then, PBS- and PGNP-CM were transferred to the bystander cells
that were loaded with/without PGNPs. MTT, γ-H2AX, clonogenic assays and reactive oxygen species
assessments were performed to compare RIBE responses under different treatments. Compared
with 2 Gy-PBS-CM, 8 Gy-PBS-CM demonstrated a much higher RIBE response, thus validating the
dose dependence of RIBE in LNCaP cells. Compared with PBS-CM, PGNP-CM exhibited lower
cell viability, higher DNA damage, and a smaller survival fraction. In the presence of PBS-CM,
bystander cells loaded with PGNPs showed increased cell death compared with cells that did not
have PGNPs. These results demonstrate the PGNP-boosted expression and sensitivity of RIBE in
prostate cancer cells.

Keywords: gold nanoparticle; radiosensitization; radiation-induced bystander effect; prostate LNCaP
cancer cells; prostate-specific membrane antigen; active targeting

1. Introduction

Prostate cancers contributed to about 34,500 deaths in the United States in 2022,
according to American Cancer Society’s estimates [1]. As a mainstay of cancer treatment,
radiotherapy (RT) is commonly used to offer both definitive and palliative strategies for
prostate cancer management [2]. The efficacy of RT in cancer therapy stems from the
fact that ionizing radiation can directly and indirectly damage DNA and disrupt the
atomic structure of biomolecules in the cellular environment [3]. In recent decades, we
have witnessed a development boom in terms of high-precision RT techniques, such as
intensity modulated radiotherapy (IMRT) and real-time adaptive MRI-guided radiation;
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these techniques allow improved dose conformity to the tumor target as well as a decreased
dose to adjacent healthy tissues [4]. Nevertheless, due to the similar mass energy absorption
properties of both cancer and healthy tissues, physical radiation dose escalation and beam
conformality has approached an upper limit with regard to prostate cancer external beam
RT. Radiosensitizers, including small molecules, macromolecules, and nanomaterials, are
promising agents that offer the means for further tumor dose escalation with improved
normal tissue sparing [5].

Due to their high mass energy absorption coefficient relative to soft tissue, nanoparti-
cles of high atomic number (Z) materials (such as: iodine, gadolinium, hafnium, tantalum,
tungsten, bismuth) have been implemented to improve the contrast between tumors and
healthy tissues, thus enabling tumor-specific radiosensitization with reduced side effects [6].
As a promising high-Z nano-radiosensitizer, gold nanoparticles (GNPs) have lately gar-
nered attention due to their special properties; these include high biocompatibility with
low toxicity, and the facile attachment of a variety of biological ligands [7]. The efficiency of
GNP radiosensitization has been extensively validated in both in vitro and in vivo scenarios
using numerous types of ionizing radiation, including kilovoltage (kV) and megavoltage
(MV) photons as well as charged particles [8]. Compared with other nanoparticles, GNPs
have been well studied for their efficient radiosensitizing effects, their multitude of mecha-
nisms which allows radiosensitization to be carried out, and their comparatively limited
toxicity [9]. Although dose enhancement factors vary based on radiation source, Jones et al.
reported Monte Carlo simulated microscopic dose enhancement factors of 80× in 50 kVp
photon beams and 9.8× in 6 MV photon beams, up to 100 µm, from the GNP surfaces [10].
Similarly, Lin et al. measured a dose enhancement factor of up to 14× in 150 MeV protons
at a distance of 10 µm from the nanoparticle surface [11]. Aside from the incident beam,
further optimization studies on GNP shape and size suggest that spherical nanoparticles
between 10 nm to 20 nm provide the most optimal increase in secondary electron scatter
and they minimize the level of toxicity in normal tissue [12].

Blood circulation pathway/time and the extent of tumor accumulation dictates the
level of biodistribution, toxicity, and radiosensitization from GNPs. Polyethylene glycol
(PEG) is ubiquitously used to coat GNPs, which significantly reduces nonspecific binding
with cells and serum proteins, improves GNPs’ stability and biocompatibility under physi-
ological conditions, and it greatly lengthens the circulation half-life of GNPs in vivo [13].
GNPs passively leak into the tumor interstitium from blood vessels feeding the tumor
via the enhanced permeation and retention (EPR) effect; this occurs due to the tumors’
leaky vasculature and poor lymphatic drainage [14]. The EPR effect is the rationale behind
the passive targeting approach; however, the efficiency of passive targeting is low, and
it is still controversial as to whether the EPR effect is relevant in humans [15]. Therefore,
the improved accumulation of GNPs with regard to tumors, beyond reliance on the EPR
effect, is critical for GNP-based therapies. GNPs are ideal candidates for conjugating tumor-
targeting agents because GNP surface chemistry enables a multitude of chemicals to bind at
high densities [16]. Among potential targeting agents for prostate cancer, prostate specific
membrane antigen (PSMA) ligands have been employed with great success in preclinical
and clinical studies for PET imaging and radionuclide therapies; this is because prostate
cancers consistently overexpress PSMA [17,18]. Our previous studies have shown the effec-
tiveness of PSMA-targeted GNPs and their ability to accumulate at higher concentrations
and to be retained for longer in prostate tumors [19].

Multiple studies have confirmed the radiosensitization of tumor-targeted GNPs in
a multitude of tumor tissues, including prostate cancers [8]. It is worth mentioning that
the radiosensitization observed in both in vitro and in vivo studies is often significantly
greater than the dose enhancement predicted by Monte Carlo computational models [20].
These suggest that complex chemical and biological components, including enhanced ROS
production, change during cell cycle distribution. Moreover, these components also affect
the overall toxicity levels in cancer cells, and they are involved in GNP-induced radiosen-
sitization [20]. Of these biochemical effects, the GNPs’ effects on the radiation-induced
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bystander effect (RIBE) have recently received attention. RIBE is the phenomenon by which
non-irradiated cells exhibit similar ionizing radiation damage as a result of signals received
from nearby irradiated cells [21]. The bystander signals involved in this process may cause
altered gene expression, DNA and chromosomal damage, cell proliferation alteration, or
cell death in non-irradiated cells [22]. RIBEs have been demonstrated using a range of exper-
imental systems with multiple biological endpoints; this has been the case since they were
first identified by Nagasawa and Little in 1992 [23]. The underlying mechanisms mediating
RIBE responses have been extensively studied and it has been shown that reactive oxygen
and nitrogen species (ROS/NOS), DNA repair proteins, cytokines, ligands, extracellular
DNA (ecDNA), microRNA (miRNA), and membrane molecules are the main materials that
are released from targeted cells. Moreover, they are transferred to non-targeted cells via
gap junction intercellular communication (GJIC) and the media/circulatory system [24].

In standard radiotherapy, where uniform fields are delivered and all cells are directly
exposed to radiation, RIBE phenomena can be neglected; however, the role of RIBEs may
become more influential when heterogeneous or non-uniform fields are considered. Al-
though most clinical radiotherapy focuses on uniform exposures, there are some examples
of non-uniform plans being utilized in the clinic, including spatially fractionated radio-
therapy (or GRID), mini-beam radiotherapy (MBRT), microbeam radiotherapy (MRT), and
dose-painting radiotherapy [25]. Healthy tissue has been shown to be more tolerant of
spatially fractionated dose fields than tumor tissue, thus allowing for a high dose to be
delivered in a single fraction. Spatially fractionated GRID purposely irradiates the tumor
with highly non-uniform dose fields containing steep dose gradients [26,27]. Similarly to
GRID therapy, MBRT and MRT are also characterized by alternating distributions of high
and low doses, but on a much smaller scale (a hundred micrometers) [28]. Dose-painting
radiotherapy allows for the heterogeneous delivery of high radiation doses within the
tumor by targeting one or more regions of interest that are defined by functional imag-
ing [29]. Furthermore, Monte Carlo simulation studies have shown that GNP-induced dose
enhancement can be increased by a factor of 3000 compared with doses originating from a
hypothetical water nanoparticle, but only at microscopic distances of 10 µm [10,11]. The
heterogenous distribution of GNPs, combined with the highly localized energy depositions
made by GNPs, resemble the dose pattern of spatially fractionated radiotherapy [30]; thus,
RIBE plays an important role in GNP-enhanced radiation therapy.

RIBE responses have been observed in many cell types such as lymphocytes, fibrob-
lasts, endothelial, and cancer cells [31]. Rostami et al. first investigated the effects of
glucose-coated GNPs (Glu-GNPs) on the RIBE in MCF-7 (human breast cancer) and QUDB
(human lung cancer) cell lines [32]. Their results demonstrated Glu-GNPs’ enhanced RIBEs
in QUDB cells, but there was no RIBE enhancement in MCF-7 cells. This observation
suggests that the impact of GNPs on the RIBE is cell type specific (i.e., some cell types are
unable to produce bystander signals whereas others are unable to respond to bystander
signals). To the best of our knowledge, there are no studies focusing upon the impact of
GNP-induced radiosensitization on the RIBE in prostate cancer cells. The present study
was carried out to investigate how actively targeting GNPs impacts the RIBE response
in prostate cancer LNCaP cells. LNCaP cells were selected as the focus in this study be-
cause they can model a wide range of prostate cancer stages, including the transition from
androgen dependence to castration resistance and bone metastasis. Moreover, the high
expression of PSMA means that the LNCaP cancer model is a good choice with which to
develop active-targeted nanotherapeutic strategies for prostate cancer. Anti-PSMA anti-
bodies were conjugated with PEGylated GNPs to develop PSMA-targeted GNPs (PGNPs).
A conditioned medium transfer technique was employed to evaluate the RIBE responses.
The yield of the RIBE signal from irradiated cells, and the sensitivity of non-irradiated cells
with regard to the RIBE signal, was used to investigate the impact of PGNPs on the RIBE in
prostate cancer cells. As control groups, RIBE responses were also implemented for use on
other prostate cancer cell lines (including PC3, and 22Rv1) as well on normal prostate cell
lines (RWPE-1).
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2. Materials and Methods
2.1. Synthesis of PSMA-Targeted GNPs (PGNPs)

Commercially available PEGylated GNPs (Creative Diagnostics, NY, USA) were used
as substrates for functionalization in this study. The GNP concentration was quanti-
fied by optical absorption spectra which were determined using UV-vis spectroscopy
(240 nm–780 nm, Nanodrop, Thermo Fisher Scientific, Waltham, MA, USA). To realize ac-
tive and passive prostate cancer targeting, anti-PSMA and mouse IgG antibodies (Creative
Diagnostics, NY, USA) were coupled with PEGylated GNPs using EDC/NHS chemistry.
First, 0.2 M 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) (#22980;
Thermo Fisher Scientific, Waltham, MA, USA) and 0.2 M N-hydroxysuccinimide (NHS)
(#24500; Thermo Fisher Scientific, Waltham, MA, USA) were simultaneously added to
a solution that included OD = 1 GNPs, 0.1 mg/mL antibody, and 0.1 M sodium borate
buffer. This mixture was incubated at room temperature for 24 h. Then, the conjuga-
tion solution was washed out by three centrifugations at 15,000× g for 30 min, and the
final GNP pellet was stored in Milli-Q water (Millipore, Bedford, MA, USA) to obtain the
desired concentration.

2.2. Characterization of PGNPs

Transmission electron microscopy was used to determine the shape and size of the
developed PGNPs. PGNPs were cast onto a carbon Formvar-coated copper grid for 30 min.
Excess liquid was absorbed using filter paper, and the grid was allowed to air dry overnight.
The grids were viewed at 80 kV in a JEOL JEM-1400 transmission electron microscope (JEOL
USA, Peabody, MA, USA) and images were captured with an AMT BioSprint digital camera
(Advanced Microscopy Techniques, Woburn, MA, USA). Additional characterizations
of nanoparticles have been detailed in our previously published works that focus on
PGNPs [19].

2.3. Cell Culture

Human prostate cancer cells (LNCaP, PC3, and 22Rv1) were obtained from ATCC.
Cells were cultured in RPMI1640 media (ThermoFisher Scientific, Waltham, MA, USA)
with 10% fetal bovine serum (FBS, GeminiBio, Sacramento, CA, USA) and 1% penicillin-
streptomycin (ThermoFisher Scientific, Waltham, MA, USA). The cells were grown in a CO2
incubator at 37 ◦C and subcultured when they reached 80–90% confluency. Normal prostate
cells (RWPE-1) were cultured in the same conditions, although keratinocyte serum-free
media (ThermoFisher Scientific, Waltham, MA, USA) was used instead of RPMI1640.

2.4. PGNP Cytotoxicity

A MTT viability assay was used to assess the cytotoxicity of treatments on LNCaP
cells. Moreover, 24 h after the treatments, LNCaP cells in 96-well plates were stained with
1 M yellow tetrazolium substrate (3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide) (MTT, Thermo Fisher Scientific, Waltham, MA, USA) in serum-free RPMI1640,
for 4 h, at 37 ◦C. The supernatant was removed from the wells and formazan crystals were
dissolved with the addition of 100 µL DMSO. This was added to each well and left for
30 min at 37 ◦C. An additional column of empty wells received 100µL of DMSO, which
were to be read as blanks. Microplates were read on a Clariostar microplate (BMG Labtech,
Ortenberg, Germany) reader for absorbance at 570 nm. MTT assay results were normalized
to ensure no treatment absorptions.

2.5. Cellular PGNP Uptake Assay

LNCaP cells were treated with 50, 100, 150, 250, 500, and 750 µg/mL PGNPs in
serum-free RPMI1640 media for 24 h. Serum-free media were used to avoid changes to
the nanoparticle surface as a result of FBS proteins. After 24 h, the cells were washed
three times with PBS, and they were replenished with fresh media supplemented with
FBS and pen-strep prior to running assays. PGNP concentrations were measured using
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UV-Vis spectrophotometry on a Nanodrop Spectrophotometer before and after treatment.
Spectrophotometry was conducted using a range between 280 nm to 700 nm, where the
peak intensity at 520 nm was used to quantify PGNP concentration; this was achieved
by benchmarking against the manufacturer’s recorded GNP optical density. The total
cellular uptake of PGNP was calculated as the PGNP’s concentration difference in media
before and after 24 h of treatment. Cells plated on coverslips were used to identify the
intracellular distribution of PGNPs with TEM. PGNP-treated cells were fixed overnight
in 2% glutaraldehyde, in 0.1 M phosphate buffer; then, they were post-fixed for 1 h in
2% osmium tetroxide in 0.1 M phosphate buffer, dehydrated through a series of graded
ethanols, and embedded in an EM-bed (Electron Microscopy Sciences, Fort Washington,
PA, USA). The glass coverslip was dissolved in hydrofluoric acid. In addition, 100 nm
sections were cut on a Leica Ultracut EM UC7 ultramicrotome and stained with uranyl
acetate and lead citrate. Images were captured on the same setup as the PGNPs on grids.

2.6. RIBE on LINCaP Cells

Conditioned media was collected from LNCaP cells to induce RIBE in LNCaP by-
stander cells. Prior to irradiation, cells were washed three times with PBS, and serum-free
RPMI1640 was added to the culture plates. Cells were irradiated between 0–8 Gy at
2.0 Gy/min on a 160 kV (0.0775 Å) Radsource RS-2000 Biological Irradiator (Rad Source
Technologies, Buford, GA, USA) with cells placed at 28 cm SSD (25 cm diameter circular
field size). Following irradiation, cells were incubated at 37 ◦C for 1 h. Media from sham
and irradiated cells were harvested and filtered through a 0.45 µm polyethersulfone filter
(VWR, Radnor, PA, USA). All conditioned media were prepared immediately before use.

2.7. Effects of PGNPs on RIBE

To assess the effect of PGNPs on the RIBE, LNCaP cells were divided into three groups;
bystander cells treated with conditioned media from irradiated cells (PBS-CM), bystander
cells treated with conditioned media from PGNP treated irradiated cells (PGNP-CM), and
PGNP treated bystander cells treated with conditioned media (PBS-CM+PGNP).

2.8. Clonogenic Assay

LNCaP cells were grown in 6-well dishes, and they were treated as mentioned above.
Irradiated or PBS-CM treated cells were trypsinized, then replated on 6 cm dishes with
varying cell numbers. Following 3 weeks of growth, plates were washed three times
with cold PBS, fixed in 4% paraformaldehyde (Thermo Fisher Scientific, Waltham, MA,
USA), and stained with 0.5% crystal violet (Thermo Fisher Scientific, Waltham, MA, USA)
for 30 min. Plates were washed with tap water, imaged on a Chemidoc touch (Bio-rad,
Hercules, CA, USA), and counted using particle counting on ImageJ.

2.9. γH2AX Assay

LNCaP cells were grown in chamber slides (Thermo Fisher Scientific, Waltham, MA,
USA), treated as mentioned above, and fixed in 4% neutral buffered formaldehyde, perme-
abilized with 0.1% Triton X-100, and blocked with 1% bovine serum albumin in PBS-tween
containing 5% goat serum. Slides were incubated with an antibody in order to hosphor-
H2AX (1:500, CST). This was followed by incubation with goat-anti-rabbit Alexa488 (1:2000,
Invitrogen, Waltham, MA, USA) and the slides were then mounted with a Prolong gold an-
tifade reagent with DAPI (Invitrogen, Waltham, MA, USA). Cells were analyzed on a Leica
confocal microscope (Leica Microsystems, Deerfield, IL, USA) with ×63 magnification. All
γH2AX foci were counted using ImageJ particle counting.

2.10. ROS Quantification

LNCaP cells in 96-well plates were preloaded with 20 µM of DCFH-DA (Sigma-
Aldrich, St. Louis, MO, USA) in serum-free RPMI1640 for 45 min. Afterwards, cells
were washed three times with PBS and fresh serum-free RPMI1640 media; alternatively,
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conditioned media was added. For direct irradiation ROS studies, 0–8 Gy of radiation was
administered to the cells. DCFH-DA fluorescence at 480 nm excitation/535 nm emission
was scanned on a Clariostar microplate reader 1 h post irradiation or post conditioned
media treatment.

2.11. Statistical Analysis

GraphPad Prism version 9.0 software was used for all statistical analyses. Differences
between experimental groups were assessed using an unpaired t-test during a comparison
of the two groups.

3. Results
3.1. Characterization, Cell Uptake, and Cytotoxicity of PGNPs

The performance of PGNPs with respect to internalization and biocompatibility was
assessed for effective usage as radiosensitizers. A TEM image shows the spherical monodis-
persed nanoparticles following conjugation with the PSMA-antibody, with a mean diameter
of 17.1 nm ± 0.28 nm (Figure 1A,B).
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Figure 1. (A) TEM image of PSMA-antibody conjugated gold nanoparticles (PGNPs). (B) Histogram
of PGNP diameters (mean = 17.1 nm ± 0.28 nm) from TEM images. (C) Representative TEM image of
a LNCaP cell treated with 250 µg/mL of PGNPs. (D) Magnified region with arrow heads indicating
internalized PGNPs. (E) PGNP uptake in LNCaP cells after 24 h of treatment at various PGNP
doses (50 µg/mL, 100 µg/mL, 150 µg/mL, 250 µg/mL, 500 µg/mL, 750 µg/mL). (F) Percentage
viability of the LNCaP cells incubated with different concentrations of PGNP (50 µg/mL, 100 µg/mL,
150 µg/mL, 250 µg/mL, 500 µg/mL, 750 µg/mL). (G) Western blot for PSMA expression in whole cell
lysate of LNCaP, PC3, 22Rv1 (prostate cancer), and RWPE1 (normal prostate) cells. (H) Quantification
of PSMA expression in the western blot normalized to a GAPDH signal. (I) Fluorescence microscopy
image of LNCaP, PC3, 22Rv1, and RWPE1 cells treated with 250 µg/mL of passive targeting (mouse
IgG conjugated) GNPs and active targeting (PSMA-antibody conjugated) PGNPs. (J) Quantification
of fluorescence microscopy normalized to the highest signal in each cell line. * Denotes p < 0.05 from
Welch’s t-test.
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Incubating PSMA-expressing LNCaP cells with the developed PGNPs revealed the
internalization of PGNPs in small clusters throughout the cell (Figure 1C,D). Cellular uptake
analysis (Figure 1E) demonstrated the enhanced PGNP levels at increasing concentrations,
with the maximum saturation point starting from a concentration of 250 µg/mL. On
average, a single LNCaP cell accumulated 12 picograms PGNP under 250 µg/mL of
PGNP treatment (Figure 1E). The percentage cell viability (Figure 1F) demonstrated that
there exists no statistically significant cytotoxicity for PGNPs with concentrations up to
250 µg/mL; therefore, the biocompatible concentration of the 250 µg/mL PGNPs was
applied to the following RIBE experiments, which falls under the calculated IC50 value of
420 µg/mL.

To validate the specificity of active-targeting PGNPs, GNPs conjugated with mouse
IgG (passive-targeting) and anti-PSMA IgG (active-targeting) were used for treatment
on prostate cancer cell lines (including LNCaP, PC-3, and 22Rv1) and normal prostate
endothelial cell lines (RWPE-1). First, we compared the expression of PSMA with different
prostate cancer cell lines, as well as normal prostate cell lines. Western blot analysis
demonstrated that LNCaP and 22Rv1 express significant levels of PSMA, whereas PC-3 and
RWPE-1 are PSMA negative (Figure 1G,H). Then, we compared the targeting efficiency of
PSMA-passive and -active GNPs on different cell lines by labelling GNPs with fluorophores
and treating each cell line with 250 µg/mL of GNPs for 24 hrs. Compared with PSMA-
passive GNPs, PSMA-active GNPs exhibited significantly increased levels of fluorescence
signals in LNCaP and 22Rv1 cell lines, but not in PC3 and RWPE-1 cells; therefore, moving
forward, LNCaP cells were identified as the optimal cell line with which to study the RIBE
because of their high PSMA expression (Figure 1I,J).

3.2. Effect of Radiation Dose or PGNP Concentration on Radiosensitization

PGNP-induced radiosensitization in LNCaP cells was assessed through a clonogenic
cell survival assay and γ-H2AX assays. To examine the effects of radiation doses and PGNP
concentrations on in vitro radiosensitization, the LNCaP cells were incubated with PGNPs
at different concentrations (0, 50, 100, 150, 250 µg/mL) and irradiated with different doses
(0, 2, 4, 6, 8 Gy). Clonogenic cell survival assay results (Figure 2A) demonstrated enhanced
radiosensitization levels in LNCaP cells when subjected to increased PGNP concentrations.
Moreover, for a specific PGNP concentration, a higher radiosensitization level was observed
at a higher radiation dose. Figure 2B compares the radiosensitization of PGNPs, using
various concentrations, under 2-Gy irradiation. When treated with 150 µg/mL PGNPs
or more, there was a statistically significant difference regarding the radiosensitization
levels between the groups that were treated without and with PGNPs, thus suggesting that
150 µg/mL was the minimum concentration required for PGNP-induced radiosensitization
under 2 Gy radiation.

γ-H2AX foci were assessed as biomarkers for double-strand DNA damages. As
shown by the fluorescence images in Figure 2C, γ-H2AX foci could be clearly distinguished
after the irradiation (2 Gy) of LNCaP cells incubated with/without PGNPs (250 µg/mL).
Additionally, the non-irradiated LNCaP cells that were incubated with 250 µg/mL PGNPs
showed no signs of foci formation, thus showing that these nanoparticles have no DNA
damage effects without radiation. The average number of γ-H2AX foci per cell was counted
during 2-Gy irradiation at different PGNP concentrations (0, 50, 100, 150, 250 µg/mL), and
the results are presented in Figure 2D. PGNP treatment showed a dose dependent increase
in foci count with an increase in GNP concentration (Figure 2D). A statistically significant
increase in foci count was seen at 250 µg/mL.

115



Nanomaterials 2022, 12, 4440

Nanomaterials 2022, 12, x FOR PEER REVIEW 8 of 18 
 

 

have no DNA damage effects without radiation. The average number of γ-H2AX foci per 

cell was counted during 2-Gy irradiation at different PGNP concentrations (0, 50, 100, 150, 

250 µg/mL), and the results are presented in Figure 2D. PGNP treatment showed a dose 

dependent increase in foci count with an increase in GNP concentration (Figure 2D). A 

statistically significant increase in foci count was seen at 250 µg/mL. 

 

Figure 2. (A) Representative survival curve for LNCaP cells irradiated with various doses (0, 2, 4, 6, 

8 Gy) following a 24 h pretreatment of PGNPs at different concentrations. (B) Survival fraction of 2 

Gy-irradiated LNCaP cells, 24 h after the treatment with PGNPs at different concentrations. (C) γ-

H2AX staining of LNCaP cells pretreated with 0 or 250 µg/mL PGNPs and irradiated with 0 Gy or 

2 Gy. (D) Comparison of γ-H2AX foci counts for groups with different PGNP concentrations after 

2Gy irradiation. * Denotes p < 0.05 from Welch’s t-test. 

3.3. Effect of PGNP on RIBE Signaling Intensity 

The effect of PGNPs on RIBE signaling was assessed through the conditioned 

medium (CM) transfer procedure (Figure 3A), where the bystander LNCaP cells were 

treated with PBS- or PGNP-CM that was extracted from irradiated cells that were 

pretreated with PBS or 250 µg/mL PGNPs. Figure 3B shows the radiation response of PBS-

CM treatments on LNCaP/PC3/22Rv1/RWPE-1 bystander cells. The RIBE response of the 

bystander cells treated with the PBS-CM from the irradiation groups (2, 4, 6, 8 Gy) were 

statistically different from the non-irradiation group (p < 0.05); this indicated the radiation 

dose dependence of the RIBE in LNCaP cells. This dose-dependence effect was also 

observed in PC-3 and 22Rv1 cells, but not in RWPE-1 cells. Moreover, 22Rv1 cells showed 

a weaker RIBE response than LNCaP/PC3 prostate cancer cell lines. MTT assays (Figure 

3C) showed the statistically different cell viability between LNCaP bystander cells treated 

with 2 Gy-PGNP-CM and 2 Gy-PBS-CM. This aligns with the PGNP-enhanced 

radiosensitization (as shown in Figure 2) and the radiation dose dependence of the RIBE 

(as shown in Figure 3B). γ-H2AX assays (Figure 3D) demonstrated the significantly 

different number of foci, or the DNA damage between bystander cells, treated with 2 Gy-

PGNP-CM and 2 Gy-PBS-CM. Furthermore, the clonogenic cell survival assay showed 

significantly decreased colony formations of bystander cells treated with 2 Gy-PGNP-CM 

compared with the 2 Gy-PBS-CM group. (Figure 3E); therefore, PGNP-induced 

Figure 2. (A) Representative survival curve for LNCaP cells irradiated with various doses (0, 2, 4,
6, 8 Gy) following a 24 h pretreatment of PGNPs at different concentrations. (B) Survival fraction
of 2 Gy-irradiated LNCaP cells, 24 h after the treatment with PGNPs at different concentrations.
(C) γ-H2AX staining of LNCaP cells pretreated with 0 or 250 µg/mL PGNPs and irradiated with
0 Gy or 2 Gy. (D) Comparison of γ-H2AX foci counts for groups with different PGNP concentrations
after 2Gy irradiation. * Denotes p < 0.05 from Welch’s t-test.

3.3. Effect of PGNP on RIBE Signaling Intensity

The effect of PGNPs on RIBE signaling was assessed through the conditioned medium
(CM) transfer procedure (Figure 3A), where the bystander LNCaP cells were treated with
PBS- or PGNP-CM that was extracted from irradiated cells that were pretreated with PBS
or 250 µg/mL PGNPs. Figure 3B shows the radiation response of PBS-CM treatments on
LNCaP/PC3/22Rv1/RWPE-1 bystander cells. The RIBE response of the bystander cells
treated with the PBS-CM from the irradiation groups (2, 4, 6, 8 Gy) were statistically differ-
ent from the non-irradiation group (p < 0.05); this indicated the radiation dose dependence
of the RIBE in LNCaP cells. This dose-dependence effect was also observed in PC-3 and
22Rv1 cells, but not in RWPE-1 cells. Moreover, 22Rv1 cells showed a weaker RIBE response
than LNCaP/PC3 prostate cancer cell lines. MTT assays (Figure 3C) showed the statistically
different cell viability between LNCaP bystander cells treated with 2 Gy-PGNP-CM and 2
Gy-PBS-CM. This aligns with the PGNP-enhanced radiosensitization (as shown in Figure 2)
and the radiation dose dependence of the RIBE (as shown in Figure 3B). γ-H2AX assays
(Figure 3D) demonstrated the significantly different number of foci, or the DNA damage
between bystander cells, treated with 2 Gy-PGNP-CM and 2 Gy-PBS-CM. Furthermore,
the clonogenic cell survival assay showed significantly decreased colony formations of
bystander cells treated with 2 Gy-PGNP-CM compared with the 2 Gy-PBS-CM group. (Fig-
ure 3E); therefore, PGNP-induced radiosensitization further enhanced the RIBE signaling in
LNCaP cells. In Figure 3C–E, no significant differences were observed between the LNCaP
bystander cells treated with 0 Gy-PGNP-CM or 0 Gy-PBS-CM, which further illustrates the
non-cytotoxicity of the 250 µg/mL PGNPs.
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Figure 3. (A) Workflow of the conditioned medium transfer procedure for a RIBE response investi-
gation. (B) MTT cell viability assays of LNCaP/PC3/22Rv1 (prostate cancer) and RWPE1 (normal
prostate) bystander cells treated with PBS-CM extracted from their respective irradiated cell line cells
under different radiation doses. (C–E) MTT cell viability, γH2AX, and clonogenic assays of bystander
cells treated with 0 Gy-PBS-CM, 2 Gy-PBS-CM, 0 Gy-PGNP-CM, and 2 Gy-PGNP-CM. * Denotes
p < 0.05 from Welch’s t-test.

3.4. Effect of PGNP on the Sensitivity of Bystander Cells to the RIBE

The influence of PGNPs on the sensitivity of bystander cells to the RIBE was assessed
on the PBS-CM treated LNCaP cells that were pretreated with or without 250µg/mL
PGNPs. The detailed workflow is outlined in Figure 4A. Moreover, 2 Gy irradiation
was adopted here because 2 Gy was the minimum RT dose that enabled the generation
of a significant RIBE response in LNCaP bystander cells, as shown in Figure 3B. The
RIBE response was evaluated in the following four groups: 0 Gy-PBS-CM on no-PGNPs-
loaded cells (0 Gy-PBS-CM), 0 Gy-PBS-CM treatment on PGNPs-loaded bystander cells
(0 Gy-PBS-CM+PGNPs), 2 Gy-PBS-CM on no-PGNPs-loaded cells (2 Gy-PBS-CM+PGNPs),
and 2 Gy-PBS-CM on PGNPs-loaded cells (2 Gy-PBS-CM+PGNPs). MTT assays in Figure 4B
demonstrated that there was significantly lower cell viability in the 2 Gy-PBS-CM+PGNPs
group (85%) compared with the 2 Gy-PBS-CM group (92%). Additionally, compared with
the 2 Gy-PBS-CM treatment group, the 2 Gy-PBS-CM+PGNPs group showed both an
increased foci count in the γH2AX assay and decreased colony formation in the clonogenic
assay (Figure 4C,D), thus indicating the PGNP-boosted susceptibility of LNCaP bystander
cells to RIBE damage.
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Figure 4. (A) Workflow of the conditioned medium transfer procedure in order to investigate the
effect of PGNPs on the susceptibility of LNCaP bystander cells to RIBE damage. (B–D) MTT cell
viability, γH2AX, and clonogenic assays of bystander cells under different treatments: 0 Gy-PBS-CM:
0 Gy-PBS-CM on bystander cells pretreated without PGNPs; 0 Gy-PBS-CM+PGNPs: 0 Gy-PBS-CM
treatment on bystander cells pretreated with 250 µg/mL PGNPs; 2 Gy-PBS-CM+PGNPs: 2 Gy-
PBS-CM on bystander cells pretreated without PGNPs; 2 Gy-PBS-CM+PGNPs: 2 Gy-PBS-CM on
bystander cells pretreated with 250 µg/mL PGNPs. * Denotes p < 0.05 from Welch’s t-test.

3.5. Effect of PGNP on ROS Production

As a common and potent type of RIBE mediator, ROS was measured with DCFDA in
order to study the impact of PGNPs on ROS production in relation to the RIBE response.
Figure 5A shows the percentage of ROS change between LNCaP cells treated with PGNPs
at various nontoxic concentrations (10, 50, 100, 150, 200, 250 µg/mL). There were no
significant differences between the different treatment groups, thus indicating that no
clear relationship between PGNP concentration and ROS production exists. Figure 5B
compares the intracellular ROS levels of irradiated LNCaP cells that were pretreated
with and without PGNPs (250 µg/mL). As shown, irradiation-induced ROS production
that was approximately 1.2× higher at every radiation dose (Figure 5B) in LNCaP cells
pretreated with PGNPs, compared with LNCaP cells pretreated without PGNPs; this
indicates that PGNPs boosted ROS production during radiation treatment. Figure 5C
exhibits the effect of PGNPs on ROS production in LNCaP bystander cells in the following
groups: treated with PBS-CM, treated with PGNP-CM, incubated with PGNPs for 24 h,
and treated with PBS-CM (PBS-CM+PGNPs). For each treatment group, the bystander
cells treated with conditioned media harvested from irradiated cells that were subjected
to higher doses produced more ROS, which highlights the radiation dose dependence of
ROS production with regard to the RIBE. Due to the GNP-induced radiosensitization, the
bystander cells treated with PGNP-CM showed a larger ROS fold change, compared with
the cells treated with PBS-CM. Compared with the PBS- and PGNP-CM treatment groups,
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the PBS-CM+PGNP group demonstrated a much higher level of ROS production, thus
indicating the effect of internalized PGNPs on the sensitivity of bystander cells to the RIBE
response.
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Figure 5. DCFDA total ROS production measurements normalized in accordance with the measure-
ments of the untreated group. (A) Percentage of ROS change in LNCaP cells incubated with PGNPs
under various concentrations. (B) Total ROS change induced by irradiation in LNCaP cells pretreated
with and without 250 µg/mL PGNPs (p < 0.05 at 4, 6, and 8 Gy). (C) Total ROS change in bystander
LNCaP cells in the following groups: treated with PBS-CM, treated with PGNP-CM, and bystander
cells incubated with PGNPs for 24 h and treated with PBS-CM (PBS-CM+PGNPs) (p < 0.05 at 2, 4, 6,
and 8 Gy). * Denotes p < 0.05 from Welch’s t-test.

4. Discussion

Actively targeting tumors is crucial for GNP-aided radiosensitization; indeed, it en-
hances tumor specific accumulation and cell killing while sparing surrounding healthy
tissue. In this study, internalization analysis on TEM images demonstrated the intracellular
biodistribution of the developed PGNPs in cell cytoplasm. Although nuclear localiza-
tion would theoretically induce a greater number of DNA double strand breaks through
increased secondary electron scatter around GNPs, recent studies have suggested mitochon-
drial damage poses an additional threat to long-term cancer cell proliferation [33]; therefore,
the cytoplasmic effects of radiosensitization are equally valuable in terms of direct DNA
damage. Furthermore, uptake experiments indicated that cellular GNP saturation occurred
at approximately 250 µg/mL, with minimal toxicity occurring within the LNCaP cells,
and accumulations reaching 12 pg/cell. This value indicates lower toxicity levels than
other studies performed with GNPs and LNCaP cells, which reported IC50 values between
100–200 µg/mL after 24 h [34–36]. This difference is mainly because of the media used
during incubation with GNPs. In other studies, complete growth media were used, which
allows the control group to continue growing; however, in our study, serum free media was
used, which significantly reduces cell proliferation in the control cells. GNPs are known to
induce cell cycle arrest; therefore, viability studies using complete media generate an IC50
based on a control cell line with cell proliferation, whereas GNP treated cells can become
senescent [37]. However, this study employs serum-free media, which ensures that the MTT
assay specifically measures cell death. This toxicity and uptake data agree with previous
targeted nanoparticle studies [38]. Furthermore, this study confirmed that the anti-PSMA
antibody functionalized PSMA-targeting GNPs are effective radiosensitizers for prostate
cancer cells through a clonogenic assay and γ-H2AX assay. Both the clonogenic assay and
γ-H2AX results showed a GNP dose dependent response to LNCaP cell radiosensitivity.
The focus of the LNCaP prostate cancer cell line in the present study was motivated by
the high expression of PSMA in LNCaP cells, and studies showing the high sensitivity of
LNCaP cells to radiotherapy. Western blot confirmed the highest expression of PSMA in
LNCaP cells compared with other prostate cancer cell lines (including PC3 and 22Rv1),
as well as a normal prostate cell line (i.e., RWPE-1). Both LNCaP and 22Rv1 cell lines
demonstrated an elevated uptake of PGNPs. Interestingly, the normal prostate cells (i.e.,
RWPE-1) demonstrated a high uptake of the GNPs used in this study, under the same
in vitro incubation conditions as the prostate cancer cell groups. During GNP-assisted
radiotherapy, tumor specificity occurs because 5–150 nm-sized GNPs accumulate in the
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tumor tissues as a result of the enhanced permeation and retention (EPR) effect; however,
in contrast to the in vitro scenario, normal prostate tissues accumulate significantly fewer
GNPs than prostate tumors in vivo due to their low levels of EPR. Therefore, in the in vivo
scenario, normal prostate cells only accumulate a small number of GNPs, even though they
do show a high uptake of GNPs in vitro.

Moreover, GNPs affected the RIBE in LNCaP cells. LNCaP bystander cell viability
decreased with increased radiation doses up to 8 Gy when using the media transfer
technique. The dose dependence of the RIBE response was also observed in other bystander
prostate cancer cells (PC3, 22Rv1), but not in normal prostate cells (RWPE-1). As expected,
radioresistant 22Rv1 cells showed a minimal response to the RIBE compared with LNCaP
and PC3 cells. Additionally, PGNP-CM treatment induced increased cell death in bystander
cells compared with bystander cells treated with PBS-CM. The increased cell death in
bystander cells after PGNP-CM treatment suggests that the GNPs increased the radiation
damage in irradiated cells, and thereby increased RIBE signaling because the RIBE in
LNCaP cells was dose dependent for a wide range of cells. Previous studies on breast
cancer cells showed that the dose dependence of cell lines in relation to the RIBE is critical to
a GNP-enhanced RIBE [32]. γ-H2AX and clonogenic cell survival assays further confirmed
the radiosensitization of LNCaP cells through the RIBE. This study only investigated the
effects of the cytotoxicity of active-targeting PGNPs on LNCaP cells. Future relevant studies
are required to investigate the effects of the cytotoxicity of PGNPs on PC3, 22Rv1, and
RWPE-1 cell lines, which would enable an exploration of the impact of PGNPs on different
prostate cancer cells as well as normal prostate cells.

PGNPs also increased the LNCaP cells’ sensitivity to RIBE signals in a cell viability
assay, γ-H2AX, and a clonogenic assay. The increased total cellular ROS following condi-
tioned media exposure in PGNP-treated bystander cells demonstrated that imbalanced
cellular redox potential plays a role. Previous studies indicate that metal nanoparticle
treatment augments antioxidant and ROS-generating enzyme levels and leads to increased
cellular ROS production [39]. Culcasi et al. and Wilhelmi et al. identified an upregulation in
ROS-generating NADPH oxidase (NOX) enzymes that played a key role in metal nanoparti-
cle cytotoxicity through increased cellular ROS, which thus led to DNA fragmentation [40].
Enzymes such as NOX enzymes, which can induce oxidative stress, play a key role in
radiation therapy and the RIBE because studies show that the inhibition of NOX and other
ROS-generating enzymes can significantly reduce DNA damage [41,42]. Furthermore, ROS
clearance through enzymes such as superoxide dismutase (SOD), glutathione peroxidase
(GPx), and catalases maintain cellular redox potential. A variety of metal nanoparticle stud-
ies in various tissues demonstrate a decrease in the expression of these enzymes, including
a decrease in GPx in TiO2, a decrease in SOD and catalases in CuO, and a decrease in SOD in
iron oxide [39]. Although there is a dearth of experiments with regard to GNPs and antioxi-
dant enzyme changes, it is a potential parameter requiring further investigation; therefore,
the dose dependent increase in total cellular ROS upon the irradiation of PGNP-treated
cells likely occurs as a result of a two-fold effect. First, the physical dose enhancement of
PGNPs increased local dose deposition, leading to physical radiation dose dependent ROS
production, and PGNP-impaired cellular redox maintenance with biologically boosted ROS
levels. The latter was observed in bystander cells with conditioned media transfer studies.
Ultimately, the elevated ROS levels occurred as a result of significantly increased enzymatic
ROS production, which produced a surplus, and the conditioned media treatment in the
bystander cells, which is likely to be the reason for the increased DNA damage seen in the
γ-H2AX assay; this is also likely to be the case for the increased radiosensitization seen in
the clonogenic survival assays.

A key element of this study was the use of conditioned media as a tool for inducing
RIBE. Conditioned media utilizes soluble cytokines such as IL-1, IL-2, IL-6, IL-8, TNF-alpha,
and TGF-beta [43]. Many of these cytokines are highly expressed in immune cells, such as
macrophages, but in this study, we only studied the soluble factors in conditioned media
produced by LNCaP cells, and we treated them to LNCaP cells; situations such as these
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can only be observed locally within the tumor. Therefore, the impact of the RIBE in distal
regions or RIBE signals from immune cells could augment the observed effect. Furthermore,
using the conditioned media technique caused the loss of two major RIBE signals: free
radicals and gap junction signals [24]. Most free radicals are eliminated quickly before
the conditioned media is transferred. Additionally, the strongest known signaling of the
RIBE occurs through gap junctions. Previous RIBE studies have utilized partial culture
irradiation, whereby a few cells in a single culture dish are radiated [44]; however, this
RIBE is very localized, with an unclear, limited range [45]. Therefore, RIBE enhancement
with PGNPs may have a different effect if studied with the partial irradiation method.
Furthermore, recent studies focus on the impact of exosomes on the radiation-induced
bystander effect [46,47]. A major impact of filtering the conditioned media with 0.45 µm
sterile filter is the preservation of exosomes in the conditioned media. Lastly, the use of
conditioned media provided in vivo translation opportunities for this study. The injection
of conditioned media into mice could potentially show tumor treatment effects, and vice
versa, the serum from irradiated mice can be used in vitro. These studies reveal the degree
and range of RIBE signaling changes that GNPs can affect. The results presented here
suggest that the bystander prostate cancer cells would experience greater cell death rates
when these cells are enriched with GNPs and treated with RIBE signals from irradiated
cancer cells with internalized GNPs.

A potential caveat of this study is the fact that the RIBE enhancement of cancer cells
treated with kV photons is limited to LNCaP prostate cancer cells. Previous studies have
demonstrated that various cells have different responses to the RIBE [46]. For instance,
some cells (such as the breast cancer cell line, MCF7) are known to show a radiation-induced
bystander effect but not in a dose dependent manner. On the other hand, QUDB cells
have a dose dependent response [32]. Another study showed that there is a radiation-
induced cell growth inhibitory bystander response, but only at high radiation doses, not
low radiation does [48]. This is particularly interesting as LNCaP demonstrated a consistent
RIBE, including low and high radiation doses. To consider the full effect of the radiation-
induced signaling of the RIBE in prostate cancer cells, studies into other prostate cancer
cells, as well as normal tissue prostate fibroblast cells, can provide an understanding of
how the RIBE could be used in a clinical setting. Additionally, they could also demonstrate
the effect of GNPs on these bystander effects. Moreover, RIBEs have been known to
differ based on their radiation quality and LET. The RIBE has been studied using various
radiation sources, including photons, particles, and heavy ions at varying degrees of
intensity [49–51]. Although many of these have not been compared against each other,
several studies indicate that the magnitude of bystander effect is dependent on LET [52].
Changes between radiation sources have been shown to change dose dependence as well
as relieve the RIBE burden entirely [53]. This is particularly important when studying GNP-
induced radiosensitization because the mechanism of GNP-mediated radiosensitization
is different depending on the radiation source. For instance, interactions between kV
energy beams and GNPs leads to the emission of short-range secondary electrons and
radiosensitization. The use of kV energies in this study maximizes the effect of secondary
electron scatter compared with other modalities [8]. Moreover, MV irradiated GNPs induce
radiosensitization through increased mitochondrial toxicity, and Monte Carlo and in vitro
studies suggest protons or heavy ions generate a massive increase in ROS production [54].
All these modalities are currently used clinically for prostate cancer treatments in the
form of brachytherapy or external beam radiotherapy, and the 2 Gy increments match the
conventional fractionation schemes of standard treatment schedules. As our study suggests,
the RIBE contributes to GNP-mediated radiosensitivity through ROS production, and the
increase in sensitivity may be further enhanced when protons and heavy ion-irradiated
cells are the donors for the conditioned media. Lastly, this study focuses on GNPs, but
a multitude of metal nanoparticles have demonstrated radiosensitization capabilities. A
diverse group of these metal nanoparticles induce cellular redox changes, which suggest
that the effects observed in this study are not limited to GNPs. In addition, several studies
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indicate that metal nanoparticles introduce cellular toxicity through ion shedding heavy
metal poisoning with TiO2, carcinogenesis from ZnO, and inflammation from impurities
in Ag [55–57]. GNPs are free of these problems, but these toxicities relate largely to ROS
generation from the nanoparticles, which could further impact RIBE sensitivity in a similar
manner to GNPs.

The clinical benefit of the bystander effect can be observed through a series of in vivo
experiments, including the use of spatially fractionated radiotherapy [25]. Spatially frac-
tionated radiotherapy is the delivery of a radiation dose to smaller fields without delivering
radiation to the entire tumor to reduce toxicity. Preclinical studies in mouse models demon-
strated that a 10 Gy dose to a small region of the tumor would cause radiation damage
to the surrounding tumor tissue [58]. Furthermore, this bystander effect showed changes
in gene expression for DNA repair, cell cycle arrest, and apoptosis, as is the case with
the changes seen in irradiated tumor cells. Although studies on spatially fractionated
radiotherapy have been conducted since the 1950s, inventions of multi-leaf collimators
have recently shown promising results regarding prostate tumor responses [59]. The im-
plication of enhanced bystander effects from GNPs suggests that they can be valuable in
combination with spatially fractionated radiotherapy to enhance the bystander effect. The
results presented here suggest that spatially fractioned radiotherapy would benefit from
GNPs, even if GNPs are not homogenously distributed throughout the tumor. Factors such
as hypoxia, nanoparticle targeting agents, and tumor microenvironments can affect the
distribution of GNPs, but a spatially fractionated study would enhance tumor treatment
efficacy, regardless of the GNP content in each beamlet. Furthermore, it is possible to use
imaging studies to target regions with high GNP concentrations in order to selectively
utilize the effects that GNPs have on the RIBE for dose painting. In vivo experiments
concerning GNPs, combined with spatially fractionated radiotherapy, could also reveal the
extent of the GNP-enhanced RIBE to the surrounding tissue. An additional weakness in this
study, for clinical reference, is the use of a single radiation dose to induce a bystander effect.
For clinical use, the bystander effect would require fractionated radiation. It is important to
note that fractionated radiation doses have had mixed results in RIBE studies [60]; however,
previous studies on the pharmacodynamics of gold nanoparticles indicate that fractionated
radiation therapy is completely feasible for GNP-enhanced radiation therapies [19].

Finally, this study suggested that the radiosensitization effects of off-targeted GNPs
could be a potential double-edged sword. The increased effect of RIBE sensitivity as a
result of nanoparticles could induce a greater number of secondary tumorigeneses, as
nanoparticles are known to accumulate in various organs such as the liver, spleen, and
kidneys [33,61]. These effects can be particularly worrisome since secondary cancers
in the lung are prevalent with prostate cancer treatments [62]. Previous studies have
demonstrated low accumulations of GNPs in the lung, which may therefore mitigate this
risk, but the high accumulations in the liver, kidney, and spleen may increase the risk of
secondary cancers in these organs when treated with GNPs. This form of distant organ
damage may be described more specifically as an ‘abscopal effect’, and it is not particular
to the bystander effect; however, the proper control of nanoparticle biodistribution with
targeted nanoparticles could be critical for GNP radiotherapy safety.

Studies on the RIBE present further biological explanations on the variances observed
between in silico GNP studies and in vivo/in vitro experiments. Several Monte Carlo
studies have demonstrated that GNPs can increase local dose deposition by up to 200× per
nanoparticle with 250 kvP photon beams [63]; however, the increased secondary electron
scatter fails to account for the total radiosensitization observed in vitro, especially for
megavoltage energies [20]. Studies show that GNP radiosensitization can occur due to
a variety of reasons, including physical, chemical, and biological [20]. Physically, GNPs
increase the secondary electron scatter, and chemically, the GNPs form free radicals to
make DNA more susceptible to radiation damage. A myriad of biological effects occur,
including cell cycle changes, mitochondrial damage, and DNA repair inhibition. Studies in
glucose-capped GNPs increased the cell population in the G2/M phase, which is the most
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radiosensitive phase. Secondly, several studies on the GNPs’ impact on mitochondria show
radiosensitization through the loss of mitochondrial potential, thus leading to necrosis,
caspase-related mitochondrial dysfunction, and mitochondrial membrane polarization; this
leads to apoptosis when combined with radiation. Thirdly, H2AX studies have shown com-
plications with DNA repair when GNPs are present, based on increased double stranded
DNA damage to the foci after 24 h. RIBE changes from GNPs add to the list of biological
changes which lead to increased radiosensitization, and the biological factors affecting
radiosensitization from direct radiation further enhance the RIBE. Nanoparticles have
recently garnered attention in radiotherapy as valuable agents for imaging and radiosensi-
tization. As such, the direct effects of metallic nanoparticle radiosensitization and toxicity
have been heavily studied [38,64]; however, the nanoparticles’ impact on the RIBE has not
been well documented. The radiation-induced bystander effect can have a critical role in
improving the treatment efficacy of treatment modalities, such as spatially fractionated
radiotherapy, and it can also have detrimental effects in the form of off-target secondary
cancers. This study introduced the potential for combining GNPs to augment the effects of
the RIBE in prostate cancer treatment.

5. Conclusions

Prostate cancer-targeting GNPs were used to radiosensitize LNCaP prostate cancer
cells. This study elucidated the impact of the bystander effect on the biological radiosensiti-
zation of prostate cancer cells with targeted GNPs. Additionally, this study highlights the
increased signaling intensity of the bystander effect from GNPs in the irradiated cells, as
well as the greater sensitivity to the bystander effect in non-irradiated cells as a result of
GNP treatment. A plethora of studies have demonstrated that radiosensitization from metal
nanoparticles occurs as a result of a multitude of biological and chemical factors; these
factors impact a greater area than the originally proposed site for local dose deposition. The
findings from this study contribute to knowledge concerning another biological component
of GNP radiosensitization. Ultimately, these findings suggest further research should be un-
dertaken to investigate the GNP-enhanced bystander effects, abscopal effects, distant tissue
toxicity risks, and combinations of GNPs and heterogenous dose distribution treatments.
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Abstract: Infections caused by resistant bacterial pathogens have increased the complications of
clinicians worldwide. The quest for effective antibacterial agents against resistant pathogens has
prompted researchers to develop new classes of antibiotics. Unfortunately, pathogens have acted
more smartly by developing resistance to even the newest class of antibiotics with time. The culture
sensitivity analysis of the clinical samples revealed that pathogens are gaining resistance toward the
new generations of cephalosporins at a very fast rate globally. The current study developed gold
nanoparticles (AuNPs) that could efficiently deliver the 2nd (cefotetan-CT) and 3rd (cefixime-CX)
generation cephalosporins to resistant clinical pathogens. In fact, both CT and CX were used to
reduce and stabilize AuNPs by applying a one-pot synthesis approach, and their characterization was
performed via spectrophotometry, dynamic light scattering and electron microscopy. Moreover, the
synthesized AuNPs were tested against uro-pathogenic resistant clinical strains of Escherichia coli and
Klebsiella pneumoniae. CT-AuNPs characteristic SPR peak was observed at 542 nm, and CX-AuNPs
showed the same at 522 nm. The stability measurement showed ζ potential as −24.9 mV and
−25.2 mV for CT-AuNPs and CX-AuNPs, respectively. Scanning electron microscopy revealed the
spherical shape of both the AuNPs, whereas, the size by transmission electron microscopy for CT-
AuNPs and CX-AuNPs were estimated to be 45 ± 19 nm and 35 ± 17 nm, respectively. Importantly,
once loaded onto AuNPs, both the cephalosporin antibiotics become extremely potent against the
resistant strains of E. coli and K. pneumoniae with MIC50 in the range of 0.5 to 0.8 µg/mL. The findings
propose that old-generation unresponsive antibiotics could be revived into potent nano-antibiotics
via AuNPs. Thus, investing efforts, intellect, time and funds for a nano-antibiotic strategy might
be a better approach to overcome resistance than investing the same in the development of newer
antibiotic molecule(s).

Nanomaterials 2023, 13, 475. https://doi.org/10.3390/nano13030475 https://www.mdpi.com/journal/nanomaterials127



Nanomaterials 2023, 13, 475

Keywords: antibiotic resistance; cefotetan; cefixime; clinical pathogens; gold nanoparticles

1. Introduction

The global prevalence of infections caused by antibiotic-resistant bacterial pathogens
has markedly increased in the past few decades [1]. There is a plethora of reports that
suggested “antibiotic resistance” as an impending threat to the human population [2–4]. In
addition, WHO has listed resistance in microorganisms as one of the ten most serious health
threat to the global population [5]. Despite continuous warnings, the inappropriate use of
antibiotics and self-medication has not stopped. On the other hand, bacterial pathogens
have acted smartly by developing different types of resistance mechanisms to evade
the action of conventional antibiotics [6–10]. Thus, the current grave situation demands
better alternative therapeutic options. Interestingly, nanoparticles could deliver antibiotics
effectively to the resistant pathogen, and aid in converting unresponsive antibiotics into
potent ones [11–19]. In fact, a large surface area: volume ratio of nanoparticles enables a
number of antibiotic molecules to attach to it and prepare a multivalent nano-antibiotic
against the resistant pathogen [20]. Further, nanoparticles themselves possess antibacterial
potential via the generation of ROS and interaction with bacterial biomolecules (DNA,
RNA, protein, enzymes), cell walls, and cell membranes. Although the mechanism of
antibacterial action of nanoparticles is not fixed, this can be considered as a blessing in
disguise to tackle resistance aspects of bacterial pathogens.

Nanoparticle that has gained the limelight during the past decade due to their excep-
tional features is gold nanoparticles (AuNPs). AuNPs are not only receiving attention from
researchers all over the world, but big companies such as Sigma-Aldrich, NanoHybrids,
Cytodiagnostics, Goldsol, etc. are also investing in them [21]. The worldwide market for
AuNPs was approximately four and a half billion US dollars in 2021 which is expected
to be eight billion US dollars by 2027 [22,23]. Importantly, AuNPs have been widely ex-
plored for their potential against antibiotic-resistant strains of different pathogens. In fact,
AuNPs have helped to form successful nano-antibiotics by effectively grafting antibiotic
molecules on their surface without compromising or damaging the active moiety of the
attached antibiotic [19,20,24,25]. Moreover, the synthesis of AuNPs-based nano-antibiotics
does not require a complex technique, a simple one-pot synthesis approach where the
antibiotic itself acts as a reducing and capping agent could be adequate [11–15,24]. In the
present study, AuNPs were explored as a delivery tool for two different generations of
cephalosporin antibiotics i.e., 2nd generation- cefotetan (CT) and 3rd generation-cefixime
(CX). The successive generations (1st to 5th) of cephalosporins have been developed to
increase their potency against different bacterial pathogens (with a prime focus on gram-
negative bacteria). However, bacterial pathogens have gained resistance to almost all the
generations of cephalosporins with time. Thus, converting unresponsive old-generation
cephalosporin antibiotics into effective nano-antibiotics via AuNPs has its due clinical
relevance.

The present study successfully developed nano-antibiotics of CT and CX and com-
pared their antibacterial potential against resistant gram-negative uro-pathogenic strains.
It is noteworthy to mention that Escherichia coli and Klebsiella pneumoniae clinical strains
used in the present study were not only resistant to cephalosporins but showed resistance
towards β-lactamase inhibitor combination and other classes of antibiotics. However, prior
to the exploration of antibacterial potential, both the nano-antibiotics (CT-AuNPs and
CX-AuNPs) were duly characterized by spectrophotometry, dynamic light scattering and
electron microscopy. In addition, loading efficiency was also calculated for both the nano-
formulations and taken into consideration while calculating their antibacterial strength
or MIC50.
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2. Materials and Methods
2.1. Materials

Cefotetan (CT), cefixime (CX), gold chloride salt, culture media, chemicals and solvents
were procured from Sigma Aldrich (St. Louis, MO, USA).

2.2. AuNPs Synthesis

Second-generation (CT) and third-generation (CX) cephalosporin antibiotics at 250 µg
concentration were added to a 3 mL reaction mixture containing 1 mM gold chloride salt
(prepared in 7.2 pH phosphate buffer), separately [11]. Further, both the reaction mixtures
were incubated at 40 ◦C for two days. The synthesis of AuNPs was visually confirmed
by the color change i.e., from pale yellow to ruby red. Centrifugation at 30,000× g was
performed for 30 min to collect synthesized AuNPs. Centrifuged AuNPs were further
washed with milli-Q water and ethanol.

2.3. AuNPs Characterization

Characterization of CT and CX synthesized AuNPs were performed by spectropho-
tometry, zeta sizing and potential, and electron microscopy.

2.3.1. Spectrophotometry

UV-Visible double-beam spectrophotometer (UV-1601, Shimadzu, Tokyo, Japan) was
used to scan (from 200 nm to 800 nm) the transformation of gold salt into AuNPs at
1 nm resolution.

2.3.2. Zeta Sizing and Zeta Potential

The synthesized CT-AuNPs and CX-AuNPs were sonicated (1 min) and filtered
(0.45 µm membrane filters) before analyzing them on Malvern Nano Zetasizer (ZEN3600,
Malvern Instrument Ltd., Malvern, UK). The mean hydrodynamic diameter of both the
AuNPs was calculated by using DTS0112 cuvette, whereas the surface zeta potential for
each AuNPs was estimated by using DTS1070 cuvette [16].

2.3.3. Electron Microscopy

Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM)
analysis was performed for both CT-AuNPs and CX-AuNPs.

FEI quanta 250 SEM (FEI Company, Hillsboro, OR, USA) at 30 kV acceleration volt-
age was used to collect SEM images of the synthesized AuNPs. Prior to SEM analysis,
samples of CT-AuNPs and CX-AuNPs were deposited on the surface of a silicon substrate
(conductive) and dried by using a hotplate at 60 ◦C.

TEM (Tecnai G2 Spirit) with a fitted BioTwin lens (Hillsboro, OR, USA) at 80 kV
accelerating voltage was used to collect TEM images. However, the CT-AuNPs and CX-
AuNPs samples were fixed on a carbon-coated copper grid before TEM analysis.

2.4. Estimation of Loading Efficiency

The loading efficiency of CT and CX onto AuNPs was calculated with the help of
UV-Vis spectrophotometer as described by Alshammari et al. [15]. After AuNPs synthesis
by CT and CX, the 3 mL reaction mixtures were centrifuged for 30 min at 30,000× g and
the supernatants were cautiously taken into a separate falcon tube. The concentration of
unbound CT and CX were estimated in the supernatant at 254 nm [26] and 290 nm [27],
respectively by using their pre-determined calibration curve. Further, the loading efficiency
% for each AuNPs sample was estimated by applying the following formula [28]:

% of loading efficiency = [(Y − Z)/Y] × 100 (1)

where, Y is the initial concentration of CT or CX used for the AuNPs synthesis, and Z is the
remaining (unbound) concentration of CT or CX in the supernatant.
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2.5. Assessment of Antibacterial Potential of CT-AuNPs and CX-AuNPs
2.5.1. Resistant Uropathogenic Strains

Uro-pathogenic resistant strains of Klebsiella pneumoniae (Seq# 427811998026) and
Escherichia coli (Seq# 427812372404) were obtained from Hail General Hospital, Hail, Saudi
Arabia. Both the pathogenic strains were inoculated in a fresh nutrient broth medium and
incubated at 37 ◦C for 18 h. Prior to antibacterial evaluation, the turbidity for each strain
was maintained up to 1.5 × 108 CFU/mL (0.5 McFarland standard).

2.5.2. Antibacterial Assessment by Agar Well Diffusion

Preliminary antibacterial assessment of CT-AuNPs and CX-AuNPs was performed
by agar well diffusion method [29]. Mueller–Hinton agar plates were swabbed with a
fresh inoculum of each uro-pathogenic strain. After that well cutter was used to aseptically
punch four holes (two holes of 4 mm and two holes of 8 mm) on the swabbed agar plates.
Pure CT (without AuNPs) and CT-AuNPs were added to the wells at 3.25 µg/well and
6.5 µg/well. Similar concentrations were applied for pure CX and CX-AuNPs. All the Petri
plates were incubated for 18 h at 37 ◦C, and the zone of inhibition was measured. The final
zone of inhibition in mm is a mean of triplicate experiments.

2.5.3. Antibacterial Assessment by Calculating Minimal Inhibitory Concentration

The MIC50 of pure antibiotic (CT and CX) and its gold nanoformulation (CT-AuNPs
and CX-AuNPs) against uropathogenic strains of K. pneumoniae and E. coli were estimated
by using microbroth dilution technique [30]. The concentration of both pure antibiotic and
antibiotic after loading to AuNPs was kept in a range from 0.126 to 65 µg/mL in 96-well
microtiter plates. After concentration adjustment, 10 µL of test strain (at 0.5 McFarland
standard) was added to each well. All the microtiter plates were incubated for 18 h at
37 ◦C, and MIC50 was calculated. The minimum concentration at which the growth was
inhibited was noted as MIC, however, triplicate experiments were performed to calculate
the mean ± standard deviation of MIC values.

3. Results and Discussion

New-generation cephalosporins have been developed from time to time with an aim
to provide better antibiotic therapy for the human population [31]. However, bacterial
pathogens have gained resistance against almost all generations of cephalosporin [32–34].
Pathogens have developed different resistance mechanisms such as antibiotic efflux, de-
crease in antibiotic uptake, disarming antibiotics and manipulating antibiotic targets to
escape the cidal/static effect of antibiotics [10]. All these mechanisms could work for
developing cephalosporin resistance but particularly disarming by β-lactamase enzyme
is considered the major resistance mechanism. Hence, to combat β-lactamase enzyme,
β-lactamase inhibitors were added as an adjuvant with the antibiotics. It showed a re-
markable effect and provided a strong hope against resistant bacterial pathogens [35].
Unfortunately, pathogens were smart enough to develop resistance towards even the com-
bination of antibiotic and β-lactamase inhibitors [36,37]. Thus, scientists are working hard
to explore alternative therapeutic options against resistant bacterial pathogens. Here, in the
present study, gold nanoformulations of old-generation (2nd and 3rd) cephalosporins were
developed and tested against resistant strains of E. coli and K. pneumoniae.

3.1. Synthesis of CT-AuNPs and CX-AuNPs

AuNPs of various sizes and features are synthesized via chemical reducing agents
or natural extracts/enzymes (green synthesis) [38–42]. In chemical synthesis approaches,
chemicals such as sodium borohydrate, trisodium citrate, and hydrazine are used as re-
ducing agents; however, AuNPs synthesized after chemical reduction sometimes need
additional capping agents for stabilization [43]. On the other hand, plant extracts, micro-
organisms and natural enzymes are applied as alternatives to chemicals for green synthesis
of AuNPs [44,45]. However, the exact reducing and capping agent is difficult to decipher
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from a plethora of compounds from the natural extract. Moreover, loading/attachment
of desired drug onto AuNPs is itself a tedious job that might include the use of harsh
chemicals such as 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide [19,46]. Hence, re-
searchers developed one pot-AuNPs synthesis approach where the drug itself acts as a
reducing and stabilizing agent to lessen the use of chemicals and ease the process of drug
loading [11–15,24]. A similar approach was applied in the current study to synthesize
AuNPs by two different generations of cephalosporins [2nd generation-Cefotetan (CT) and
3rd generation-Cefixime (CX)]. Both the cephalosporin antibiotics reduced and stabilized
AuNPs in a single step (Figure 1). It is noteworthy to mention that the amine group of
β-lactam antibiotics (cephalosporins) usually contributes to gold/silver salts reduction,
and the β-lactam ring remains intact for its activity on the surface of nanoparticles even
after stabilization or capping [20,24,25,47].
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Figure 1. Schematic representation of AuNPs synthesis by cefotetan and cefixime.

To synthesize AuNPs, CT and CX were added at 250 µg concentration to the reaction
mixture containing gold salt in pH 7.2 buffer. It has been reported that pH could influence
AuNPs zeta potential and stability [48]. In fact, a recent study [49] has shown the influence
of pH change on the size and zeta potential of AuNPs. The authors showed that a pH
value from 6 to 10 was most appropriate for the synthesis of stable AuNPs. They also
observed that acidic pH was unfavorable for AuNPs synthesis with almost neutral zeta
potential, large size and aggregation. However, in the current study, the pH was kept at
7.2 (physiological pH) on the basis of earlier reports [11–16,42]. The color change from pale
yellow to ruby red (Figure 1) visually confirmed the synthesis of CT- and CX-AuNPs. Both
CT-AuNPs and CX-AuNPs were further characterized via spectrophotometry, zeta sizer
and electron microscopy.
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3.2. Characterization of CT-AuNPs and CX-AuNPs

The first characterization of synthesized AuNPs was performed by UV-Vis spectropho-
tometer on the basis of characteristic surface plasma resonance (SPR) of AuNPs (i.e., in
between the visible range of 500 nm to 600 nm). SPR band peaks for CT-AuNPs and
CX-AuNPS were observed at 542 nm and 522 nm, respectively (Figure 2). Additional peaks
at 254 nm [26] and 290 nm [27] were also observed during spectrophotometric scanning
that corresponds to CT and CX, respectively, which suggested the successful loading of CT
and CX onto AuNPs (Figure 2). In accordance, similar dual peaks have been reported by
several recent investigations on antibiotic-mediated AuNPs synthesis [11–15]. The AuNPs
synthesized by cefoxitin, delafloxacin, cefotaxime, vancomycin and ceftriaxone showed a
second peak at 235, 290, 260, 278 and 241 nm, respectively, along with the characteristic
AuNPs peak between 500 to 600 nm. Even the conjugation of antibiotics onto AuNPs with
chemical agent EDC (instead of a one-step synthesis approach) also showed dual peaks
that confirm the successful loading of the antibiotics to AuNPs [19,46].
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The zeta size distribution of CX-AuNPs and CT-AuNPs in the dispersion was esti-
mated by a dynamic light scattering approach. The size was estimated by measuring the
arbitrary variations of the scattered intensity of light due to AuNPs dispersion [50]. The
Z-average mean size for CX-AuNPs and CT-AuNPs was 117 nm and 119.6 nm, respectively
(Figure 3). In addition, the colloidal stability of CX-AuNPs and CT-AuNPs was measured
by zeta potential that estimates the surface charge on AuNPs. In fact, it depends on the
electrostatic repulsion strength of the similarly charged particles in the dispersion [51].
The Zeta potential of CX-AuNPs and CT-AuNPs was estimated as –25.2 mV and –24.9
mV, respectively. The higher positive or negative zeta potential i.e., more than ±20 mV,
repels the particles and minimizes the probability of aggregation [52]. Thus, CX-AuNPs
and CT-AuNPs synthesized in the current study showed long-term stability even at room
temperature for months. However, the functional group present on the antibiotics (CX and
CT) might have attributed to the negative charge on the surface of AuNPs.
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Figure 3. Size distribution vs intensity plot of (a) CX-AuNPs (b) CT-AuNPs.

Scanning Electron Microscopy (SEM) scans the nanomaterial surface with a focused
beam of high-energy electrons. The electron beam interacts with the nanomaterial to
create signals that could be further translated into information pertinent to the surface
morphology of the nanomaterial [53]. Here, in the present investigation, SEM was used to
observe the surface morphology of the synthesized CX-AuNPs and CT-AuNPs, and both
the AuNPs appeared spherical in shape (Figure 4). These findings were in accordance with
the previous investigations, where antibiotics were loaded/conjugated to AuNPs and a
similar spherical shape pattern was observed [15,19,46].
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To estimate the size of inorganic core of CX-AuNPs and CT-AuNPs, transmission
electron microscopy (TEM) was applied. TEM images were taken at 1,000,000×magnifi-
cation for both the AuNPs (Figure 5). TEM analysis revealed that both AuNPs samples
were poly-dispersed, with mean size of 35 ± 17 nm and 45 ± 19 nm for CX-AuNPs and
CT-AuNPs, respectively. There was no observed aggregation in the TEM and SEM images
that corresponds to the successful capping of AuNPs by both the antibiotics (CX and CT). It
is a fact that different measurement techniques will show variation in size of nanoparticles.
Dynamic light scattering approach calculate the size including the adhered solvent layer,

133



Nanomaterials 2023, 13, 475

while TEM estimates the size of inorganic core [54,55]. Hence, size determination by TEM
is comparatively lower than size by DLS. Similar aspects of size differences have been
observed in various previous reports on antibiotic loaded AuNPs [11–15,19].
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Furthermore, the loading efficiency of CX-AuNPs and CT-AuNPs was estimated
by using the formula described by Gomes et al. [28]. In fact, the calculation of loading
efficiency is a crucial factor for the nanoformulation characterization and their biological
application. The loading efficiency of CX and CT on AuNPs was calculated as 77.48% and
79.84%, respectively. Initially, 250 µg of both antibiotics (CX and CT) were added to the
reaction mixture. Out of 250 µg, 193.7 µg of CX was loaded onto CX-AuNPs and 199.6 µg
of CT was loaded onto CT-AuNPs. There was no significant loss of antibiotics observed
during the synthesis of AuNPs, and an appropriate amount has been successfully loaded
onto AuNPs.

3.3. Comparative Antibacterial Assessment of CT-AuNPs and CX-AuNPs

In the past, several prevalence studies have confirmed the rapid expansion of
cephalosporin resistance among gram-negative bacterial pathogens, particularly in clinical
strains of K. pneumoniae and E. coli [56–60]. The present study designed nanoformulations
of old-generation (second and third) cephalosporins against cephalosporin-resistant clinical
strains of K. pneumoniae and E. coli. Comparative antibacterial assessment of AuNPs loaded
with second generation-cefotetan (CT) and third-generation-cefixime (CX) was performed
initially by well-diffusion technique (Figure 6 and Table 1) followed by MIC50 calculation
(Figure 7). At 3.25 mg and 6.5 mg concentrations of CT-AuNPs, the zone of inhibitions
against E. coli were observed as 18mm and 23mm, respectively (Figure 6a). Whereas,
inhibition zones against K. pneumoniae were 19 mm and 24 mm at the same concentra-
tions of CT-AuNPs (Figure 6b). On the other hand, CX-AuNPs at 3.25 mg and 6.5 mg
concentrations showed inhibition zones against E. coli as 17 mm and 22 mm, respectively
(Figure 6c). However, the zone of inhibitions against K. pneumoniae of CX-AuNPs at the
same concentrations was estimated as 18 mm and 23 mm, respectively (Figure 6d). It is
noteworthy to mention that at 3.25 mg and 6.5 mg concentrations neither pure CT nor pure
CX showed any activity against the tested strains (Figure 6). Thus, it could be inferred
from the results that CT and CX become potent against the tested strain after loading onto
AuNPs at 3.25 mg and 6.5 mg concentrations. Both the tested bacterial pathogens belong
to Enterobactericiae family, and according to Clinical and Laboratory Standards Institute
(CLSI 2020) guidelines, the breakpoint of CT (30 mg) for sensitivity is ≥16 mm zone of
inhibition and for CX (5 mg) sensitivity breakpoint is ≥19mm against Enterobacterales. In
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the present study, cefotetan (after loading onto AuNPs) at very low concentration (3.25 mg)
showed significant activity i.e., more than 16 mm inhibition zone (CLSI Breakpoint) against
both K. pneumoniae and E. coli. Hence, it can be safely stated that a second-generation
cephalosporin (CT) has become relatively more potent than third-generation cephalosporin
(CX) after loading onto AuNPs.

Agar well diffusion technique provided qualitative antibacterial assessment, and
quantitative assessment was further performed by calculating the MIC50 concentration
of antibiotic nanoformulations and pure antibiotics against the tested strains. A compar-
ative analysis of MIC values of pure CT and CX, and their gold nanoformulations were
performed on E. coli (Figure 7a) and K. pneumoniae (Figure 7b). MIC50 of CX-AuNPs and CT-
AuNPs against E. coli were estimated as 0.8 mg/mL and 0.65 mg/mL, respectively; whereas,
pure CX and CT showed MIC50 as 19mg/mL and 32.5 mg/mL, respectively. On the other
hand, CX-AuNPs and CT-AuNPs showed MIC50 as 0.75 mg/mL and 0.5 mg/mL against
K. pneumoniae; while, MIC50 of pure antibiotics, CX and CT were estimated as 17 mg/mL
and 27 mg/mL, respectively. MIC sensitivity breakpoint for CT against Enterobactericiae is
≤16 mg/mL, however, for CX it is ≤1 mg/mL (CLSI 2020). MIC of both AuNPs comes
well under the limit of sensitivity set by the CLSI guidelines. It is to be noted that there
is a huge difference in MIC values of the pure antibiotics and their gold nanoformula-
tions. MIC50 values for CX were decreased by 23.75 and 22.66 times when loaded onto
AuNPs against E. coli and K. pneumoniae, respectively. In contrast, MIC50 values for CT
were decreased by 50 and 54 times when loaded onto AuNPs against E. coli and K. pneumo-
niae, respectively. MIC findings were in accordance with the well-diffusion assay results
that suggested CT showed more potency than CX when loaded with AuNPs against the
tested strains.
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Table 1. : Inhibition zones of CT-AuNPs and CX-AuNPs against E. coli and K. pneumoniae.

E. coli K. pneumoniae

CX-GNPs (3.25 mg) 17 mm 18 mm

CX-GNPs (6.5 mg) 22 mm 23 mm

CT-GNPs (3.25 mg) 18 mm 19 mm

CT-GNPs (6.5 mg) 23 mm 24 mm
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Cephalosporin antibiotic(s) resistance in bacterial pathogens is generally associated
with overexpression of extended-spectrum β-lactamase [6]. However, the close asso-
ciation of β-lactamase with the downregulation of porin channels and upregulation
of efflux pump in bacterial pathogens significantly enhances their resistance towards
cephalosporin [61–63]. In the present study, the bacterial strains tested were resistant to
second and third-generation cephalosporins, and AuNPs convert them from ineffective
antibiotics into effective antibiotic-nanoformulations. The enhanced antibacterial potential
of cephalosporin-nanoformulations in the present investigation could be correlated with
the ability of AuNPs to successfully deliver an ample amount of cephalosporins to resistant
pathogens. It has to be noted that the active moiety i.e., β-lactam ring remains intact after
conjugating/loading cephalosporins onto AuNPs, and due to the large surface-to-vol ratio
significant amount of cephalosporin could be loaded on the AuNPs [20,24,25,47,64]. Thus,
it could be proposed that β-lactamase might become saturated by the sufficient quantity
of substrate (cephalosporin) received, meanwhile, the untouched cephalosporin could
perform its usual action on the cell wall. In addition, AuNPs themselves have the ability
to bind/inhibit the efflux pump, alter the permeability of the cell membrane and inter-
act/disrupt the biomolecules of bacterial pathogens [17,24,65]. Therefore, it could be sug-
gested that the antibacterial effect was due to the synergism of AuNPs and cephalosporins
loaded onto them. Interestingly, AuNPs have no defined or single mechanism of action
against bacterial pathogens, hence, developing resistance against them is quite a difficult
task for the pathogens. The present investigation would like to emphasize one aspect: if an
old generation cephalosporin could be resuscitated with AuNPs, “Why should the intellect,
time and funds be spent on developing newer generations?”. AuNPs appear to be a smarter
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alternative to overcoming resistance to bacterial pathogens. However, cost-effectiveness
and safe applicability of AuNPs are still a question of debate.

It is noteworthy to mention that our team has recently worked on two third-generation
cephalosporins gold nanoformulations (ceftriaxone and cefotaxime) [13,15] and one second-
generation cephalosporin gold nanoformulations (cefoxitin) [11], and found that second-
generation cephalosporin-AuNPs was equally effective antibacterial than third-generation
AuNPs. However, the bacterial strains tested in each of these studies were different. These
findings prompted our team to find a comparative analysis of the same resistant clinical
strains to get a better insight into the antibacterial action of two different generations
loaded onto AuNPs. The results suggested that an ineffective old-generation cephalosporin
(CT) could be converted into an effective nanoformulation and show better antibacterial
potential than the new-generation cephalosporin (CX) nanoformulations. However, it is
too early to come to any conclusion as the human toxicity part and the fate of these AuNPs
are still a point of debate, and our team has started working on toxicity aspects and getting
deeper insights into the mechanism of their antibacterial action. Nevertheless, it is strongly
believed that the scientific community could provide safer nano-antibiotic against resistant
pathogens in the near future.

4. Conclusions

In the present study, the comparative analysis of second-generation cephalosporin
(CT)-AuNPs and third-generation cephalosporin (CX)-AuNPs was performed against
resistant clinical strains of E. coli and K. pneumoniae. A facile one-pot synthesis approach
was used to successfully synthesize the CT-AuNPs and CX-AuNPs via using cephalosporins
(CT and CX) as reducing and capping agents. The synthesized CT-AuNPs and CX-AuNPs
were stable with ζ potential as −24.9 mV and −25.2 mV, and size as 45 ± 19 nm and
35 ± 17 nm, respectively. However, 79.84% of CT and 77.48% of CX were loaded onto the
synthesized AuNPs. CT after loading to AuNPs becomes ~50 times more potent than the
pure CT, while CX after loading to AuNPs becomes ~25 times more active than pure CX
against the CT and CX-resistant tested strains. Hence, ineffective cephalosporins could be
resuscitated into effective nano-antibiotic with the help of AuNPs. In addition, the idea
of ‘nano-conversion of old generation cephalosporin’ appears to be more promising than
spending efforts and intellects on developing a new generation of cephalosprorin. However,
the toxicity and fate of AuNPs need to decipher in a planned manner. Nevertheless, the
present investigation paved the way to design AuNPs-based nano-antibiotics to tackle
resistance issues in bacterial pathogens.
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Abstract: The paper presents a simple, fast, and cost-effective method for creating metal/SU-8
nanocomposites by applying a metal precursor drop onto the surface or nanostructure of SU-8
and exposing it to UV light. No pre-mixing of the metal precursor with the SU-8 polymer or
pre-synthesis of metal nanoparticles is required. A TEM analysis was conducted to confirm the
composition and depth distribution of the silver nanoparticles, which penetrate the SU-8 film and
uniformly form the Ag/SU-8 nanocomposites. The antibacterial properties of the nanocomposites
were evaluated. Moreover, a composite surface with a top layer of gold nanodisks and a bottom layer
of Ag/SU-8 nanocomposites was produced using the same photoreduction process with gold and
silver precursors, respectively. The reduction parameters can be manipulated to customize the color
and spectrum of various composite surfaces.

Keywords: nanocomposite; metal nanoparticles; photoreduction; plasmonic structure; nanofabrication;
SU-8; antibacterial; color filter

1. Introduction

Nanoparticles of precious metals, such as silver and gold, have gained significant
interest in the research community due to their unique properties [1]. These properties
enable a wide range of applications across various scientific fields. For instance, adjusting
the distribution, size, and shape of nanoparticles can manipulate the optical phenomena
of localized surface plasmon resonance (LSPR), which differs from the characteristics of
bulk metals [2] and has led to the development of applications in optical devices [3] and
biomedical sensing [4]. Among the precious metal nanoparticles, silver nanoparticles
(AgNPs) have shown great promise in the fields of sensing and catalysis due to their
compatibility [5] and antibacterial properties. These properties make AgNPs ideal for use
in biomedical and food packaging applications [6,7].

Incorporating nanoparticles into polymer media can offer diverse applications and
uses, while maintaining their physical properties through packaging. Various standard
patterning methods, including optical lithography [8], electron-beam lithography [9], and
nanoimprinting [10], can be used to control the distribution and size range of nanoparticles,
leading to the development of new patterning and material applications [11]. However,
achieving an even distribution of nanoparticles in the polymer medium through the com-
mon metal deposition methods used in semiconductor processes can be challenging [12].
The recent research has focused on two mainstream production methods for mixing the
composites. The first method involves pre-mixing the metal precursor with the polymer to
form a stable colloid solution, followed by the reduction using electron-beam, UV expo-
sure, or chemical reduction [9,13,14]. The second method involves mixing pre-synthesized
nanoparticles with the polymer or growing them layer by layer [15,16]. The resulting
nano-polymer composites can be used in various applications in the fields of electronics,
optoelectronics, and biomedicine, including photopatterned electrodes [17], plasmonic
sensor [8,18], and Raman sensing substrates [15]. However, these methods often require the
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preparation of nano-precursor solutions or the pre-synthesis of nanoparticles. The process
can be cumbersome and time-consuming and may not ensure the long-term stability of
storage properties or allow for post-adjustment. Additionally, care must be taken to prevent
the aggregation of nanoparticles during growth [19]. Moreover, the use of electron beams
and lasers for growth requires significant time and cost, especially in mass production.

SU-8 photoresist is a widely used negative-tone chemically amplified photoresist due
to its heat and acid/base resistance [20], as well as its excellent mechanical properties.
It finds extensive applications in the fields of microelectromechanical systems (MEMS)
and microfluidics [21]. Its high compatibility with biological systems [22] also makes it
suitable for use in biosensors. Additionally, its high transparency in the visible light range
renders it applicable in optics [23]. SU-8 is typically spin-coated on wafers using standard
processes and then undergoes patterning. Its characteristic of generating a large number of
free radicals under UV exposure and elevated temperature also makes it an ideal material
for reducing metal precursors within its structure via optical lithography [24–26]. For
instance, Tan et al. made Au/SU-8 nanocomposites through the photoreduction of a gold
precursor and SU-8 mixture for electrodes and grating applications [24]. Fischer et al.
fabricated Ag/SU-8 nanocomposites through the photoreduction of a silver precursor and
SU-8 mixture and explored their localized surface plasmon resonance (LSPR) response [25].
However, when mixing with the nanoparticles in solution form, the loading effect in the
solution influences the spin-coating quality of the film and nanoparticle distribution inside
the film.

In our previous study, we demonstrated the direct synthesis of a monolayer of gold
nanoparticles (AuNPs) on the surface of SU-8 under UV exposure [26]. In this study, we
would like to investigate the SU-8 photoreduction behavior on the silver precursor. A drop
of the silver precursor was simply applied on the SU-8 surface, followed by UV exposure,
without the need for mixing the precursor and SU-8 in advance. Additional photoinitiators
(PIs) were added to SU-8 to test their ability to accelerate the reduction efficiency. The
combination of the photoreduction of the gold and silver precursors on the same SU-8
surface, respectively, was also studied. AgNPs and AuNPs have distinct LSPR ranges in the
visible spectrum, providing significant potential for color tuning in color filter applications
through tailoring of their LSPR. Furthermore, the antibacterial ability of the reduced AgNPs
was tested.

2. Materials and Methods
2.1. Chemicals and Materials

Perfluoropolyether (PFPE)-urethane dimethacrylate (Fluorolink MD700) was obtained from
Solvay Specialty Polymers (Bollate, Italy). Additionally, 2,2-dimethoxy-2-phenylacetophenone
and triarylsulfonium hexafluoroantimonate salts (mixed, 50 wt.% in propylene carbonate)
were obtained from Sigma-Aldrich (St. Louis, MO, USA). SU-8 3025 was purchased
from Kayaku Advanced Materials (Westborough, MA, USA). Poly(methyl methacrylate
(PMMA, molecular weight: 35 k), silver nitrate (AgNO3), gold (III) chloride trihydrate
(HAuCl4·3H2O), cyclopentanone, and 1H,1H,2H,2H-perfluorodecyltrichlorosilane (F13-
TCS) were purchased from Alfa Aesar (Ward Hill, MA, USA). Additionally, 1,1,2-Trichloro-
1,2,2-trifluoroethane was purchased from Grand Chemical Co. (Miaoli, Taiwan). The
solvents and chemicals were used without further purification.

2.2. Synthesis of Ag/SU-8 Nanocomposites by Photoreduction

A glass substrate (1.25 cm × 1.25 cm) was cleaned in acetone and isopropanol with an
ultrasonic bath for 30 min and dried with a nitrogen flow. The SU-8 solution (20 µL SU-8
3025/cyclopentanone at a weight ratio of 1:8) was then spin-coated on the glass substrate
at 500 rpm for 5 s and 2500 rpm for 25 s. The SU-8 film was then subjected to a softbake
process at 95 ◦C for 10 min, resulting in a film thickness of approximately 300 nm. The SU-8
film was initially cured with an i-line UV mercury lamp (λ = 365 nm, 150 mW/cm2) for
1 min. A drop of AgNO3 aqueous solution (80 µL) was then dripped onto the SU-8 surface
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using a quantitative pipette. The same mercury lamp was employed again to expose the
photoresist for 18 min, leading to the photochemical formation of AgNPs in the resist film.
The process can be repeated for additional cycles after washing the sample with DI water.

2.3. Nanoimprint of SU-8 Nanopillar Arrays [26]

Nanoimprint lithography was employed to pattern SU-8 nanopillar arrays. An SU-8
resist film was prepared as described in Section 2.2. A PFPE working mold was replicated
from a silicon master mold with anti-sticking treatment through the vapor deposition of
F13-TCS [27]. PFPE possesses a lower surface energy, making it easier to demold from
the imprinted SU-8 polymers. A mixture of Fluorolink MD700 and its photoinitiator (2,2-
dimethoxy-2-phenylacetophenone, 1 wt%) was prepared and poured onto the master mold.
The solvent used for PI was 1,1,2-Trichloro-1,2,2-trifluoroethane. The sample was then
placed in a vacuum and cured under UV light. After the curing, PFPE was released from the
silicon master mold. Subsequently, the PFPE mold was placed on top of the SU-8 film, and
the nanoimprint process was carried out using our home-built nanoimprint platform. The
imprinting pressure was set at 3 bar for 10 min while maintaining a constant temperature
of 80 ◦C. After cooling, the nanoimprinted SU-8 nanostructures were obtained by removing
the mold from the resist. The process of the photochemical formation of AuNPs on SU-8
nanopillar arrays was the same as that used for an SU-8 film.

2.4. Growth of Gold Nanodisks on SU-8 through Photoreduction

The growth of gold nanodisks was achieved through the selective growth of patterned
monolayer AuNPs via photoreduction [28]. To confine the area for AuNP production,
a PMMA nanohole array mask was applied onto the SU-8 surface using a nanotransfer
printing process. After exposing a drop of HAuCl4 over the PMMA-masked SU-8 surface
to UV light, AuNPs formed on the uncovered SU-8 surface. A gold nanodisk array was
obtained after three cycles of photoreduction.

2.5. Characterization

Scanning electron microscopy (SEM) images were obtained using a field emission
scanning electron microscope (JEOL 6340F, Tokyo, Japan), while transmission electron
microscopy (TEM) samples were prepared using a focused ion beam system (FEI Helios
G3CX, Thermo Fisher Scientific, Waltham, MA, USA). TEM brightfield images and energy
scattering spectroscopy (EDS) were acquired using JEOL JEM-2100F CS STEM (Tokyo,
Japan). The transmission spectra were measured using a miniature UV-VIS spectrometer
(Model: BLK-CSR-SR, StellarNet Inc., Tampa, FL, USA), and a tungsten halogen light source
(SL1-FILTER, StellarNet Inc., Tampa, FL, USA, and SLS301, Thorlabs Inc., Newton, NJ,
USA). X-ray photoelectron spectroscopy (XPS) was carried out using PHI 5000 VersaProbe
(ULVAC-PHI, Kanagawa, Japan). The CIE 1931 color space chromaticity diagrams were
created by converting and mapping the measured spectra.

2.6. Antibacterial Screening Test

The experimental procedure for preparing the filter paper with the Ag/SU-8 nanocom-
posites used for the antibacterial screening test was carried out as follows: 1. apply 20 µL
of SU-8 onto the filter paper (the sample). 2. Position the sample on a hotplate and set the
temperature to 95 ◦C. Heat the sample to remove surface solvents and allow it to remain
at this temperature for 10 min. 3. Transfer the sample to a mercury lamp exposure box
for light pre-curing. Expose the sample to light for 5 min, then carefully remove it from
the exposure box. 4. Apply 90 µL of AgNO3 solution onto the surface of the sample.
Place the sample back into the mercury lamp exposure box to initiate the photoreduction
process for AgNPs. Allow the sample to be exposed to light for 18 min, then remove it
from the exposure box. 5. Clean the surface of the sample by rinsing it with DI water.
Use a nitrogen gun to dry the sample thoroughly. 6. Optionally, repeat steps 4 and 5 to
increase the number of reduction cycles as desired. 7. Once again, position the sample on
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the hotplate and set the temperature to 95 ◦C. Heat the sample to eliminate any remaining
surface moisture and allow it to stay at this temperature for 10 min. The Gram-positive
Staphylococcus aureus (BCRC 10451) and Gram-negative Escherichia coli (BCRC 11634
and NCTC 11954) strains were utilized in this study. BCRC 10451 and NCTC 11954 are
antibiotic-resistant strains that can withstand penicillin and streptomycin treatments. The
strains were cultivated in nutrient broth medium (g/L: Tryptone 10; yeast extract 5; NaCl
10; pH 7.5) at 37 ◦C with continuous shaking at 120 rpm. The bacterial cell suspensions
were diluted with sterile water to achieve a final concentration of 108 CFU/mL. For seeding
the agar plates, 100 µL of this bacterial suspension was used. Filter paper disks with a
diameter of 8 mm, incorporating Ag/SU-8 nanocomposites, were placed onto the surface
of the seeded medium. After incubating at 37 ◦C for 24 h, the zones of inhibition, which
indicate areas where bacterial growth is inhibited, were measured. As a control group in
this study, filter paper disks without the application of SU-8, but following the previously
described experimental procedure, were utilized.

3. Results and Discussion
3.1. Synthesis and Characterization of Ag/SU-8 Nanocomposites

The process of producing Ag/SU-8 nanocomposites is illustrated in Figure 1. A drop
of silver precursor (AgNO3) was placed on the SU-8 surface, and then, UV exposure was
applied to initiate the reduction of AgNPs. The SU-8 film turned yellow and became
progressively darker with repeated photoreduction, as seen in Figure 2a–c. The deepening
color of the surface from the first to the third photoreduction suggests an increase in the
concentration of the produced AgNPs. A TEM observation was conducted to confirm
the composition and depth distribution of the AgNPs. Figure 2d,e display the TEM
bright field images of the Ag/SU-8 nanocomposites reduced with the silver precursor
(0.5 and 50 mM, respectively). In contrast to the reduced AuNPs that form a monolayer
on the SU-8 film [26,28], the reduced AgNPs penetrated the SU-8 film and formed the
Ag/SU-8 nanocomposites. The molecular weights of silver nitrate and chloroauric acid are
approximately 169.87 and 339.79 g/mol, respectively. The large size of chloroauric acid
may prevent it from penetrating into SU-8, which could explain why AuNPs grow on the
SU-8 surface while AgNPs form inside the SU-8. The AgNPs were extremely small, with
a size of less than 10 nm, due to the limited space available for growth within the SU-8
polymer. The AgNPs with 0.5 mM AgNO3 tended to distribute towards the bottom side
of the SU-8, while the AgNPs with 50 mM AgNO3 were evenly and densely distributed
throughout the entire area of the SU-8 film. Figure 2f presents the EDS elemental analysis
of the same area in Figure 2e. The sample was coated with a platinum layer, which was
identified and labeled with green points. The substrate was silicon and marked with red
points. The layer on the substrate was SU-8 and the silver element (green points) was
uniformly distributed within the SU-8 film.

The extinction spectra of Ag/SU-8 nanocomposites are displayed in Figure 3. A
prominent absorption peak is observed at a wavelength of 440 nm, corresponding to the
LSPR peak of reduced AgNPs. The effect of photoreduction parameters on AgNPs is
evident from the extinction spectra. Figure 3a illustrates the impact of varying additional PI
concentrations on photoreduction. The PI used for SU-8 polymerization is triarylsulfonium
hexafluoroantimonate salt, a photoacid generator. Diluted SU-8 (SU-8 3025/cyclopentanone
at a weight ratio of 1:8) was mixed with varying additional PI concentrations ranging
from 0 to 10 wt%. The SU-8 without added PI (0 wt%) is the diluted commercial SU-8
that already contains a certain amount of PI. As the amount of added PI increases, the
photoacid generation rate during UV exposure also increases, leading to the production
of more free radicals required for reduction [26]. The most notable difference is observed
between SU-8 without added PI and SU-8 with 1 wt% added PI. All samples with added PI
exhibit a 440 nm absorption peak corresponding to AgNP LSPR after the first reduction,
while the original SU-8 sample shows no significant absorption peak. The original SU-8
requires multiple reductions before its reduction effect approaches that of the PI-added
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sample (see Figure S1), indicating that adding PI improves reduction efficiency. As the
amount of PI increases, the intensity of the absorption peak also increases, reaching its
maximum at 5 wt% PI. To maintain consistency in subsequent experiments and facilitate
observation of differences in other parameter effects, all subsequent experiments used SU-8
with 5 wt% added PI. Figure 3b shows reduction results at various AgNO3 concentrations.
As PI concentration increases, the LSPR absorption also increases, consistent with the
increase in AgNP density shown in the TEM images of Figure 2a,b. Figure 3c displays
the spectra of samples subjected to multiple photoreduction cycles. As the number of
photoreduction cycles increases, the corresponding absorption peak intensity strengthens
and the bandwidth widens. After the fourth reduction, however, the extinction peak
does not exhibit a significant increase. The photoreduction process can also be performed
directly on SU-8 nanostructures, resulting in the formation of Ag/SU-8 nanocomposites
with a nanostructured shape. First, a nanopillar array with a diameter of 300 nm, a period
of 600 nm, and a height of 300 nm was patterned through nanoimprint lithography [26].
Then, a drop of AgNO3 solution was applied to the surface of the SU-8 nanopillar array
and exposed to UV light. Figure 3d shows a cross-sectional TEM image of 50 mM AgNO3
photoreduced in a SU-8 nanopillar array with 2 reduction cycles. The AgNPs within the
SU-8 nanopillars were identified through EDS elemental analysis, as shown in the bottom
inset of Figure 3d. The AgNPs were uniformly distributed within the SU-8 nanopillars.
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3.2. Composite Surface Composed of Gold Nanodisks and Ag/SU-8 Nanocomposites

In our previous study, we demonstrated the selective growth of patterned monolayer
AuNPs on SU-8 surfaces [28]. Here, we fabricated a composite surface composed of a
top gold nanodisk array and bottom Ag/SU-8 nanocomposites, as shown in Figure 4a,
using the same photoreduction process. To create the composite surface, we introduced a
PMMA nanohole array mask on the SU-8 surface using a residual layer-free nanotransfer
printing process. After three cycles of HAuCl4 photoreduction, a gold nanodisk array was
achieved. The same reduction process with 1 to 4 cycles was then applied on the same SU-8
surface with the silver precursor of AgNO3. The SEM image of the composite surface is
shown in Figure 4b. The top gold nanodisks had a diameter of approximately 150 nm, a
period of 300 nm, and a height of approximately 100 nm. The AgNPs were inside the SU-8
film and were, therefore, invisible in this image. Figure 4c shows the measured extinction
spectra of the composite surfaces with the reduction in AgNPs from 0 to 4 cycles. With
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the incorporation of AgNPs, the absorption at a wavelength of approximately 650 nm
caused by the gold nanodisk array increased slightly, accompanied by slight blue shifts.
The absorption at 435 nm wavelength caused by AgNPs increased with the reduction
cycles. Figure 4d shows the CIE 1931 color space [29] calculated from the measured
transmission spectra of the various Ag/SU-8 nanocomposites and composite surfaces. The
triangle in the chromaticity diagram represents the area of the sRGB color space. For the
composite surface (gold nanodisks + AgNPs), the color goes from light blue to light green
(the red arrow trajectory with reduction cycles from one to four). For the AgNPs-only
surface, the color goes from light purple to orange-red (the yellow arrow trajectory with
0.5 mM AgNO3 from one to six reduction cycles, and then the green arrow trajectory
with 50 mM AgNO3 from one to six reduction cycles). By combining the reduction of
AuNPs and AgNPs using the same photoreduction system, the composite surfaces can be
fabricated in an inexpensive and convenient way. We can adjust the color and spectrum in
three different dimensions: 1. adjusting AgNP photoreduction parameters; 2. adjusting
geometric shapes of gold nanostructures; 3. the tuning between monolayer AuNPs and
bulk gold nanostructures through photoreduction cycles. Compared to the fabrication of
metasurface-based color filters [30–32], the current approach can achieve similar results
with relatively few semiconductor equipment and process steps, avoiding a large amount
of expensive and time-consuming e-beam writing time.
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3.3. Antibacterial Ability of Ag/SU-8 Nanocomposites

AgNPs are shown to exert significant inhibitory activity against a broad spectrum of
bacteria. The antibacterial activity of Ag/SU-8 nanocomposites was studied using the disk
diffusion method. The control group consisted of standard antibiotics, such as Penicillin
G and Streptomycin, as well as distilled water and SU-8. Our findings revealed that the
Ag/SU-8 nanocomposites exhibited efficient antibacterial activity against both antibiotic-
sensitive and antibiotic-resistant strains, as shown in Figure 5. The inhibition zones of
Ag/SU-8 nanocomposite against antibiotic-sensitive E. coli were 9.3 ± 0.2, 10.3 ± 0.3,
and 10.4 ± 0.1 mm at 0.5, 5, and 50 mM of AgNO3 on SU-8 with one photoreduction
cycle. Increasing the photoreduction cycles to two resulted in larger inhibition zones
of 10.0 ± 0.3, 10.5 ± 0.4, and 11.6 ± 0.4 mm at 0.5, 5, and 50 mM of AgNO3 on SU-8.
Similar trends were observed in the other two antibiotic-resistant strains tested. The
inhibition zones of Ag/SU-8 nanocomposite against antibiotic-resistant E. coli were 9.3
± 0.2, 9.8 ± 0.2, and 11.0 ± 0.3 mm at 0.5, 5, and 50 mM of AgNO3 on SU-8 with one
photoreduction cycle. With two photoreduction cycles, the inhibition zones increased to 10.1
± 0.2, 10.8 ± 0.3, and 11.1 ± 0.3 mm at 0.5, 5, and 50 mM of AgNO3 on SU-8. For another
antibiotic-resistant, Gram-positive Staphylococcus aureus strain, the inhibition zones of
Ag/SU-8 nanocomposite were 10.5 ± 0.5, 11.3 ± 0.4, and 11.7 ± 0.4 mm at 0.5, 5, and 50
mM of AgNO3 on SU-8 with one photoreduction cycle. Increasing the photoreduction
cycles to two resulted in larger inhibition zones of 11.2 ± 0.4, 11.7 ± 0.3, and 12.4 ± 0.2 mm
at 0.5, 5, and 50 mM of AgNO3 on SU-8. The results indicated that the concentration of
Ag/SU-8 nanocomposites and the number of photoreduction cycles increased the AgNP
density and enlarged the inhibition zones. The control group, consisting of filter paper
disks without SU-8 application but treated with AgNO3 photoreduction, demonstrated an
inhibition zone ranging from approximately 8.2 to 8.6 mm. This result signifies that SU-8
effectively enhanced the photoreduction efficiency of AgNPs and its antibacterial effect.
The data representing this control group were presented as 0.5 mM paper on the rightmost
side of Figure 5. There are several possible reasons why Ag/SU-8 nanocomposites may be
more efficient against antibiotic-resistant strains compared to antibiotics: First, a different
mechanism of action: antibiotics typically target specific cellular components or processes,
such as cell wall synthesis or protein synthesis. Bacteria can develop resistance to antibiotics
by evolving mechanisms to bypass or neutralize these targets. In contrast, AgNPs are
believed to work through a combination of mechanisms, including disrupting the bacterial
cell membrane, generating reactive oxygen species, and interfering with cellular signaling
pathways. This makes it harder for bacteria to develop resistance to AgNPs, as they would
need to evolve multiple mechanisms to counteract these different modes of action. Second,
broad-spectrum activity: AgNPs were shown to have broad-spectrum antibacterial activity,
meaning they can kill a wide range of bacterial species. This contrasts with antibiotics,
which are often more specific to certain types of bacteria. Because AgNPs are effective
against a broad range of bacteria, including antibiotic-resistant strains, they may be more
useful in treating infections caused by multiple bacterial species or strains. Third, the
lower likelihood of resistance: overuse and misuse of antibiotics has led to the emergence
of antibiotic-resistant bacteria, which can render antibiotics ineffective. Because AgNPs
have multiple modes of action, it may be harder for bacteria to develop resistance to them
compared to antibiotics. Additionally, some studies suggest that prolonged exposure to
AgNPs may select for resistant strains, but the likelihood of this happening may be lower
than with antibiotics. Overall, AgNPs may be more efficient against antibiotic-resistant
strains of bacteria because of their different mode of action, broad-spectrum activity, and
lower likelihood of resistance. However, more research is needed to fully understand
the mechanisms underlying the antibacterial activity of AgNPs and their potential for
long-term use in treating bacterial infections.
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Figure 3. Extinction spectra of the Ag/SU-8 nanocomposites under various experimental conditions.
(a) PI was added to SU-8 at concentrations ranging from 0 to 10 wt% with a fixed AgNO3 concentration
of 0.5 mM. (b) PI concentration was fixed at 5 wt% with AgNO3 concentrations ranging from 0.5
to 50 mM. (c) Photoreduction was performed from one to six cycles with fixed concentrations of
PI and AgNO3 at 5 wt% and 0.5 mM, respectively. (d) Cross-sectional TEM image of the Ag/SU-8
nanocomposites photoreduced from 50 mM AgNO3 on SU-8 nanopillars. The bottom inset shows
EDS elemental analysis of the silver element.
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Figure 4. (a) The schematic of the composite surface made up of gold nanodisks and Ag/SU-8
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color space calculated from the measured spectra of the various Ag/SU-8 nanocomposites and
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4. Conclusions

This study demonstrated the synthesis of AgNPs via the photoreduction of silver
nitrate on SU-8. In contrast to the photoreduction of chloroauric acid, which produces
monolayer AuNPs on the SU-8 surface, silver nitrate penetrates into SU-8 and forms Ag/SU-
8 nanocomposites. Simply a drop of the silver precursor on the SU-8 surface is followed
by UV exposure without the need of premixing the precursor and SU-8 or synthesizing
AgNPs in advance. The impact of photoreduction parameters on AgNPs is evident from
the measured extinction spectra, which vary with PI concentrations, AgNO3 concentrations,
and the number of photoreduction cycles. The photoreduction process can be directly
applied to SU-8 nanostructures, resulting in the formation of Ag/SU-8 nanocomposites
with a nanostructured shape, which is very appealing for nanodevice fabrication. Using
the same photoreduction process, a composite surface consisting of a top layer of gold
nanodisks and a bottom layer of Ag/SU-8 nanocomposites was fabricated. By adjusting
the silver precursor concentration, photoreduction parameters, and geometry of the gold
nanostructures, the transmission spectra of the composite surfaces can be customized,
demonstrating their potential for color tuning in color filter applications. The Ag/SU-8
nanocomposites also exhibit antibacterial activity against two Gram-negative Escherichia
coli and one Gram-positive Staphylococcus aureus. They were shown to be more effective
against antibiotic-resistant strains. Increasing the AgNPs density in the nanocomposites
can enhance their inhibitory activity against bacteria. The proposed method provides a
simple, rapid, and cost-effective technique for producing AgNP nanocomposites.
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//www.mdpi.com/article/10.3390/nano13111784/s1, Figure S1: Extinction spectra of Ag/SU-8
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the effects of 1 and 3 cycles of photoreduction.
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Abstract: In this study, we investigated the use of porous silicon (PSi) fabricated using metal-assisted
chemical etching (MACE) as a substrate for the deposition of Au nanoparticles (NPs) for the reduction
of nitroaromatic compounds. PSi provides a high surface area for the deposition of Au NPs, and
MACE allows for the fabrication of a well-defined porous structure in a single step. We used the
reduction of p-nitroaniline as a model reaction to evaluate the catalytic activity of Au NPs on PSi. The
results indicate that the Au NPs on the PSi exhibited excellent catalytic activity, which was affected
by the etching time. Overall, our results highlighted the potential of PSi fabricated using MACE as a
substrate for the deposition of metal NPs for catalytic applications.

Keywords: porous silicon; metal-assisted chemical etching; gold nanoparticle; catalyst; nitroaromatic;
p-nitroaniline

1. Introduction

Noble metal nanoparticles (NPs) have attracted considerable interest because of their
unique chemical and physical properties, including their electronic [1], optical [2], mag-
netic [3], and catalytic properties [4]. These properties distinguish noble metal NPs from
bulk metals and make them highly useful for a wide range of applications, such as catalysis,
sensing, optics, and fuel cells. In various oxidation and reduction reactions, Au NPs have
demonstrated great potential as highly efficient catalysts [5]. However, the tendency of NPs
to aggregate in solutions because of their high surface energy may reduce their catalytic
activity. To solve this problem, different approaches have been explored for stabilizing
NPs, including capping them with organic molecules [6] or polymers [7] or dispersing
them onto solid supports [8]. However, although organic molecules or polymers can serve
as capping agents to prevent aggregation, they may also reduce the catalytic activity of
NPs. By contrast, solid supports offer higher stability but often require time-consuming
separation procedures to isolate the catalysts from the reaction system. Two-dimensional
(2D) graphene, which has unique properties, such as a high specific surface area, excellent
electrical conductivity, high charge carrier mobility, and high mechanical strength, has
emerged as a promising support for various types of NPs [9]. Considerable interest has also
been directed toward constructing size- and shape-controlled noble metal NPs supported
on 2D carbon materials [10]. However, at the nanoscale, metal particles with highly active
centers are not at thermodynamic equilibrium and are prone to aggregation with solid
supports. Therefore, strategies for stabilizing NPs, such as capping them with multifarious
stabilizers, designing core–shell structures, or anchoring them onto specific supports, must
be explored.

Aromatic amines are crucial building blocks in organic synthesis and in the pharmaceu-
tical industry [11]. Their synthesis can be achieved by reducing corresponding nitroaromat-
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ics [12]. However, these reduction reactions require catalysts for efficient conversion [13].
Although hydrogen gas and NaBH4 are commonly used as reducing agents, noble metal
NPs, such as Pt, Au, Ag, and Pd NPs, have been reported to be effective catalysts in the pres-
ence of NaBH4 [14–18]. However, the aggregation of these NPs in the reaction system limits
their catalytic efficiency, necessitating the development of novel techniques for ensuring
well-dispersed stabilization of the NPs. To this end, various materials have been explored
for stabilizing nanosized noble metal catalysts for catalyzing nitroaromatics. Kim et al. [19]
synthesized a core–satellite structure using poly(N-isopropylacrylamide-acrylamide) and
Au NPs for the photothermal-mediated catalytic reduction of 4-nitrophenol. Dong et al. [20]
prepared Ag NPs dispersed in a nano-silica nanocatalyst, which exhibited excellent catalytic
activity in the reduction of 4-nitrophenol and 2-nitroaniline using NaBH4 in water at room
temperature. Importantly, the nanocatalyst could be easily recovered and reused for at least
ten cycles in both reduction reactions, demonstrating its good stability. Pandey et al. [21]
synthesized highly stable dispersions of Pt NPs in guar gum, a natural, non-toxic, and
eco-friendly biopolymer, serving as both the reducing and capping agent precursor in an
aqueous medium. The catalytic activity of biopolymer-supported Pt NPs was demonstrated
in the liquid-phase reduction of p-nitrophenol and p-aminophenol. The catalytic reduction
of nitroaromatics achieved a remarkable efficiency of 97% within a total reaction time of
320 s at room temperature. Graphene oxide (GO) and reduced graphene oxide (r-GO)
were also utilized to stabilize the noble NPs [22,23]. Without the need for additional reduc-
tants, surfactants, or protecting ligands, metallic noble metals were deposited on partially
r-GO mats through a simple redox reaction between noble metal precursors and GO in an
aqueous solution. These GO- or r-GO-supported noble NPs exhibited excellent catalytic
activity for the selective reduction of nitroaromatic compounds. Cai et al. [24] developed
a novel nanostructured catalyst comprising small and uniform Au NPs with a diameter
of approximately 5 nm and ceria nanotubes (CeO2 NTs). The catalytic performance of
the Au NPs/CeO2 NT catalyst in the reduction of 4-nitrophenol to 4-aminophenol was
significantly higher compared to similar catalysts composed of chemically prepared AuNPs
or commercially available CeO2 powder as the support. The superior catalytic activity
can be attributed to the unique surface properties of the synthesized Au NPs/CeO2 NT
catalyst, as well as the interaction between the barrier-free surface of Au NPs and surface
defects (oxygen vacancies) of CeO2 NTs, leading to the presence of oxidized Au species.
Chen et al. [25] conducted a comprehensive investigation of the reduction of p-nitrophenol
by NaBH4 in the presence of raspberry-like composite sub-microspheres composed of
poly(allylamine hydrochloride)-modified polymer poly(glycidyl methacrylate) with tun-
able Au NPs. They systematically examined the effects of polyelectrolyte concentration,
the ratio of polymer spheres to Au NPs, and solution pH during composite synthesis on
various reaction parameters such as the induction period, reaction time, average reaction
rate, and average turnover frequency. They also proposed a mechanism to explain the
observed enhancement in catalytic activity, which involves the active epoxy groups present
on the polymer spheres and the strong adsorption of p-nitrophenolate anions onto the
positively charged spheres.

Metal-assisted chemical etching (MACE) is a simple and versatile method for fab-
ricating porous silicon (PSi) structures without requiring electrochemically etched elec-
trodes [26]. The main principle of MACE is to deposit a noble metal on the surface of a Si
substrate and then immerse the substrate in an etching solution containing fluoride and an
oxidizing agent to induce an etching reaction [27]. MACE can be used to produce various
PSi structures for which the pore size, porosity, and surface morphology can be controlled
by adjusting the composition and concentration of the etching solution as well as the type,
thickness, and distribution of the metal catalyst [28]. In conventional MACE, a mixture of
HF and H2O2 is commonly used as an etching solution [29]. HF reacts with the oxygen
atoms on the surface of the Si substrate to form fluorosilicic acid, which further dissolves
the Si surface. Simultaneously, the noble metal catalyst on the surface of the Si substrate
serves as an active site for catalyzing the etching reaction by promoting the generation of

153



Nanomaterials 2023, 13, 1805

holes (positive charges) in the Si substrate through the reduction of H2O2. These holes are
then injected into the interface between the Si substrate and the metal catalyst, resulting
in the oxidation and dissolution of the Si substrate in the etching solution [30]. During
the etching process, the metal catalyst serves as a cathodic reaction zone, whereas the Si
substrate serves as an anodic reaction zone [31].

Because of their high surface area and tunable pore size, PSi or PSi substrates have
been widely used for the deposition of metal NPs for catalyzing nitroaromatic com-
pounds [32–34] in a different fabrication technique. To our knowledge, this is the first
study to explore the use of PSi fabricated using MACE as a substrate for the deposition
of Au NPs for the reduction of nitroaromatic compounds. As a substrate, PSi provides a
high surface area for the deposition of Au NPs, and MACE allows for the fabrication of a
well-defined porous structure with a tunable pore size. In this study, we used scanning
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) to characterize
Au NPs on PSi. We used p-nitroaniline (PNA) reduction as a model reaction to evaluate the
catalytic activity of Au NPs. Our results indicate that the Au NPs on PSi exhibited excellent
catalytic activity toward the reduction of PNA. They also indicated that the catalytic activity
of the PSi substrate was affected by the etching time. That is, as the etching time increased,
the surface area of the PSi increased, which increased the atomic weight percentage of
Au NPs immobilized on the surface. Because the surface area available for the catalytic
reaction increased, the catalytic activity also increased. However, at a certain point, further
increasing the etching time resulted in a decrease in catalytic activity, which may have
been attributable to the aggregation of Au NPs. Overall, these findings may have major
implications for the development of efficient and cost-effective catalysts for various organic
transformations.

2. Materials and Methods

Briefly, N-type Si wafers with a resistivity of 1–10 Ω·cm and a crystal orientation of
(100) were cut using a glass cutter into 1.5 × 1.5 cm2 square pieces, ultrasonically cleaned
with methanol, acetone, and deionized (DI) water for 15 min in each solution, and dried
with a nitrogen gas gun. The cleaned Si substrates were then placed vertically in an acid-
resistant Teflon cell of 20 mL in size. Subsequently, a MACE mixture containing HF (48%),
H2O2 (30%), DI water, and HAuCl4 (3 mM) at a ratio of 1:5:2:4 (volume ratio) of 12 mL
was added to the Teflon cell. Etching was then conducted at room temperature without
stirring for different durations. After the etching process was completed, the PSi substrate
was removed from the etching solution and rinsed with anhydrous alcohol and DI water
to remove any residual HF solution. Finally, the PSi substrate was dried using a nitrogen
gas gun. The fabrication process of electrochemically etched PSi is described in detail in
previous studies [35]. In detail, a ±20 V, 40 W source measure unit (PXI 4130) was used
as power supply for offering a constant voltage mode at a current density of 30 mA/cm2

for 30 min. An etching solution containing HF, ethanol, and DI water at a ratio of 1:2:1
(volume ratio) of 12 mL was added. A catalytic solution containing 10 mL of PNA at
various concentrations and 33 mg of NaBH4 was then premixed for 1 h using a magnetic
stirrer. The prepared PSi and catalytic solution were then placed together in a glass vial for
absorbance measurement at various time intervals. Finally, surface morphological analysis,
elemental analysis, and EDS mapping were performed using a multifunction environmental
field emission scanning electron microscope equipped with an energy-dispersive X-ray
spectrometer (Hitachi SU-5000, Hitachi, Tokyo, Japan).

3. Results and Discussion

The conversion of a nitroaromatic molecule to an aniline molecule involves the
hydrogenation–dehydration of nitroaniline to form a nitrogen–oxygen double bond, fol-
lowed by hydrogenation to produce hydroxylamine, and finally, further hydrogenation–
dehydration to yield the product, p-phenylenediamine, as shown in Figure 1a. The
hydrogenation–dehydration of nitroaniline: Nitroaniline undergoes hydrogenation–
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dehydration under appropriate conditions and in the presence of a suitable catalyst such
as nickel or platinum. This reaction leads to the removal of the nitro group (NO2) and the
formation of a nitrogen–oxygen double bond. In the compound formed in the previous
step, the nitrogen–oxygen double bond reacts with hydrogen gas, resulting in the forma-
tion of hydroxylamine (NH2OH). This step involves a hydrogenation reaction where the
nitrogen–oxygen double bond is reduced to an amino group. The final step involves the
hydrogenation–dehydration of hydroxylamine. Under suitable conditions, hydroxylamine
reacts with hydrogen gas once again, undergoing dehydration. This reaction removes the
hydroxyl group (OH) and ultimately yields p-phenylenediamine.
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Figure 1. (a) Conversion of a nitroaromatic molecule to an aniline molecule. (b) Schematic of the
catalytic reduction mechanism of PNA with Au NPs. Hydrogen and PNA adsorb on the surface of
Au NPs, and the nitro group is reduced into a nitroso group. Further hydrogenation results in the
formation of hydroxylamine, which undergoes dehydration to produce the final product, PPD.

Figure 1b depicts the reduction of PNA to p-phenylenediamine (PPD) in the presence
of NaBH4 through the catalytic reaction of Au NPs inside PSi fabricated using MACE.
The mechanism of nitroaromatic reduction catalyzed by Au NPs involves four steps:
adsorption, hydrogen atom generation, activation, and product formation. In the first step,
a nitroaromatic molecule adsorbs, either chemically or physically, onto the Au surface,
where it interacts with the surface electrons of Au NPs. In the second step, hydrogen gas
molecules adsorb on the Au surface and dissociate into hydrogen atoms. This dissociation
reaction is promoted by Au, which acts as a catalyst. In the third step, the nitroaromatic
molecule is activated by the adsorbed hydrogen atoms, and the nitro group is reduced to an
amino group, forming an intermediate aminoaromatic compound. In the fourth step, the
intermediate aminoaromatic compound undergoes further reaction to form a corresponding
reduced product. This product desorbs from the Au surface through different pathways.

In the presence of NaBH4, the reaction between PNA and PPD was detected by
monitoring the absorption spectra of the solution. In this reaction, the N–H bond of
nitroaniline underwent a hydrogen transfer process with the hydrogen atoms of NaBH4,
resulting in the formation of PPD. Over time, the reduction of PNA lowered the degree of
absorption, and a new absorption peak corresponding to PPD emerged. Consequently, the
color of the solution changed from yellow, indicating the presence of PNA, to transparent,
indicating the presence of PPD. This reaction was visible to the naked eye. As shown in
Figure 2a, the beakers on the right and left contain identical mixtures of PNA and NaBH4.
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However, the beaker on the left contained MACE-PSi, whereas that on the right did not.
After the mixture was allowed to stand for 1 h, the difference in color between the two
solutions became evident to the naked eye. Specifically, the solution on the left, which
contained PSi, changed from yellow to transparent, whereas the solution on the right,
which lacked PSi, remained unchanged. During the catalytic reaction, absorption spectra
were used to monitor the reduction of PNA to PPD (Figure 2b). In the ultraviolet–visible
spectral region, the peak position of PNA was located between 300 and 400 nm, which
differed from that of PPD. Therefore, whether a reaction occurred was determined by
comparing the absorption spectra before and after the reaction. As the reaction proceeded,
the characteristic peak of PNA at approximately 400 nm gradually decreased, whereas the
peak of PPD at approximately 300 nm gradually increased. The disappearance of a peak at
400 nm and the appearance of a peak at 300 nm verified the successful reduction of PNA to
PPD. As presented in Figure 2c, no changes in absorption were observed in a controlled
experiment without the addition of PSi. The absorption spectra of the PNA/NaBH4
solution remained unchanged, confirming the catalytic function of MACE-PSi. Therefore,
electrochemically etched PSi was used as a catalytic substrate, and the same catalytic
experiments were conducted. In addition, temporal changes in solution absorption were
recorded. As indicated in Figure 2d, because PSi contains no metallic Au, the absorbance of
the solution remained unchanged.
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Figure 2. (a) PNA with (left) and without (right) PSi with the solution kept at room temperature
for 60 min. Absorption spectra of PNA (b) with MACE-PSi, (c) without MACE-PSi, and (d) with
electrochemically etched PSi.

Generally, the etching time of PSi is the most direct experimental parameter for modi-
fying the surface morphology of PSi. Studies have indicated that the surface morphology of
PSi can be used to determine changes in the deposition of Au thin films in surface-enhanced
Raman scattering [35]. In the current study, PSi was fabricated over various etching times,
and its catalytic effects on PNA were compared under the same catalytic conditions. The
correlation between etching time and catalytic efficiency was also investigated by analyzing
changes in the absorbance spectrum of PNA at a peak wavelength of 380 nm. Figure 3a
presents the time-dependent absorbance peaks of PNA at 380 nm that were observed in the
presence of PSi over various etching times. All PSi substrates prepared over various etching

156



Nanomaterials 2023, 13, 1805

times and served as catalyst materials for PNA. However, the sample etched for 20 min
exhibited the highest catalytic performance. After the initial absorbance peak intensity
(A0) was compared with the absorbance peak intensity after a certain period of time (At), a
logarithmic calculation was performed to establish the correlation between the calculated
values and elapsed time (Figure 3b). According to the results, the PSi sample etched for
20 min exhibited the highest catalytic performance for PNA. Therefore, the reduction rate
and time constant (k) values were calculated using a pseudo first-order reaction [14], as
shown below:

ln(A0/At) = kt (1)
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The results are presented in Figure 3c. The PSi sample etched for 20 min exhibited
the highest catalytic constant, followed by the sample etched for 30 min, whose catalytic
constant was higher than that of the sample etched for 10 min but lower than that of the
sample etched for 20 min. Of the samples, the PSi sample etched for 40 min exhibited the
lowest catalytic performance for PNA.

Auric acid (HAuCl4) is utilized as a metal catalyst in the MACE process to fabricate
PSi, similar to the use of silver nitrate [28]. Auric acid, a metal salt containing gold (Au),
acts as a catalyst in the HF etching solution during the MACE process. The gold ions (Au3+)
within auric acid react with silicon fluoride (SiF6

2−) present in the etching solution. This
reaction leads to the dissolution of Au species and the etching of the silicon material. By
adjusting the concentration of auric acid, it is possible to control the formation of pores and
the structural characteristics of porous silicon during the MACE process [29]. When auric
acid is employed as the metal catalyst in MACE, the internal structure of PSi can contain
gold nanoparticles [28]. This occurs due to the reduction of Au3+ from HAuCl4 during the
etching process, resulting in their deposition inside the pores of the silicon material. When
the silicon material is immersed in the etching solution containing HAuCl4, the Au3+ ions
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react with the silicon material present in the solution. Through this process, Au3+ ions are
reduced to gold atoms, which then deposit inside the pores, forming gold nanoparticles
within the PSi.

Figures 4–7 present both the surface morphological and elemental analysis results
for the PSi prepared over various etching times and the EDS mapping results for the Au
elements. Figure 4a is an SEM image of a PSi after 10 min of etching and reveals a porous
structure. Figure 4b is an SEM image of the same sample but at a higher magnification
and reveals a pore diameter of approximately 250 nm and fluff-like protrusions resembling
Au structures at the locations at which the pores connect to one another. As indicated in
Figure 4c, elemental analysis verified the presence of Au. Figure 4d is an EDS mapping
image generated using Au elements, with green dots indicating the locations of Au. Both
surface morphological analysis and elemental analysis confirmed the existence of a porous
structure and Au in the PSi sample.

Using the same analytical techniques, we analyzed a PSi sample etched for 20 min
(Figure 5). As shown in Figure 5a, etching for 20 min resulted in larger pores in the PSi,
indicating a smaller diameter of Si. As indicated in Figure 5b, the pore size of the PSi was
approximately 300 nm, which is larger than that of the PSi sample etched for 10 min. The
figure also clearly reveals fluffy protrusions on the surface of the PSi, which are distributed
more uniformly than those on the surface of the PSi sample etched for 10 min (Figure 4b).
Figure 5c depicts the elemental analysis results for the PSi sample etched for 20 min, with
the results indicating a higher Au content than that of the PSi sample etched for 10 min.
The distribution of Au being uniform and the Au content being high may indirectly explain
why the PSi sample etched for 20 min had a stronger PNA catalytic effect than that of
the PSi sample etched for 10 min. Figure 5d depicts the EDS mapping results of the Au
elements, with green dots indicating the locations of Au. Although the number of green
dots in the sample etched for 20 min was not larger than that of the green dots in the
sample etched for 10 min, the sample etched for 20 min was clearly brighter, confirming a
difference in the amount of Au and the presence of fluffy protrusions on the surface of the
PSi sample etched for 20 min.

Figure 6a depicts the surface morphology of a PSi sample etched for 30 min. A
comparison with the samples etched for 10 and 20 min indicated a decrease in the pore
size of the PSi sample etched for 30 min. As shown in Figure 6b, the pore diameter was
approximately 150 nm, and the diameter of the PSi substantially increased. However, the
hairy protrusions observed in the samples that were etched for 10 and 20 min were not
observed on the surface of the PSi sample that was etched for 30 min. In addition, elemental
analysis revealed a weight percentage of 7.5 wt% for Au in the PSi sample etched for 30 min,
which was higher than that of the PSi sample etched for 10 min (6.7 wt%) but lower than
that of the PSi sample etched for 20 min (8.2 wt%). These findings may explain why the
PSi sample etched for 30 min was more effective than the PSi sample etched for 10 min
at catalyzing PNA but not as effective as the PSi sample etched for 20 min. As shown in
Figure 6d, Au element mapping revealed an uneven distribution of Au on the surface of
the PSi, with some green dots exhibiting aggregation.

Figure 7 depicts the SEM and EDS results of a PSi sample etched for 40 min. As
shown in Figure 7a, the surface morphology of the PSi changed, forming pore structures
with an average size of approximately 1 µm and an irregular shape. Unlike the mesh
pore structure of the PSi samples etched for 10 and 20 min, the diameter of the PSi was
large (Figure 7b). However, similar to the PSi sample etched for 30 min, the surface of
the PSi sample etched for 40 min did not exhibit fluffy protrusions. Elemental analysis
indicated that the PSi sample etched for 40 min contained 7.9 wt% Au, which was higher
than those of the PSi samples etched for 10 and 30 min. However, the catalytic effect of the
PSi sample etched for 40 min did not exceed those of the PSi samples etched for 10 and
20 min. One possible reason for PNA being subject to a catalytic effect is Au content. In
this case, the surface morphology of the Au may have also influenced the catalytic effect.
Figure 7d depicts the EDS mapping results of Au for the PSi sample etched for 40 min
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and reveals a highly uneven distribution of Au and the presence of aggregation. These
findings indirectly confirm our hypothesis that the structure and distribution of Au on
porous surfaces influence the catalytic effect of PSi on PNA.
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As a final step, PSi was etched for 20 min, and PNA was catalyzed at different concen-
trations. This testing method clarified the catalytic effect of PSi on different concentrations
of PNA and thereby validated our experimental results. Because we used the same PSi
for catalysis, our results confirmed that the produced sample played a role in repeated
catalysis. The experimental results are presented in Figure 8. When the PNA concentration
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was low, the catalytic effect was relatively high. Therefore, we calculated the catalytic rate k
by using the obtained PNA absorption spectrum change (Table 1). The results indicated
that the k value was large when the concentration was low. However, when the PNA con-
centration exceeded 1.2 mM, the catalytic rate of PSi remained unchanged. Therefore, this
concentration may be the catalysis and saturation concentration of PSi for PNA. However,
by analyzing the catalytic usage times at the same concentration, we discovered that the
catalytic efficiency decreased by approximately 35%. Hence, further studies are required
to improve the catalytic efficiency and optimize the run time of the catalytic process by
adjusting the concentration of auric acid.
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Table 1. Calculated time constants for PSi etched for 20 min in each cycle of the catalytic process.

Cycles PNA Concentration
(mM)

Time Constant
(min−1) Fitting Error (%)

1 1.2 0.01210 2

2 0.4 0.02024 3

3 0.8 0.01294 5

4 1.2 0.00780 4

5 1.6 0.00782 5

6 2.0 0.00791 6

4. Conclusions

To our knowledge, this is the first study to investigate the use of PSi fabricated
by MACE as a carrier for Au NPs and to evaluate its catalytic performance in terms of
nitroaromatic compound reduction. Overall, the PSi substrate provided a high surface
area and tunable pore size, which facilitated the deposition and catalytic reaction of Au
NPs. The Au NPs were then characterized using SEM and EDS, and their catalytic activity
was evaluated with nitroaromatic reduction used as a model reaction. The results indicate
that Au NPs on PSi exhibit excellent catalytic activity and that the catalytic activity of
PSi substrates is affected by the etching time. In addition, a longer etching time results
in a larger surface area of PSi and a higher atomic weight percentage of immobilized
Au NPs, which leads to higher catalytic activity. However, an excessive etching time
results in the aggregation of Au NPs and reduces catalytic activity. These findings have
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major implications for the development of efficient and cost-effective catalysts for different
organic transformation reactions.
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Abstract: Low-energy electrons (Auger electrons) can be produced via the interaction of photons with
gold atoms in gold nanorods (AuNRs). These electrons are similar to those emitted during the decay
of technetium-99m (99mTc), a radioactive nuclide widely used for diagnostics in nuclear medicine.
Auger and internal conversion (IC) electron emitters appropriately targeted to the DNA of tumors cells
may, therefore, represent a new radiotherapeutic approach. 99mTc radiopharmaceuticals, which are
used for diagnosis, could indeed be used in theragnostic fields when loaded on AuNRs and delivered
to a tumor site. This work aims to provide a proof of concept (i) to evaluate AuNRs as carriers
of 99mTc-based radiopharmaceuticals, and (ii) to evaluate the efficacy of Auger electrons emitted
by photon-irradiated AuNRs in inducing radio-induced damage in T98G cells, thus mimicking
the effect of Auger electrons emitted during the decay of 99mTc used in clinical settings. Data are
presented on AuNRs’ chemical characterization (with an aspect ratio of 3.2 and Surface Plasmon
Resonance bands at 520 and 680 nm) and the loading of pharmaceuticals (after 99mTc decay) on their
surface. Spectroscopic characterizations, such as UV-Vis and synchrotron radiation-induced X-ray
photoelectron (SR-XPS) spectroscopies, were performed to investigate the drug–AuNR interaction.
Finally, preliminary radiobiological data on cell killing with AuNRs are presented.

Keywords: gold nanorods; technetium-99m; radiopharmaceuticals; theragnostic; nuclear medicine

1. Introduction

In the last decade, nanomaterials have found success in several fields, such as cos-
metics, textiles, sensors, optoelectronics and medicine [1–4]. In the field of medicine, gold
nanoparticles and gold nanorods (AuNRs) have found wide applications due to their
peculiar chemical and physical features, such as the Localized Surface Plasmon Resonance
(LSPR), which occurs when there is an interaction between a nanomaterial and electromag-
netic radiation of the appropriate wavelength [5,6]. Another important outlook, which

Nanomaterials 2023, 13, 1898. https://doi.org/10.3390/nano13131898 https://www.mdpi.com/journal/nanomaterials164



Nanomaterials 2023, 13, 1898

has favored the use of gold-based nanoparticles in biomedical applications, is their high
biocompatibility. In fact, it is well known in the literature that gold nanoparticles are
stable and biocompatible, even if these general characteristics also depend a lot on the
specific dimension, shape and surface functionalization, and are studied on a case-by-case
basis [7–9]. In particular, cetyltrimethylammonium bromide (CTAB)-functionalized AuNRs
show different degrees of toxicity based on the types of performed tests. For example,
Cornovale et al. found different cell viability for PC-3 cells (human prostate cancer cells)
in free serum and supplemented serum, obtaining a range of 120–80% in viability using
particle concentrations of 0.1–0.5 µg/mL in the substrate, respectively [10]. Guo et al.
studied CTAB-functionalized gold nanoparticles’ cytotoxicity using the MTT test in a range
of human and murine cells, and their study evidenced different results: in the PC-3 cell
line, GR5, GR7, GR8, GR9, GR11 and G12 samples displayed IC50 values of 8.2, 7.8, 8.2,
7.4, 8.5 and 8.0 µg/mL, respectively. In contrast, Au NP-CTAB samples (20 and 60 nm)
caused a higher level of cytotoxicity with IC50 values of 2 and 3.5 µg/mL, respectively [11].
The general low cytotoxicity of AuNRs has largely allowed their implementation in the
diagnostic field, using near-infrared (NIR) imaging, due to their two plasmonic peaks that
are associated with different electron oscillations on the transverse and longitudinal side
of the rod in an energy range in which biological tissues are not active [12–14]. Many
techniques exploit AuNRs in diagnosis, one of which is two-photon luminescence imaging
(TPL), which is capable of going deep and has sub-micron resolution. To go even deeper
into a tissue, photoacoustic tomography (PAT) can be used [15]. The underlying principle
of PAT is the ability of AuNRs to absorb a pulsed laser and emit an acoustic shock wave
due to transient superheating and thermoelastic expansion. Other techniques that have
been developed using AuNRs are optical coherence tomography (OCT), where AuNRs are
used to enhance contrast, and X-ray computed tomography (XCT), where they are used as
contrast agents instead of iodine molecules [16]. It is also well known that AuNRs are used
for drug delivery due to their high surface/volume ratio: the surface can be functionalized
for optimizing the interaction with drugs in view of the specific targets and the therapy
used [17]. One of the main objectives is the fight against tumors. In these cases, it is possible
to exploit the Enhanced Permeability and Retention (EPR) effect, a passive targeting, or
create active targeting systems using surface functionalizations of AuNRs with ligands that
increase their specificity to target cells [18].

In this context, the field of nuclear medicine is studying with interest the use of drug
delivery systems based on radioisotopes that emit short-range charged particles, instead
of common drugs; these radioisotopes could be an added value to common used therapy
because they are able to deliver a therapeutic dose of ionizing radiation to a tumor, causing
cellular damage due to their interaction with biological macromolecules [19]. Increasing
the dose delivered to a tumor mass while simultaneously decreasing the dose delivered to
healthy tissues is still a major challenge in radiotherapy, although several strategies have
been proposed. Furthermore, if the radioisotope used is also a gamma emitter, it can be
used in medical diagnostic procedures (e.g., scintigraphy), and in this way, it is possible to
have a theragnostic system that improves personalized therapy [20].

Several new radiopharmaceuticals have been prepared in recent years due to the
discovery of kits called “shake and bake”, which are very easy to use and optimize to
ensure that the desired complex has a high labeling yield and stability. Indeed, these new
drugs are influenced by several factors: the amount of reducing agent and ligand, pH and
temperature. In addition, since the beginning of the 21st century, there has been significant
growing interest in the field of so-called nanomedicine with the use of nanomaterials
labeled with radionuclides and used for both diagnostic and therapeutic purposes [21].

Among different radionuclides, technetium 99m (99mTc), a gamma emitter, is widely
used for diagnostic purposes in nuclear medicine, and several complexes labeled with it are
available in clinical practice [22]. 99mTc, during its nuclear decay, also emits Auger electrons
(AEs), most of which has a low energy (<25 keV) and can traverse tissues for very short
distances on the order of a few micrometers, resulting in a high Linear Energy Transfer
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(LET) between 1 and 23 keV/µm, which is very effective for producing clustered damage
in the DNA and/or sensitive targets (e.g., cell membrane) of cancer cells. These types of
damage are difficult to repair and generally lead to cell death [23]. The high lethality of AEs
emitted near the nucleus is evident when observing their Relative Biological Effectiveness
(RBE, defined as the ratio of the effectiveness of the radiation under investigation compared
to X-rays or gamma rays used as the reference radiation); for AE radionuclides emitted
from 99mTc in rat thyroid PC Cl3 cells, and assuming a cellular or nuclear target for dose
calculation, the RBE increased from 0.75 to 2.18 [24]. Therefore, AEs emitted from 99mTc
nuclear decay at the cellular level lead to a dense deposition of ionizing energy that is
associated with increased radiobiological efficiency. If they are appropriately targeted
to the DNA of tumor cells, they may represent an interesting new radiotherapy system:
99mTc loaded AuNRs, delivered to the tumor site, colud indeed be used as a theragnostic
radiopharmaceutical [25,26]. Similar to those emitted by the decay of 99mTc, low-energy
electrons (i.e., Auger electrons) are also produced by the interaction of photons with gold in
AuNRs at energies below 1 MeV [27], thus providing a possible synergistic therapeutic effect
on tumors if the therapeutic system is used in combination with conventional radiotherapy.

In this work, AuNRs were chosen as the drug delivery system (DDS) by exploiting
their ease of synthesis and the possibility of subsequent surface engineering, as well as
the presence of plasmonic absorption. This work is intended to be a proof of concept
(i) to evaluate these new synthesized AuNRs as carriers of radiopharmaceuticals based
on 99mTc, and (ii) to evaluate the effectiveness of Auger electrons emitted by photon-
irradiated AuNRs in inducing radio-induced damage at the cellular level, thus mimicking
the effect of Auger electrons emitted during the decay of 99mTc used in clinical settings.
Preliminary data are presented on the chemical characterization of AuNRs (with typical
Surface Plasmon Resonance bands in the visible range and an aspect ratio (A.R.) = 3.2) and
the loading of radiopharmaceuticals based on long-lived 99Tc. Working with the decayed
radiopharmaceutical has allowed us, on the one hand, to work with a compound already
in use and with all the excipients present in the commercial compound, while, on the other
hand, not having the safety limits imposed by a radioactive compound, thereby optimizing
the chemical characterization and loading studies on AuNRs. To study the drug–AuNR
interaction, spectroscopic characterizations, such as UV-Vis, Fourier-transform infrared
(FTIR) and synchrotron radiation-induced X-ray photoelectron (SR-XPS) spectroscopies
were performed. Finally, preliminary radiobiological data on cell killing with AuNRs are
presented.

2. Materials and Methods
2.1. Materials for AuNR Synthesis and Conjugation

Cetyltrimethylammonium bromide (CTAB) (C19H42BrN, ≥97% Merck, Rahway, NJ,
USA), tetrachoroauric (III) acid trihydrate (HAuCl4·3H2O, ≥99.9% Sigma-Aldrich, St.
Louis, MO, USA), sodium borohydrate (NaBH4, 99.99% Aldrich, St. Louis, MO, USA),
silver nitrate (AgNO3 99.9%, Aldrich), L-ascorbic acid (C6H8O6, AA, 99% Sigma, St. Louis,
MO, USA) and bidistilled H2O were used as received.

99mTc-sestaMIBI (chemical structure reported in Scheme 1) was chosen as the radio-
pharmaceutical: it is a methoxyisobutylisonitrile (MIBI) with an isonitrile group which
together form a complex with 99mTc. The labeling procedure was performed according
to the manufacturer’s instructions (STAMICIS®, Curium Pharma, London, UK). The la-
beling procedure required the reconstitution of the vial with 3 mL (11.1 GBq) of fresh
99mTcO4, which was eluted from a 99Mo/99mTc generator (Ultratechnekow FW, Curium
Pharma). The vial was heated to 100 ◦C and incubated at room temperature for 15 min.
The percentage of radiochemical purity (%RP) was assessed using an aluminum oxide
strip (Agilent Technologies, Santa Clara, CA, USA) and ethanol as the eluent system, and it
was analyzed via autoradiochromatography (Cyclone Plus®, Perkin Elmer, Waltham, MA,
USA). The OptiQuant® image analysis software was used to evaluate the %RP. After the
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quality control, 99mTc-sestaMIBI was stored at 4 ◦C until completed decay. After the decay,
long-lived 99Tc-sestaMIBI was used for loading on AuNRs.
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2.2. Characterizations

The UV-Vis spectra were acquired in H2O by using a quartz cell with a Shimadzu
2401 PC UV-Vis spectrophotometer in a wavelength range between 200 and 800 nm. The
Energy-Dispersive X-ray Analysis (FESEM_EDX) images were acquired using a MIRA3
Tescan instrument (resolution 200 nm, SEM HV 30.0 kV). Nanoparticles dispersed in Milli-
Q water and in the cell culture medium RPMI1640 at the final concentration of 0.1 mg/mL
were characterized by using a Zetasizer Ultra instrument (Malvern Instrument, Malvern,
UK), in order to determine the hydrodynamic diameter (Z-Average) and the polydispersity
index (PDI). The equilibration step at 25 ◦C was set for 2 min. Three determinations were
performed based on 1 mL of sample suspensions. The values of Z-Average and PDI were
determined using the ZS Xplorer Software (Malvern Instruments, UK). AuNR sample
stability and surface charge were assessed based on Zeta-potential measurements. The
measurements were conducted in triplicate with 750 µL of suspensions using an automatic
measurement protocol of Zetasizer Ultra. A Mini Spin Eppendorf centrifuge was used for
the purification of the AuNR samples (13,000 rpm, 15 min, and two times with bidistilled
water). The high-resolution X-ray Photoelectron Spectroscopy (SR-XPS) measurements
were performed in situ using the SuperESCA beamline of the Elettra synchrotron radiation
facility in Trieste, Italy. The experimental chamber is equipped with a 150 mm Phoibos
hemispherical electron energy analyzer (SPECS GmbH), provided with a homemade delay
line detector. The high-resolution core level spectra were measured in the normal emission
configuration while keeping the sample at RT. C1s and N1s core levels were recorded
at 550 eV of photon energy while Tc3d and Au4f were measured at 300 eV in order to
maximize the intensity of signals. The overall resolution was always better than 100
meV. For each spectrum, the binding energy scale was calibrated using the aliphatic C1s
component (285.00 eV) as an internal reference.

2.3. AuNR Synthesis

For AuNRs, a two steps synthesis was used, in analogy with the literature [18]. The
first step was to prepare the seed solution according to the following protocol. In a reaction
flask, 5 mL of CTAB at 0.2 M and 5 mL of HAuCl4 at 0.0005 M were added. The solution
was stirred and degassed with Argon for 3 min, and then 600 µL of NaBH4 at 0.01 M
was added. At this point, a color change was observed (the solution assumed the typical
brownish-yellow coloration), and the solution was left in agitation for 5 min. In the second
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step, the growth solution was added 10 mL of CTAB at 0.2 M, 10 mL of HAuCl4 at 0.001 M,
and 400 µL of AgNO3 at 0.004 M. The solution was stirred and degassed using Argon for
3 min, and then 70 µL of AA at 0.078 M and 24 µL of the seed solution were added. The
solution was left in agitation for 20 min. For purification, the suspension was centrifugated
at 13,000 rpm for 15 min, for two times. The AuNRs that were used for the biological test
were synthesized following the experimental conditions shown in Table 1.

Table 1. Experimental conditions for the synthesis of AuNRs.

CTAB
mL (M)

HAuCl4
mL (M)

AgNO3
µL (M)

AA
µL (M)

Seed
Solution, µL

10 (0.2) 10 (0.001) 400 (0.004) 70 (0.078) 24

2.4. Preparation of Conjugate Nanorods

To evaluate the loading of radiopharmaceutical on AuNRs, two tests were carried out,
which were always performed in triplicate, following the protocol reported here. A total of
4 mL of the long-lived 99Tc-sestaMIBI solution (0.0165 mg/mL) was placed in three vials
with 1 mL of the AuNR solution (1 mg/mL). The solution was left in agitation for 24 h and,
at the end, was centrifugated at 13,000 rpm for 20 min. The conjugate was stored at −20 ◦C,
while the supernatant was used for the loading evaluation. From now on, the decayed,
non-radioactive radiopharmaceutical will be indicated with 99Tc and its conjugate on gold
rods with AuNRs-99Tc.

2.5. Cell Culture

Human glioblastoma multiform cells (T98G cells) were purchased from the European
Collection of Authenticated Cell Cultures (ECACC, UK Health Security Agency). The cells
were grown in monolayer at 37 ◦C in a humidified atmosphere of 95% air and 5% CO2, in
RPMI-1640 medium (Euroclone S.p.A., Pero, Italy) supplemented with 10% fetal bovine
serum (GIBCO®, Life Technologies, Waltham, MA, USA), l mM of glutamine (Euroclone
S.p.A., Italy), and 50 U/dm3 of penicillin and streptomycin (Euroclone S.p.A., Italy) with a
doubling time of 27 h.

The flasks containing asynchronous non-confluent cells were gently rinsed with 10
mL of calcium and magnesium-free D-PBS (GIBCO®, Life Technologies, Waltham, MA,
USA), and then detached using 1 mL of 1:1 v/v solution of 0.25% trypsin and 1 × 10−3 M
EDTA. Trypsin was neutralized using a few mL of the fresh culture medium, and the cell
solution was counted (using a Coulter Counter Z2 serie, Beckmann, Kristiansand, Norway).
The T98G cells employed for the experiments were seeded on T-25 flasks at a concentration
of 8 × 103 cells/cm2 at 48 h before the experiment. At 24 h before the experiment, the cell
culture medium was removed and replaced with a fresh medium or a medium containing
AuNRs, at two different concentrations (0.1 µg/mL and 0.5 µg/mL), and placed in the
incubator. On the day of the experiment, the cell culture medium was removed, and every
flask was replaced with the fresh medium 1 h before irradiation. Some of the flasks were
irradiated with doses of 1 Gy and 4 Gy. Then, the cells were detached from all flasks,
counted and, through a series of successive dilutions, seeded in appropriate numbers in 4
Petri dishes at a final volume of 5 mL, as shown in Table 2.
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Table 2. Experimental conditions utilized for the colony-forming assay.

Sample Dose (Gy) AuNRs (µg/mL) Cells Plated

CN - - 400

0.1 µg/mL - 0.1 400

0.5 µg/mL - 0.5 400

1 Gy 1 - 400

4 Gy 4 - 1000

1a 1 0.1 900

2a 1 0.5 2000

3a 4 0.1 3000

4a 4 0.5 4000
Legend: CN: control, i.e., cells not treated; 0.1 µg/mL and 0.5 µg/mL: the AuNR concentration tested; 1 Gy and
4 Gy: the radiation dose used; 1a–4a: the combination treatment.

2.6. Irradiation

Irradiation with gamma rays (E = 0.662 MeV) was performed at the Istituto Superiore
di Sanita’ (ISS, Rome, Italy) with doses of 1 Gy and 4 Gy at a dose rate of 0.6 Gy/min
using a 137Cs source (Gammacell 40, Nordion Inc., Ottawa, ON, Canada). The doses were
selected based on previous data [24]. All irradiations were performed at room temperature.

2.7. Colony-Forming Assay

To study the cytotoxic effect of AuNRs on T98G cells (in terms of reproductive cell
death), the colony-forming assay developed by Puck and Marcus was used [28]. The assay
allows the assessment of classical clonogenic survival. Briefly, after the treatment (i.e., with
pristine AuNRs, upon γ-ray irradiation only and in combination), the cells were trypsinized,
counted and plated into four 6 cm Petri dishes at the appropriate concentration to score the
number of colonies ranging from 300 to 600 for each dose, as shown in Table 2. After about
12 days of growth at 37 ◦C under 5% CO2 and 95% humidity, the colonies were stained
with crystal violet (Figure S1 in Supplementary Materials). Colonies exceeding 50 cells
were scored manually and represented surviving cells. The average colony count for the
four Petri dishes was used to calculate plating efficiency (PE), which was defined as the
number of colonies counted/number of cells plated. For each experiment, cell-surviving
fractions (SF) were calculated as the ratio between the PE measured in the investigated
sample and the measured PE of the corresponding control. All significance was calculated
using Student’s-t-test.

3. Results
3.1. AuNR Synthesis and Loading Studies

The choice of AuNRs as a drug carrier is strategic because it allows us to combine
the high stability and biocompatibility of gold with the anisotropic form, which allows
a versatile engineering possibility [6]. Furthermore, AuNRs possess specific plasmonic
properties, presenting two plasmonic peaks in the visible and/or near-infrared spectral
range.

In this work, AuNR synthesis was performed in accordance with recent literature [29]
and consisted of two steps. In the first step, Au3+ was reduced by NaBH4 in the presence of
CTAB, and a brownish-yellow solution, i.e., the seed solution, was obtained. In the second
step, which concerned the growth of nanorods, the reduction of gold by ascorbic acid was
initiated, and this allowed the conversion of gold from Au3+ to Au1+ and then to Au0. The
AuNR spectrum in water (Figure 1a) shows the two typical plasmon bands at 520–680 nm,
confirming the nanodimension of the material. FESEM EDX studies were performed, and
average sizes of 39 ± 5 nm and 11 ± 2 nm and the respective A.R. = 3.2 were observed
(Figure 1b).
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Figure 1. AuNRs: (a) visible spectrum in water suspension, with λ max = 520–680 nm, and (b) FESEM-EDX
image (scale bar 200 nm), with rods having average dimensions of 39 ± 5 × 11 ± 2 nm (A.R. = 3.2).

Moreover, DLS studies were performed in water and in the cell culture medium
RPMI1640. These data, presented in Table S1 in Supplementary Materials, show high values
of PDI mainly due to the non-spherical shape of the particles, which leads to its incorrect
determination and an overestimation of the hydrodynamic diameter. The differences
observed between the AuNR characterization data obtained via the DLS and SEM analyses
are related to the shape of nanoparticles and the different physical phenomena used
to determine size distribution. SEM measures the true diameter, while DLS measures
hydrodynamic diameter, leading to misleading results for non-spherical particles [30].
Both AuNRs and AuNRs-99Tc showed negative surface charge, and when AuNRs were
suspended in the cell culture medium, the Zeta-potential values increased, suggesting
adsorption of the protein corona. The AuNRs’ stability was checked over time using UV-vis
and DLS studies up to one month after their synthesis, confirming their dimension and
polydispersity. For evaluating drug loading on the AuNR surface, a calibration curve was
performed (y = 55.409x and R2 = 0.999, as reported in Figure S2 in Supplementary Materials)
using different concentrations of the drug [31]. The protocol for loading 99Tc-sestaMIBI onto
the rods’ surface was investigated via the simple contact between the radiopharmaceutical
solution and the suspension of AuNRs for 24 h under stirring at room temperature. The
obtained loading efficiency was η (%) = 5 ± 2%, which corresponds to 0.0033 mg of the
drug for 1 mg of AuNRs.

3.2. Synchrotron Radiation-Induced X-ray Photoelectron Spectral (SR-XPS) Studies

SR-XPS measurements were performed on AuNRs-99Tc in order to ascertain the suc-
cessful loading of the radiopharmaceutical onto AuNRs and to obtain a better insight into
the stability of the 99Tc molecular structure upon conjugation to the surface of AuNRs. For
comparison, SR-XPS measurements were also carried out on 99Tc. The SR-XPS spectra were
acquired at the C1s, N1s and Tc3d core levels and, for the 99Tc-sestaMIBI-AuNRs sample,
at the Au4f core level as well. Complete SR-XPS data analysis results (binding energy (BE),
full width-half maximum (FWHM), and atomic percentages and proposed assignments
for all measured signal components) are summarized in Table S2 in Supplementary Mate-
rials. All signals appeared composite, and by applying a peak fitting procedure, several
spectral components were individuated and assigned, based on a comparison with the
literature [32], to the specific elements in the respective chemical groups. As shown in
Figure 2, the measured spectra for the C1s and N1s core levels confirm the stability of
the 99Tc molecular structure, and for the AuNRs-99Tc system, the presence of CTAB, as
expected by the nanorods’ chemical composition.
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Figure 2. SR-XPS spectra: C1s (a,b), N1s (c,d) and Tc3d (e,f) of decayed and non-radioactive ra-
diopharmaceutical 99Tc and its conjugate on gold rods, AuNRs-99Tc. SR-XPS Au4f spectrum of
AuNRs-99Tc (g).

In more detail, the intensity increment observed for the C1s component at 285.0 eV of
BE (C-C) in AuNRs-99Tc, with respect to the analogous signal in pristine 99Tc, is associated
with the aliphatic tail of CTAB (Figure 2a,b); an analogous effect is observed for the
N1s spectral features associated with amine-like N (Figure 2c,d) with respect to the peak
component assigned to the C≡N groups. On the other hand, the intensity of the third peak
in the C1s spectra (287.3 eV for BE), arising due to the C-O groups of the -OMe moieties
of 99Tc, decreases in the AuNRs-99Tc sample, as expected. The C1s peaks at higher B.E.
assigned to C=O (about 288 eV) and COOH (290 eV) reveal the presence of impurities,
which are always observed in the samples prepared in air via deposition from aqueous
solutions. To further prove the effectiveness of the 99mTc-sestaMIBI conjugation to the
AuNR surface, Au4f and Tc3d signals were analyzed. For Au4f (Figure 2g), a single spin–
orbit pair is observed, with the main Au4f7/2 component being centered at 85.04 eV, as
expected for gold atoms at the AuNRs surface interacting with ligands [33]. Finally, the
reproducibility of Tc3d spectral position and shape [34,35] fully confirms the effectiveness
of the loading process (Figure 2e,f).

3.3. Biological Studies

To evaluate the cytotoxic effect of AuNRs, alone or in combination with gamma ray
(γ-ray) irradiation, the cellular reproductive death in T98G cells was studied using the
colony-forming assay. Figure 3a shows that the SF of the samples treated only with AuNRs,
in the concentration range of 0.1–1 µg/mL, decreases as the concentration increases, as
expected based on a comparison with the literature [36–39]. For subsequent experiments
with the combined treatment (i.e., AuNRs and γ-ray irradiation), we arbitrarily chose
0.1 µg/mL and 0.5 µg/mL because the former shows no toxicity whereas the latter reduces
SF by approximately 50%. The results are shown in Figure 3b, along with the results of the
samples treated with γ-rays only. In particular, the latter are consistent with the literature
data [40–43].
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Figure 3. Bar plot for the results of the SF obtained from the colony-forming assay in glioblastoma
T98G cells. Panel (a) shows the SF after treatment with different AuNR concentrations (yellow
histograms). Panel (b) shows the SF after different treatments: blue histograms (only γ-rays),
yellow histograms (only AuNRs), and green histograms (γ-rays + AuNrs). All results are significant
compared to the control with a p value of <0.01, except for 0.1 µg/mL in panel (b). Significance
was calculated using Student’s t-test. The error bar represents the standard error of the mean (SEM)
obtained from at least 3 independent experiments for each condition used.

In this analysis, all samples were normalized to the same control, (untreated cells—CN).
Overall, it can be seen that the SF decreases as the dose and concentration of AuNRs increase
(Figure 3b). In the samples with the combined treatment (i.e., AuNRs and γ-ray irradiation),
the SF decreases at the same dose as the concentration of AuNRs increases, with an overall
trend that appears to be linear. The decrease observed in the SF of the samples tested with the
combined treatment can be due to three factors: the damage induced by γ-ray irradiation, the
cytotoxicity of AuNRs, and the radiation damage due to the emission of Auger electrons from
the irradiated gold.

To better understand which of the three factors most strongly affected cell survival
in these samples, a more detailed analysis was conducted. The SF was calculated by
considering the samples treated only with γ-rays as the control first (Figure 4a), and
considering the samples treated only with AuNRs as the control afterward (Figure 4b).
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AuNR concentration (b). Significant difference with respect to the control was calculated using an
ANOVA test (** p < 0.01). The error bar represents the propagation of the error.

In the former case (panel a), a similar decrease in the SF is observed for both doses as
the AuNR concentration increases, but the decrease is significant with respect to the control
only for the concentration of 0.5 µg/mL. The obtained data show that the observed effect
is attributable to the presence of AuNRs and Auger electron emission from the irradiated
gold.

In the latter case (panel b), the obtained data show that the SF decreases as the
radiation dose increases, which is significant for all conditions with respect to the control.
Furthermore, a significant decrease in SF is observed for the sample treated with 0.1 µg/mL
or 0.5 µg/mL of AuNRs and irradiated at 4 Gy compared to the sample treated with
0.1 µg/mL or 0.5 µg/mL AuNRs and irradiated at 1 Gy. In this case, by normalizing the
data to the AuNR concentrations used, the obtained results show that the decrease in SF is
attributable to gamma rays and Auger electron emission from the irradiated gold.

The contribution of Auger electrons could be calculated as a first approximation by
subtracting the SF values of the samples in panel b from the SF values of the samples
treated with gamma rays only (see Figure 3b). The results are shown in Table 3.

173



Nanomaterials 2023, 13, 1898

Table 3. Contributions of the various components normalized to the radiation dose used.

Sample SF
(see Figure 3b) Sample SF

(see Figure 4b)
Effect of Auger

Electrons

CN 1 ± 0.14 0.1 µg/mL
0.5 µg/mL

1 ± 0.14
1 ± 0.14

-
-

1 Gy 0.81 ± 0.14 0.1 µg/mL + 1 Gy
0.5 µg/mL + 1 Gy

0.71 ± 0.10
0.77 ± 0.11

0.11 ± 0.13
0.05 ± 0.14

4 Gy 0.45 ± 0.14 0.1 µg/mL + 4 Gy
0.5 µg/mL + 4 Gy

0.37 ± 0.05
0.39 ± 0.05

0.08 ± 0.07
0.06 ± 0.07

The obtained results seem to indicate that emission of Auger electrons from the
irradiated gold of AuNRs occurs, although the energy of incident photons is only slightly
higher than the suitable energy, and under our experimental conditions, it seems to be dose
dependent rather than AuNR concentration dependent.

4. Conclusions

In this study, AuNRs were synthesized (A.R. = 3.2), fully characterized and conju-
gated with long-lived 99Tc-sestaMIBI (STAMICIS®), a tumor-seeking radiopharmaceutical
which is currently used in diagnostic imaging. 99Tc was used in the non-radioactive form
after complete decay. The obtained AuNRs were studied as a proof of concept from a
radiobiological point of view to obtain an overall view of theragnostic action. In fact, the
presence of the radiopharmaceutical used in diagnosis could induce the emission of Auger
electrons from AuNRs, which has a therapeutic effect at the diagnostic site. This effect
was explored as a proof of concept through the irradiation of AuNRs with an external γ
source. The cell killing tests were performed on T98G cells. It emerged that in the case
of AuNRs alone without radiation, the lowest concentration of 0.1 µg/mL was not toxic
for the cells, while a concentration of 0.5 µg/mL showed some degree of toxicity. For the
samples treated with both irradiation and AuNRs, the trend of SF appears to be linear: as
the radiation dose and AuNR concentration increase, cell survival decreases. The effect
of the induced AE emission on cell survival does not appear to be predominant. In fact,
from our preliminary data, it appears to be the dose of gamma rays with which the cells
are irradiated that contributes most significantly and in an independent manner from
the concentration of AuNRs used. Further studies are needed to optimize the loading
of this radiopharmaceutical onto AuNRs, and further biological tests, with and without
irradiation, will be necessary to evaluate the mechanism and efficiency of action. However,
these preliminary investigations are fundamental to verify and optimize the loading of
a decayed radiopharmaceutical, thereby minimizing the dangers for operators and the
costs, and, above all, they allow the optimization of the protocols under consideration, by
mimicking the action of radionuclide on gold, in view of the loading of the radioactive
drug, which would lead to the realization of the theragnostic system.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/nano13131898/s1. Figure S1: Photo images of Petri dishes
containing the colonies, which have been stained with crystal violet and are representative of the
respective biological samples being analyzed; Figure S2: Calibration curve for 99Tc-sestaMIBI in
water (error bar showing the standard deviation is not appreciable); Table S1: Values of Z-Average,
PDI and Zeta potential; Table S2: XPS data collected on the radiopharmaceutical before and after
conjugation to AuNRs.
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Abstract: The functionalization of AuNPs with different biological elements was achieved to in-
vestigate their possibility in biomedical applications such as drug delivery, vaccine development,
sensing, and imaging. Biofunctionalized AuNPs are pursued for applications such as drug delivery,
vaccine development, sensing, and imaging. In this study, AuNPs with diameters of 20 nm were
functionalized with lipoic acid, mannose, or the cRGD peptide. By using UV-vis spectroscopy, Fourier
transform infrared spectroscopy, dynamic light scattering, transmission electron microscopy, and
scanning tunneling microscopy techniques, we showed that AuNPs can be functionalized by these
biomolecules in a reliable way to obtain conjugates to explore potential biomedical applications. In
particular, we demonstrate that the STM technique can be employed to analyze biofunctionalized
AuNPs, and the obtained information can be valuable in the design of biomedical applications.

Keywords: biofunctionalization; gold nanoparticles; lipoic acid; mannose; RGD cyclic peptide;
scanning tunneling microscopy

1. Introduction

Gold nanoparticles (AuNPs) are widely studied due to their interesting optical, ther-
mal, and chemical properties that can be implemented for advanced biomedical applica-
tions [1]. In particular, they are promising platforms for molecular imaging, biomarker
sensors, drug delivery, diagnostic, therapy (photon-induced), and theragnostics, among
others. Several reports have shown the binding of peptides [2], proteins [3], nucleic acids [4],
or carbohydrates [5] to AuNPs via ligand exchange, taking advantage of the strong thiol–
gold interaction. The binding of biomolecules to AuNPs can improve their stability in
physiological media and biodistribution and allows the design of conjugates with active
targeting capability, which emerge due to the high specificity of biomolecules by specific
biomarkers. These ligands help nanoparticles to target specific cells or tissues, improving
the accumulation and biodistribution of loads (active drugs or contrast agents) compared
with free loads [2,6].

Recently, the attachment of biomolecules on AuNP surfaces has been extensively
studied, and several successful protocols have been reported [7]. In contrast, there is
an open challenge over the orientation and assembly of the attached biomolecules. This
is an important issue since the orientation, form (structure), and assembly of ligands
on AuNPs can impact the biological activity and binding affinity of biomolecules; for
example, the antigen-recognition Fv regions of immunoglobulin G should be correctly
oriented on surfaces for effective antigen recognition [8]. Also, it is well known that
the assembly of carbohydrates on cell surfaces can affect their interaction with proteins;
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e.g., when carbohydrates are assembled into small clusters, their binding to proteins called
lectins is more efficient than when they are isolated [9], because the number of simultaneous
interactions formed between clusters of carbohydrates and recognition proteins are multiple
and enhance the binding affinity compared with individual carbohydrates [9]. Liese and
Netz [10] reported that the interaction of synthetic systems is most efficient when the size of
the clusters of recognition of biomolecules is similar compared to the size of their receptor,
and, also, that an excess of ligands does not improve the selectivity, i.e., there is not a linear
correlation between the interaction and the number of ligands [11].

The direct visualization of the orientation and assembly of biological ligands on the
surfaces of AuNPs can help to understand and tailor their biological behavior. Several
techniques have been employed for the characterization of thiolated bounded ligands
on AuNPs, such as inductively coupled plasma mass spectrometry (ICP–MS), that has
been used for the quantification of ligands [12], and X-ray photoelectron spectroscopy
(XPS), which has been used for density packing analysis [13], and the adsorption of thiol
molecules has been extensively studied using UV–visible spectroscopy (UV–vis) and in
silico studies [14]. In particular, to elucidate the assembly of thiolated molecules, electron
spin resonance (EPR), small-angle neutron scattering (SANS), mass spectrometry (MS),
and nuclear magnetic resonance (NMR) have been employed [15]. However, for the direct
visualization of biomolecules on AuNPs, scanning tunneling microscopy (STM) repre-
sents a viable alternative; for example, it has been widely employed for the analysis of
biomolecules on metallic surfaces and the surfaces of nanomaterials. In particular, STM has
been employed in the analysis of thiolate molecules on AuNPs and Ag nanoclusters, show-
ing that these molecules can form patterns on AuNPs [15,16]. Also, many biomolecules
such as lipids, carbohydrates, proteins, and nucleic acids have been imaged near molecular
resolution on flat surfaces of Cu, Au, and highly ordered pyrolytic graphite (HOPG) [17]. In
previous works, we employed STM to obtain information of individual organic molecules
and proteins deposited on HOPG and the surfaces of carbon nanomaterials [18–20]. Also,
conventional techniques employed in the analysis of biomolecules, such as circular dichro-
ism (CD) or X-ray crystallography, present several limitations for the rutinary analysis
of biofunctionalized nanoparticles, for example, the necessity of high concentrations of
conjugates or the compulsory requirement of diffracting crystals [17].

By considering the importance of the orientation and assembly of biomolecules on
surfaces of AuNPs, in this work, we analyzed the surfaces of functionalized AuNPs with
lipoic acid (ALA@AuNPs), mannose (MAN@AuNPs), and the Arg-Gly-Asp cyclic peptide
(cRGD@AuNPs). These biomolecules were selected since they might exhibit potential
biomedical applications: ALA is an antioxidant biomolecule that has been used as a linker
molecule for the attachment of drugs and proteins to AuNPs [21,22]; MAN is a carbohydrate
that has been employed in the design of contrast agents for molecular imaging in cancer [5];
and cRGD has been widely employed for the active targeting of cancer cells [23]. The
resulting information from this study will be of benefit in the development of biomodified
nanomaterials and their potential applications.

2. Materials and Methods
2.1. Materials

AuNPs of 20 nm diameter in citrate buffer (SC@AuNPs), lipoic acid (ALA), hydrochloric
acid (HCl), sodium hydroxide (NaOH), and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride (EDC) were obtained from Sigma-Aldrich (Mexico City, Mexico). The cRGD
peptide (Cyclo(Arg-Ala-Asp-D-Phe-Lys-cCys) was acquired from Peptides international
(Louisville, KY, USA). 2-aminoethyl 2,3,4,6-tetra-O-acetyl-α-d-mannopyranoside hydrochlo-
ride (MAN) was obtained from Synthose Inc., (Concord, ON, Canada). Deionized water
(18.2 MΩ cm) was used in all experiments.
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2.2. ALA@AuNPs

Three milliliters (1 nM) of SC@AuNPs was washed three times at 11,500 rpm (30 min)
and resuspended in deionized water (pH 11). Then, 2.5 mL (1 nM) of washed nanoparticles
was incubated with 250 µL of ALA (10 mM) at constant stirring (3000 rpm, 48 h at room
temperature). The excess of ALA was removed by centrifugation (11,500 rpm, 30 min) and
then resuspended in deionized water at pH 7 and adjusted to 1 nM of AuNPs.

2.3. MAN@AuNPs

For the preparation of the MAN@AuNPs conjugates, 1 mL (1 nM) of ALA@AuNPs,
2 µL of MAN (100 mg/mL, in ethanol), and 10 µL of EDC (40 mM, pH 6.5) were mixed
and incubated at constant stirring (3000 rpm, 48 h). Then, the conjugate was washed three
times in deionized water at pH 11 and left in basic hydrolysis for 24 h.

2.4. cRGD@AuNPs

For the preparation of the cRGD@AuNPs conjugate, 1 mL of SC@AuNPs (1 nM, pH 7)
was mixed with 2 µL of cRGD (100 mg/mL) and incubated at constant stirring (3000 rpm,
24 h). Then, cRGD@AuNPs were washed three times in deionized water and left in water
at pH 7.

2.5. Characterization

UV-Vis spectra (300–700 nm) were recorded in a Beckman Coulter DU-530 (Life science)
with quartz cuvettes (1 cm). The hydrodynamic diameter and Z–potential were recorded
in a Zetasizer Nano ZSP analyzer (HeNe laser (633 nm, 5 mW), Malvern, Worcestershire,
UK). Fourier transform infrared spectroscopy coupled to ATR analysis were recorded
on a Perkin-Elmer Spectrum 100 spectrometer (Perkin Elmer, Akron, OH, USA). For this
analysis, samples were deposited by drop casting on the ATR crystal. The microscopy
analysis was performed in a JEM-2010F FASTEM JEOL coupled to a NORAN energy
dispersive spectrophotometer (EDS) operating at 200 kV. For this analysis, the conjugates
(SC-AuNPs, ALA@AuNPs, MAN@AuNPs, or cRGD@AuNPs) were prepared by depositing
a drop of the samples onto carbon-coated copper grids (Ted Pella, Redding, CA, USA) and
allowed to dry at room temperature overnight. The recorded images were analyzed using
the software ImageJ version 1.54d (NIH, Wayne Rasband), and the statistical analysis was
performed with the Origin Pro 2023b software (Northampton, MA, USA).

STM measurements were carried out in a NaioSTM system (Nanosurf AG, Liestal,
Switzerland). The analysis was carried out at room temperature using mechanically cut
Pt/Ir tips of 0.25 mm diameter (Nanosurf AG, Liestal, Switzerland). For the analyses, 50 µL
of each sample was drop-casted onto a freshly cleaved HOPG substrate (5 × 5 × 2 mm,
grade ZYB). The deposited samples were incubated for 30 min, washed with 2 mL of
deionized water, and dried overnight in a vacuum. The STM images were analyzed by
using the Nanotec Electronica WSxM 5.0 (Madrid, Spain) software [24].

3. Results

The UV–Vis spectroscopy results showed that SC@AuNPs and biofunctionalized sam-
ples ALA@AuNPs, MAN@AuNPs, and cRGD@AuNPs exhibited a strong absorbance band
in the visible region at 523 nm without broadening, suggesting that the conjugates were
stable after functionalization. The DLS measurement showed small differences; the diam-
eters of SC@AuNPs and ALA@AuNPs were similar, 31.7 ± 0.11 nm and 31.9 ± 0.13 nm,
respectively. After biofunctionalization with MAN, the size increased to 37.7 ± 0.81 nm,
suggesting it was due to the covalent attachment of MAN. The size of the cRGD@AuNPs
decreased to 29.5 ± 0.37 nm, a small change compared to the starting gold nanoparticles
with sodium citrate. The size analysis showed that the conjugates and SC@AuNPs were
moderately polydispersed (PDI 0.3–0.4); in particular, ALA@AuNPs and MAN@AuNPs
showed a wider size distribution in comparison with SC@AuNPs and cRGD@AuNPs.
Z potential analysis showed that the conjugates increased their negativity after biofunc-
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tionalization as follows: cRGD@AuNPs > MAN@AuNPs > ALA@AuNPs > SC@AuNPs
(Figure 1, right column). These results suggest that the biomolecules contribute to the
increased negativity. ALA can be attached to gold nanoparticles via the dithiol ring, with
the carboxylic acid exposed to solution; the covalent binding of MAN to ALA increased
the number of electronegative atoms on the AuNPs surface, and the binding of cRGD to
AuNPs also increased the number of electronegative atoms on the surface.

Figure 1. UV–Vis and DSL analysis of: (a) SC@AuNPs, (b) ALA@AuNPs, (c) MAN@AuNPs, and
(d) cRGD@AuNPs. UV-VIS (left column), hydrodynamic diameter (middle column), and Z-potential
(right column). All the measurements were conducted in deionized water at pH 11.0 by using NaOH
(1 M). The color code of the surface coating is as follows: SC (red), ALA (green), MAN (blue), and
cRGD (purple).

To confirm the presence of biomolecules on AuNPs, FT-IR experiments were per-
formed. The SC@AuNPs (Figure 2a) showed a peak at 3300 cm−1 that was assigned to
OH stretching, one peak at 2916 cm−1 that was assigned to CH2, one peak at 1420 cm−1

assigned to carboxylic groups, and a peak at 1002 cm−1 assigned to CO; all these groups are
present in sodium citrate [5]. The ALA@AuNPs (Figure 2b) showed one peak at 1730 cm−1

assigned to C=O double bond stretching, a peak at 2850 cm−1 assigned to CH2 symmetric
stretching, and a peak at 2916 cm−1 assigned to CH2 asymmetric stretching; these peaks
suggested the presence of ALA molecules [5]. After the covalent bond of MAN to ALA
molecules attached to AuNPs, MAN@AuNPs (Figure 2c) showed a spectrum with three
peaks at 1140, 1045, and 1082 cm−1 that suggested the presence of pyranose rings; mean-
while, the peak at 1738 cm−1 was assigned to the asymmetric vibration of C=O [25]. The
peak at 1631 cm−1 was assigned to C=O and C-N stretching. Meanwhile, the peak at
1567 cm−1 suggested in-plane N-H bending and C-N stretching, and the C–O–C asymmet-
ric frequency was placed between 1368 and 1045 cm−1. Finally, the peak at 1221 cm−1 was
assigned to C-N stretching, and the peak at 1045 cm−1 was related to C-O stretching. The
cRGD@AuNPs showed a peak at 3295 that was assigned to the N-H stretching of Amide
A, one peak at 1673 cm−1 was assigned to the stretching band of C=O of Amide I, and
the peak at 1563 cm−1 was assigned to the C-N stretching and N-H bending of amide II;
meanwhile, the peak at 777 cm−1 was assigned to the out-of-plane N-H bending. As a
whole, the FTIR analysis suggested the presence of each one of the biomolecules employed
for biofunctionalization [26].
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Figure 2. Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectra of (a) SC@AuNPs,
(b) ALA@AuNPs, (c) MAN@AuNPs, and (d) cRGD@AuNPs. The color code of the surface coating is
as follows: SC (red), ALA (green), MAN (blue), and cRGD (purple).

Transmission electron microscopy images of the biofunctionalized nanoparticles are
shown in Figure 3. All the conjugates were spherical, and no changes in size and morphol-
ogy occurred after biofunctionalization. The histograms of size distribution are shown
in Figure 3e. However, there was the presence of a low-electron-density halo around
ALA@AuNPs, MAN@AuNPs, and RGDc@AuNPs (see Figure 3b–d). This material was
associated with the presence of ALA, MAN, and cRGD on the surface of the AuNPs. The
size of the coat for ALA was near 1.07 nm, for MAN near 3.72 nm, and for cRGD 4.8 nm.
The elemental analysis of the conjugates confirmed the presence of gold as well as N and S,
and the gold was related to AuNPs; meanwhile, the other elements were related to ALA,
MAN, and cRGD.

Although TEM imaging suggested the adsorption of ALA, MAN, and cRGD molecules
onto the surfaces of the AuNPs, it did not allow us to resolve finer structural details. For
this purpose, the STM technique was explored to analyze the conjugates. We used HOPG
as a substrate for the analysis since it may have advantages over metallic substrates. It
was reported that the thiolated protecting coat of gold nanoparticles can redistribute on
the Au(111) surface in minutes and form islands [27]. Also, HOPG consists of high-quality
defect-free graphene layers that provide clean and atomically flat surfaces suitable for
material depositions, it is easily cleaved [17], and the defects are easy to recognize and
differentiate from gold nanoparticles.
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Figure 3. Sequences of transmission electron microscopy images and size histogram distribution for
(a) SC@AuNPs, (b) ALA@AuNPs, (c) MAN@AuNPs, and (d) cRGD@AuNPs. (e) Histograms are
indicated by the color code of the surface coating as follows: SC (red), ALA (green), MAN (blue), and
cRGD (purple).

The SC@AuNPs showed large agglomerates of densely packed particles, in addition to
sparse individual nanoparticles. Before STM analysis, these particles were washed several
times, and throughout the process, the stabilizing citrate was washed off, decreasing the
repulsive forces which maintain the stability of gold nanoparticles. Cross-sectional analysis
of these samples showed diameters between 18 and 22 nm (Figure 4c,f,i) and 3 and 5 nm
high. A smooth surface was observed after analyzing the conjugates at high resolution. The
images of the ALA@AuNPs showed densely packed nanoparticles with evident borders
between the nanoparticles as compared to SC@AuNPs. These particles are 25 to 28 nm
long and 3 to 6 nm high (see Figure 5c,f). The analysis of individual nanoparticles also
showed the presence of terraces. In addition, the cross-sectional analysis of particles
under these conditions showed that the surface was not smooth (see Figure 5i). It is
important to mention that ALA@AuNPs exhibited an ellipsoid shape that is characteristic
of gold nanoparticles on flat surfaces, as seen with STM, which was not as evident for
the SC@AuNPs. The images of MAN@AuNPs showed a pattern similar to ALA@AuNPs;
however, it was more evident, even at high magnifications (Figure 6d). These particles
showed a size between 20 and 25 nm long and 1 and 2 nm high. Finally, the cRGD@AuNPs
showed the presence of a large number of individual nanoparticles with dimensions of
10 to 22 nm long and 3 to 8 nm high (Figure 7). The images showed the ellipsoid form
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despite the densely packed aggregation of the particles in contrast to the SC@AuNPs and
MAN@AuNPs.

Figure 4. STM topographic images of SC@AuNPs deposited onto bare HOPG. STM imaging param-
eters: (a) (400 × 400 nm2, Vs = 0.5 V, I = 1.0 nA, time/line: 0.382 s); (b) (181 × 181 nm2, Vs = 0.5 V,
I = 1.0 nA, time/line: 0.3 s); (c) profile corresponding to the blue line in (b); (d) (114 × 114 nm2,
Vs = 0.5 V, I = 1.0 nA, time/line: 0.3 s); (e) (103 × 103 nm2, Vs = 0.5 V, I = 1.0 nA, time/line: 0.3 s);
(f) profile corresponding to the green line in (b); (g) (103 × 103 nm2, Vs = 0.5 V, I = 1.0 nA, time/line:
0.382 s); (h) (44.3 × 44.3 nm2, Vs = 0.5 V, I = 1.0 nA, time/line: 0.3 s); (i) profile corresponding to the
blue line in (g).
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Figure 5. STM topographic images of ALA@AuNPs deposited onto bare HOPG. STM imaging
parameters: (a) (300 × 300 nm2, Vs = 0.5 V, I = 1.0 nA, time/line: 0.3 s); (b) (200 × 200 nm2, Vs = 0.5 V,
I = 1.0 nA, time/line: 0.3 s); (c) profile corresponding to the blue line in (a); (d) (97.3 × 97.3 nm2,
Vs = 0.5 V, I = 1.0 nA, time/line: 0.3 s); (e) (70.9 × 70.9 nm2, Vs = 0.5 V, I = 1.0 nA, time/line: 0.3 s);
(f) profile corresponding to the blue line in (d); (g) (26.6 × 26.6 nm2, Vs = 0.5 V, I = 1.0 nA, time/line:
0.3 s); (h) (26.6 × 26.6 nm2, Vs = 0.5 V, I = 1.0 nA, time/line: 0.3 s); (i) profile corresponding to the
blue line in (h).
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Figure 6. STM topographic images of MAN@AuNPs deposited onto bare HOPG. STM imaging pa-
rameters: (a) (189 × 189 nm2, Vs = 0.5 V, I = 1.0 nA, time/line: 0.365 s); (b) (128 × 128 nm2, Vs = 0.5 V,
I = 1.0 nA, time/line: 0.365 s); (c) profile corresponding to the blue line in (a); (d) (54.7 × 54.7 nm2,
Vs = 0.5 V, I = 1.0 nA, time/line: 0.365 s); (e) (32 × 32 nm2, Vs = 0.5 V, I = 1.0 nA, time/line: 0.365 s);
(f) profile corresponding to the blue line in (d); (g) (35 × 35 nm2, Vs = 0.5 V, I = 1.0 nA, time/line:
0.365 s); (h) (13.3 × 13.3 nm2, Vs = 0.4 V, I = 1.0 nA, time/line: 0.365 s); (i) profile corresponding to
the blue line in (h).
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Figure 7. STM topographic images of cRGD@AuNPs deposited onto bare HOPG. STM imaging
parameters: (a) (200 × 200 nm2, Vs = 0.5 V, I = 1.0 nA, time/line: 0.4 s); (b) (134 × 134 nm2, Vs = 0.5 V,
I = 1.0 nA, time/line: 0.4 s); (c) profile corresponding to the blue line in (d); (d) (69.1 × 69.1 nm2,
Vs = 0.5 V, I = 1.0 nA, time/line: 0.399 s); (e) (54.6× 54.6 nm2, Vs = 0.5 V, I = 1.0 nA, time/line: 0.399 s);
(f) profile corresponding to the blue line in (g); (g) (27.3 × 27.3 nm2, Vs = 0.5 V, I = 1.0 nA, time/line:
0.399 s); (h) (20.4 × 20.4 nm2, Vs = 0.5 V, I = 1.0 nA, time/line: 0.4 s); (i) profile corresponding to the
blue line in (h).

4. Discussion

In this work, gold nanoparticles 20 nm in diameter were covered with thiolated
biomolecules via S-Au bonds. This is a post synthesis methodology, well known as lig-
and exchange, where sodium citrate from the initial nanoparticles is exchanged by the
thiolated molecules. It is important to mention that the exposed molecules at the in-
terface determine the chemical and biological properties of the conjugates. Our results
showed that the nanoparticles were stable after ALA, MAN, or cRGD modification, as
confirmed by UV-Vis. The incorporation of functional groups provided by these molecules,
as suggested by the FTIR analysis, can help to maintain the stability of these colloids
in water, for example, allowing the formation of hydrogen bonds and electrostatic re-
pulsion interactions. For biomedical applications, the stability of AuNPs is compulsory
as it plays an important role in determining their toxicity [28]. Here, the stability was
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analyzed after synthesis and in water at pH 11. The size of the AuNPs after function-
alization showed small changes due to the adsorption of the biomolecules compared
to the initial AuNPs stabilized with sodium citrate (SC@AuNPs). In contrast, the Z po-
tential showed that the conjugates increased their negativity after biofunctionalization:
cRGD@AuNPs > MAN@AuNPs > ALA@AuNPs > SC@AuNPs. The change in the elec-
tronegativity of the conjugates can be attributed to the presence of aspartic acid amino acids
(D) for cRGD, electronegative oxygens for MAN, and carboxylic acids for ALA. The size and
charge of the nanoparticles are significant parameters as it was reported that these physico-
chemical parameters can influence the in vitro and in vivo behavior of functionalized gold
nanoparticles, i.e., the in vitro uptake and the in vivo biodistribution [29].

Our TEM images showed the presence of a low-density coating around ALA@AuNPs,
MAN@AuNPs, and cRGD@AuNPs, suggesting the presence of the biomolecules [30]. In
addition, no aggregates were observed, which indicates that the nanoparticles’ modifica-
tion state diminished their aggregation behavior. On the other hand, our STM analysis
showed that it is a viable microscopy technique for the characterization of biofunctionalized
AuNPs. The STM images showed an aspherical morphology that was more evident for
ALA@AuNPs and cRGD@AuNPs than for SC@AuNPs and MAN@AuNPs. The presence of
free material could affect the morphology resolution in the MAN@AuNP case, the bonding
reaction required mannose and EDC in excess, and even after several centrifugation washes,
some residual material could be present, affecting the imaging of individual nanoparti-
cles. Also, in the SC@AuNPs case, the presence of free molecules of sodium citrate could
affect the resolution of individual molecules. The size of the nanoparticles measured by
cross-sectional analyses showed particles with diameters longer than 20 nm, which can be
attributed to the biomolecules attached to the AuNPs, as seen by TEM. A high-resolution
analysis of the biomolecular coating of our as-synthetized conjugates was not achieved in
our study. STM is a very sensitive technique, and several factors can limit its resolution
power when analyzing biofunctionalized gold nanoparticles: the presence of free material
can contaminate the tip, degrading its ability to produce images of high resolution; the
mobility of the nanoparticles is another parameter that can affect an STM study. In our
analysis, the mobility of individual nanoparticles on the HOPG substrate made it difficult to
analyze their surfaces at a high resolution. Previous studies have reported the attachment of
AuNPs on gold surfaces, which improved their analysis [15]. In addition, we employed the
drop-cast technique for deposition, and we observed the formation of large agglomerates;
in contrast, the deposition of monolayers can help to resolve individual AuNPs at a high
resolution. In general, the previously mentioned parameters should be considered for
the analysis of gold nanoparticles functionalized with biomolecules. Finally, the analysis
of individual biomolecules as lipids, carbohydrates, proteins, or nucleic acids onto flat
substrates is a complex task, and, moreover, the analysis of biomolecules on the surface of
AuNPs represents an extreme challenge [17].

5. Conclusions

The biofunctionalization of AuNPs with lipoic acid, mannose, and the cRGD peptide
via the formation of the Au-S bond via ligand exchange is a reliable method to obtain con-
jugates with potential biomedical applications. Combining several analytical techniques,
the as-synthetized conjugates are described as stable without evidence of aggregation. Our
preliminary studies using STM demonstrate that this technique can be employed to analyze
biofunctionalized AuNPs; however, several parameters, such as the elimination of free
ligands, the reduction in mobility, and the deposition of monolayers, should be optimized
for the analysis of the surfaces of bioconjugates at a high resolution. The biofunctionalized
nanoparticles with lipoic acid, mannose, and the cRGD peptide can also be conjugated with
drugs and/or contrast agents. Also, it was shown that the STM can be used as a complemen-
tary technique for the characterization of biofunctionalized nanoparticles. Furthermore,
the STM is a versatile technique that can be used for the electronic characterization of
conjugates and the analyst of samples in physiological solutions.

187



Nanomaterials 2023, 13, 2596

Author Contributions: Conceptualization, A.R.-G.; methodology, M.R. (Mitzi Reyes), M.Á.-C. and
A.R.-G.; validation, A.R.-G.; formal analysis, M.R. (Mitzi Reyes), M.Á.-C. and A.R.-G.; investigation,
M.R. (Mitzi Reyes), M.Á.-C. and A.R.-G.; resources, A.R.-G.; data curation, A.R.-G.; writing—original
draft preparation, A.R.-G.; writing—review and editing, M.R. (Margarita Rivera), A.R.-G. and
V.A.B.; funding acquisition, A.R.-G. All authors have read and agreed to the published version of
the manuscript.

Funding: Financial support from the National Autonomous University of Mexico (UNAM; Grant
DGAPA-PAPIIT IA204521).

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Alejandro Heredia Barbero for his technical assistance with
the FTIR analysis and Fís. Roberto Hernández for HRTEM imaging.

Conflicts of Interest: No conflicts of interest exist in the submission of this manuscript.

References
1. Anik, M.I.; Mahmud, N.; Al Masud, A.; Hasan, M. Gold Nanoparticles (GNPs) in Biomedical and Clinical Applications: A Review.

Nano Sel. 2022, 3, 792–828. [CrossRef]
2. Amina, S.J.; Guo, B. A Review on the Synthesis and Functionalization of Gold Nanoparticles as a Drug Delivery Vehicle. Int. J.

Nanomed. 2020, 15, 9823–9857. [CrossRef] [PubMed]
3. Fan, L.; Wang, W.; Wang, Z.; Zhao, M. Gold Nanoparticles Enhance Antibody Effect through Direct Cancer Cell Cytotoxicity by

Differential Regulation of Phagocytosis. Nat. Commun. 2021, 12, 6371. [CrossRef] [PubMed]
4. Wang, C.; Zhang, H.; Zeng, D.; San, L.; Mi, X. DNA Nanotechnology Mediated Gold Nanoparticle Conjugates and Their

Applications in Biomedicine. Chin. J. Chem. 2016, 34, 299–307. [CrossRef]
5. Estudiante-Mariquez, O.J.; Rodríguez-Galván, A.; Ramírez-Hernández, D.; Contreras-Torres, F.F.; Medina, L.A. Technetium-

Radiolabeled Mannose-Functionalized Gold Nanoparticles as Nanoprobes for Sentinel Lymph Node Detection. Molecules 2020,
25, 1982. [CrossRef] [PubMed]

6. Ghosh, P.; Han, G.; De, M.; Kim, C.K.; Rotello, V.M. Gold Nanoparticles in Delivery Applications. Adv. Drug Deliv. Rev. 2008,
60, 1307–1315. [CrossRef] [PubMed]

7. Lee, J.W.; Choi, S.-R.; Heo, J.H. Simultaneous Stabilization and Functionalization of Gold Nanoparticles via Biomolecule
Conjugation: Progress and Perspectives. ACS Appl. Mater. Interfaces 2021, 13, 42311–42328. [CrossRef] [PubMed]

8. Iijima, M.; Somiya, M.; Yoshimoto, N.; Niimi, T.; Kuroda, S. Nano-Visualization of Oriented-Immobilized IgGs on Immunosensors
by High-Speed Atomic Force Microscopy. Sci. Rep. 2012, 2, 790. [CrossRef]

9. Adak, A.K.; Lin, H.-J.; Lin, C.-C. Multivalent Glycosylated Nanoparticles for Studying Carbohydrate–Protein Interactions.
Org. Biomol. Chem. 2014, 12, 5563–5573. [CrossRef]

10. Liese, S.; Netz, R.R. Quantitative Prediction of Multivalent Ligand–Receptor Binding Affinities for Influenza, Cholera, and
Anthrax Inhibition. ACS Nano 2018, 12, 4140–4147. [CrossRef]

11. Tjandra, K.C.; Thordarson, P. Multivalency in Drug Delivery—When Is It Too Much of a Good Thing? Bioconjug. Chem. 2019,
30, 503–514. [CrossRef] [PubMed]

12. Hinterwirth, H.; Kappel, S.; Waitz, T.; Prohaska, T.; Lindner, W.; Lämmerhofer, M. Quantifying Thiol Ligand Density of Self-
Assembled Monolayers on Gold Nanoparticles by Inductively Coupled Plasma–Mass Spectrometry. ACS Nano 2013, 7, 1129–1136.
[CrossRef] [PubMed]

13. Volkert, A.A.; Subramaniam, V.; Ivanov, M.R.; Goodman, A.M.; Haes, A.J. Salt-Mediated Self-Assembly of Thioctic Acid on Gold
Nanoparticles. ACS Nano 2011, 5, 4570–4580. [CrossRef] [PubMed]

14. Grönbeck, H.; Curioni, A.; Andreoni, W. Thiols and Disulfides on the Au(111) Surface: The Headgroup−Gold Interaction. J. Am.
Chem. Soc. 2000, 122, 3839–3842. [CrossRef]

15. Ong, Q.; Luo, Z.; Stellacci, F. Characterization of Ligand Shell for Mixed-Ligand Coated Gold Nanoparticles. Acc. Chem. Res.
2017, 50, 1911–1919. [CrossRef] [PubMed]

16. Zhou, Q.; Kaappa, S.; Malola, S.; Lu, H.; Guan, D.; Li, Y.; Wang, H.; Xie, Z.; Ma, Z.; Häkkinen, H.; et al. Real-Space Imaging
with Pattern Recognition of a Ligand-Protected Ag 374 Nanocluster at Sub-Molecular Resolution. Nat. Commun. 2018, 9, 2948.
[CrossRef] [PubMed]

17. Rodríguez-Galván, A.; Contreras-Torres, F.F. Scanning Tunneling Microscopy of Biological Structures: An Elusive Goal for Many
Years. Nanomaterials 2022, 12, 3013. [CrossRef] [PubMed]

18. Rodríguez-Galván, A.; Heredia, A.; Amelines-Sarria, O.; Rivera, M.; Medina, L.A.; Basiuk, V.A. Non-Covalent Attachment of
Silver Nanoclusters onto Single-Walled Carbon Nanotubes with Human Serum Albumin as Linking Molecule. Appl. Surf. Sci.
2015, 331, 271–277. [CrossRef]

19. Rodríguez-Galván, A.; Amelines-Sarria, O.; Rivera, M.; del Pilar Carreón-Castro, M.; Basiuk, V.A. Adsorption and Self-Assembly
of Anticancer Antibiotic Doxorubicin on Single-Walled Carbon Nanotubes. Nano 2015, 11, 1650038. [CrossRef]

188



Nanomaterials 2023, 13, 2596

20. Rodríguez-Galván, A.; Heredia, A.; Plascencia-Villa, G.; Ramírez, O.T.; Palomares, L.A.; Basiuk, V.A. Scanning Tunneling
Microscopy of Rotavirus VP6 Protein Self-Assembled into Nanotubes and Nanospheres. J. Scanning Probe Microsc. 2008, 3, 25–31.
[CrossRef]

21. Dzwonek, M.; Załubiniak, D.; Piątek, P.; Cichowicz, G.; Męczynska-Wielgosz, S.; Stępkowski, T.; Kruszewski, M.; Więckowska, A.;
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Abstract: Preserving ultrasmall sizes of metal particles is a key challenge in the study of heteroge-
neous metal-based catalysis. Confining the ultrasmall metal clusters in a well-defined crystalline
porous zeolite has emerged as a promising approach to stabilize these metal species. Successful
encapsulation can be achieved by the addition of ligated metal complexes to zeolite synthesis gel
before hydrothermal synthesis. However, controlling the metal particle size during post-reduction
treatment remains a major challenge in this approach. Herein, an in situ incorporation strategy of
pre-made atomically precise gold clusters within Na-LTA zeolite was established for the first time.
With the assistance of mercaptosilane ligands, the gold clusters were successfully incorporated within
the Na-LTA without premature precipitation and metal aggregation during the synthesis. We have
demonstrated that the confinement of gold clusters within the zeolite framework offers high stability
against sintering, leading to superior CO oxidation catalytic performance (up to 12 h at 30 ◦C, with a
space velocity of 3000 mL g−1 h−1).

Keywords: gold nanoclusters; in situ encapsulation; LTA zeolite; CO oxidation

1. Introduction

The catalytic behavior of metal-based catalysts is strongly dependent on their particle
size. This is especially true for metal nanoclusters (MNCs), whose unique properties are
highly sensitive to the number of metal atoms in the core. The addition or subtraction of a
single metal atom to the ultrasmall clusters can critically influence the catalytic activity [1–3].
Therefore, controlling and maintaining the sizes of MNCs is essential in the study of metal
nanocluster-based catalysis. Capping ligands are generally used in the synthesis of metal
colloids and MNCs to control the size and suppress the overgrowth of the metal particles.
When such species are used to make catalysts, ligands can act as a barrier, prohibiting
reactants from accessing active metal surfaces. Many strategies have been developed to
preserve the ultrasmall sizes of metal particles, particularly during catalyst activation
and catalytic reaction, where protecting ligands are removed [4]. Immobilization of the
metal particles onto solid supports before removing the ligands is one common approach.
However, depositing the metal particles onto the surface of the solid supports, in some
cases, often cannot provide satisfactory stability to the metal particles [5–7]. Due to their
high surface energy, naked ultrasmall metal particles tend to aggregate by Ostwald ripening
or Smoluchowski ripening, hence, losing catalytically active surface [8]. Our team [9–15],
as well as several other groups [8,16–18], have reported that controlling MNC aggregation
can be both important and challenging.
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In this respect, microporous aluminosilicate zeolites appear as a promising host for
confining ultrasmall MNCs. A well-defined and rigid zeolite framework could offer
better stability by accommodating MNCs inside their cavities, well-isolated from one
another. In such cases, the ultrasmall MNCs would have a better chance to maintain their
size and catalytically active surfaces. The great thermal stability of zeolites, their large
specific surface area, and more importantly, the specific pore and cavity sizes could also
facilitate unique reactant, product, and transition-state selectivity and suppress catalyst
poisoning [19–23].

The challenging task is that the fabrication of such encapsulated MNCs within zeolite
is not straightforward [24–26]. Common methods used for the preparation of zeolite-
supported metal catalysts involve ion exchange and wet impregnation. In both cases,
solvated metal complexes are introduced to the zeolite void space after the framework
is formed. Therefore, the location and homogeneity of distribution of metal species and
their sizes strongly depend on the diffusion of the metal precursor through the framework
defined by the pore openings of a particular zeolite. It would be a major challenge to
synthesize atomically precise metal particles using this approach. These post-synthetic
protocols are generally restricted significantly for small-pore zeolites, where a majority
of the metal species may not be able to access the micropores. Instead, they are likely to
remain at the outer surface and sinter to form larger particles during the activation and
reduction steps [27–31].

An alternative approach, an in situ encapsulation, where a ligated metal precursor is
introduced to a zeolite synthesis gel before the framework formation may, therefore, be
preferable [32–49]. Using this approach, zeolite building units can assemble around the
metal species, occluding the metals within the resulting framework during crystallization.
However, successful encapsulation can only be achieved if (1) the metal precursors possess
adequate stability in a strongly alkaline media of zeolite synthesis, and (2) good interac-
tion between the metal species and the zeolite building units is established. Therefore,
choosing appropriate passivating ligands (e.g., amine-based [33–43] and mercaptosilane-
based [44–49] ligands) that strongly coordinate with the metal precursors and promote the
assembly of zeolite building units is a crucial step in this approach. Without the assistance
of such ligands, the metal species tend to precipitate prematurely and severely agglomerate
to form larger metal particles on the external surface of the zeolite or even bulk metal
separated from zeolite hosts [33–36,44–46].

Bifunctional mercaptosilane-based ligands (such as 3-mercaptopropyl trimethoxysi-
lane, MPTMS), among protecting ligands, have been reported to offer sufficient stability to
simple metal precursors, such as H2PtCl6, Pd(NH3)4Cl2, H2IrCl6, (NH4)3RhCl6, AgNO3,
and HAuCl4 [44,45]. Through a strong metal-S bond, the mercapto groups (-SH) of the
ligands provide chemical protection to the metal precursors against reduction or hydrolysis,
even in strong alkaline media. Meanwhile, the silane moieties of the ligand simultaneously
induce condensation of the silicate oligomer around the metal precursors. The formation
of covalent Si-O-Si or Si-O-Al bonds between the ligated metal precursors and the zeolite
building units then encapsulates metal species. At the same time, the zeolite framework is
being formed, allowing these simple metal species to be incorporated within the zeolite
cavity without premature precipitation and/or severe aggregation.

This strategy, however, requires further reduction of these simple encapsulated ligated
metal species using reductive thermal treatment to produce encapsulated metal nanoparti-
cles (MNPs) or MNCs with clean surfaces. The conditions of such inevitable post-treatment
have a prominent influence on the sizes and size distributions of the MNPs and MNCs [50].
The precise control of the metal particle size is challenging, especially for gold MNPs
and MNCs, whose sizes are susceptible to the temperature and chemical atmosphere [51].
There exists a very narrow temperature range of reductive conditions that can achieve
encapsulated, monodispersed Au MNCs with good control over the particle size [45].

In this study, we report the first successful attempt at in situ encapsulation of atomically
precise gold nanoclusters (Au NCs) within the LTA zeolite void (Figure 1).
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Instead of gold complexes, pre-made ligated Au9 clusters, Au9(PPh3)8(NO3)3, were
synthesized and used as precursors to the metal active sites. It was important to carry
out a ligand exchange of the phosphine ligands with bifunctional (3-mercaptopropyl)
trimethoxysilane (MPTMS) ligands prior to the hydrothermal synthesis of zeolite to ensure
the compatibility and stability of the metal precursor in the synthesis media. It was
hypothesized that the ultra-small Au9 clusters (~0.8 nm core size) with MPTMS ligands
could match the LTA zeolite structure (~1.1 nm cavities with ~0.42 apertures). Indeed,
we demonstrated that the zeolite-confined Au NCs maintained their ultra-small size and
were resilient against sintering. Ambient temperature catalytic CO oxidation was used to
investigate the catalytic reactivity and encapsulation efficiency of the LTA-encapsulated
Au NCs, which were compared and contrasted with the post-impregnated Au NCs on the
same zeolite.

2. Experimental Section
2.1. Materials Synthesis
2.1.1. Synthesis of Au9(PPh3)8(NO3)3 Nanoclusters

Atomically precise Au9(PPh3)8(NO3)3 nanoclusters, denoted as ‘Au9’, were synthe-
sized according to the protocol reported by Anderson et al. [14]. The ethanolic solution
of NaBH4 (0.02 M, 90 mL) was added to the ethanolic solution of AuPPh3NO3 (0.048 M,
160 mL). The mixture was stirred at 1000 rpm for 2 h in the absence of light to obtain a
deep red solution. Subsequently, insoluble impurities were filtered off, and the solvent
was evaporated under reduced pressure. The obtained solid was redissolved in 20 mL of
CH2Cl2 before filtration. The dark green precipitate yielded after further solvent removal.
The product was then washed with THF and hexanes before being dissolved in methanol
and subjected to crystallization via vapor diffusion of diethyl ether as an anti-solvent at
4 ◦C in the dark for 5 d. The dark green crystals were washed with diethyl ether and dried
in vacuo. The yield of the Au9 was ca. 2.10 g, 60 ± 6 Au at%.

Details of Au9 gold–phosphine cluster synthesis and characterization can be found in
the Supporting Information, S3.1–S3.4.

2.1.2. Ligand Exchange of Au9(PPh3)8(NO3)3 with (3-mercaptopropyl) Trimethoxysilane

The ligand exchange reaction of the Au9 with (3-mercaptopropyl) trimethoxysilane
(MPTMS) was performed following the procedure reported by Woehrle et al., with minor
modifications [52]. Typically, 20 equivalents of MPTMS (262 µL, 1.34 mmol) were added to
a dark brown methanolic solution of Au9 (0.27 g, 0.067 mmol, 150 mL) while stirring. The
mixture was stirred at 55 ◦C under an N2 atmosphere for 18 h. A trace amount of insoluble
solids was separated by centrifugation. The crude product from the ligand exchange
reaction was named ‘Au9-MPTMS’, and was characterized by NMR, MS, and UV-vis
techniques (refer to the Supporting Information, S3.5) before using it in zeolite synthesis.

2.1.3. Pre-Mixing of SiO2 with the Au9-MPTMS

For the synthesis of Na-LTA encapsulated Au NCs, fumed SiO2 (3.2 g, 0.053 mol) was
suspended in a methanolic solution of the Au9-MPTMS ligand exchange product under
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agitation. After 1 h, the solvent was removed in vacuo. The obtained fumed SiO2 modified
by Au9-MPTMS (MPTMS:SiO2 mol ratio of 1:40) was dried overnight under vacuum before
being added to the aluminate solution for Na-LTA zeolite synthesis.

For the synthesis of Na-FAU encapsulated Au NCs, colloid SiO2 LUDOX AM-30
(22.4 g, 30 wt% SiO2, 0.1 mol) was added to a methanolic solution of the Au9-MPTMS
ligand exchange product under agitation. After the removal of methanol in vacuo, the
colloidal SiO2 modified by Au9-MPTMS (MPTMS:SiO2 mol ratio of 1:60) was added to the
aluminate solution for Na-FAU zeolite synthesis.

2.1.4. Incorporation of Au9-MPTMS within Na-LTA Zeolite

The encapsulation of Au NCs within LTA zeolite was performed using a strategy
similar to that reported by Wu et al. and Otto et al. [34,45]. Instead of simple ligated metal
complexes, the fumed SiO2 modified by Au9-MPTMS was added to the aluminate solution
before hydrothermal crystallization. Typically, NaOH (4.8 g, 0.12 mol) and NaAlO2 (6.0 g,
0.07 mol) were dissolved in 40 mL of Milli-Q water. While stirring (~750 rpm), the SiO2
modified by Au9-MPTMS and 22 mL of Milli-Q water were added to the mixture to form
a homogeneous Au NCs-containing aluminosilicate gel with a molar ratio of 2.6 Na2O:
1.0 Al2O3: 1.5 SiO2: 93.6 H2O: 0.02 Au. The gel was aged at 60 ◦C for 4 h before being
transferred into 60 mL Teflon-lined stainless steel autoclaves (ca. 40 g of gel in each) and
crystallized at 100 ◦C for 16 h. The product was collected by centrifugation at 12,000 rpm
for 5 min and washed with Milli-Q water. After being suspended in methanol overnight,
the as-made ‘Au9-MPTMS@Na-LTA’ product was collected, dried overnight in vacuo,
and further dried at 100 ◦C for 12 h in ambient air. The amount of Au clusters reported
above (1.2 wt% Au loading, assuming 100% yield of Na-LTA) was adjusted to achieve
1.0 wt% Au loading in the final Au9-MPTMS@Na-LTA product (refer to the Supporting
Information, S3.6).

For comparison, in the absence of MPTMS, an ‘Au9-PPh3@Na-LTA’ sample was pre-
pared by adding a methanolic solution of Au9(PPh3)8(NO3)3 to the zeolite synthesis gel
before the hydrothermal treatment. Through identical procedures to the Au9-MPTMS@Na-
LTA sample, the aged gel of Au9-PPh3@Na-LTA was subjected to hydrothermal treatment
at 100 ◦C for 16 h. The obtained product was collected, washed, and suspended in methanol
in the same fashion. The as-made Au9-PPh3@Na-LTA was dried overnight in vacuo and
further treated at 100 ◦C for 12 h in ambient air.

The yield of the as-made Au9-MPTMS@Na-LTA sample and Au9-PPh3@Na-LTA was
ca. 9.42 g (96 ± 2% based on SiO2). The addition of Au9-MPTMS and Au9(PPh3)8(NO3)3
did not significantly affect the yield of the final products.

2.1.5. Incorporation of Au9-MPTMS within Na-FAU Zeolite

The FAU-encapsulated Au NCs were prepared following the methods reported by
Chen et al. and Otto et al., with minor modifications [39,45]. In the typical synthesis,
NaAlO2 (1.82 g, 0.02 mol) and NaOH (6.24 g, 0.16 mol) were dissolved in 60 mL of Milli-Q
water. The colloidal SiO2 modified by Au9-MPTMS was then added to the alumina solution
while stirring (~750 rpm) to obtain the synthesis gel with the composition of 8.0 Na2O:
1.0 Al2O3: 10.1 SiO2: 376.5 H2O: 0.07 Au. The mixture was stirred (~750 rpm) at room
temperature for 24 h. The synthesis gel was transferred into 60 mL autoclaves (ca. 40 g of
gel in each) and crystallized at 100 ◦C for 15 h. The ‘Au9-MPTMS@Na-FAU’ product was
collected, washed, and dried in the same manner as in the case of Au9-MPTMS@Na-LTA.

The yield of the as-made Au9-MPTMS@Na-FAU sample was ca. 4.30 g (65 ± 4%,
based on Al2O3). Of note, the addition of Au9-MPTMS did not significantly affect the yield
of the FAU-based catalyst. Similar to Au9-MPTMS@Na-LTA, the amount of Au NCs added
was adjusted to achieve Au9-MPTMS@Na-FAU with the targeted loading of 1.0 wt% Au
(refer to the Supporting Information, S3.7).
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2.2. Catalyst Activation

To remove the protecting ligands surrounding the Au NCs cores, the zeolite-encapsulated
Au NCs were treated under ozone flow. The samples were exposed to O3 (170 µg mL−1 of
the target concentration) for 1 h at different temperatures under magnetic stirring (500 rpm).
This was achieved using a Schlenk flask placed in an aluminum block on a hotplate stirrer.
The ozone was produced by ozone generator OL100H1DS, Yanco Industries, Ltd., with an
initial O2 flow of 150 mL min−1.

2.3. Ambient Temperature CO Oxidation for Testing of Activity and Encapsulation Efficiency

Catalytic CO oxidation was performed in a stainless steel continuous-flow fixed-
bed reactor. The reactor was operated in differential mode between 30 and 200 ◦C at
atmospheric pressure with a gas hourly space velocity (GHSV) ranging from 3000 to 30,000
mL g−1 h−1. In a typical reaction, a gas mixture containing 1.0 vol% of CO, 10.5 vol% of
O2, balanced with Ar and N2, was introduced into the reactor. Either 40 or 200 mg of the
catalyst was loaded into the stainless steel reactor. The reactor was placed in a furnace
controlled by a programmable temperature controller. The product gas was analyzed by
an online GC (SRI Multiple Gas Analyzer, details in the Supporting Information, S4). All
experiments were performed in duplicate.

3. Results and Discussion
3.1. Synthesis and Characterizations of LTA Zeolite-Encapsulated Au9 Nanoclusters

Na-LTA zeolite was hydrothermally synthesized in the presence of the crude ligand
exchange product, Au9-MPTMS. Without further addition of organic structure-directing
agents, the LTA zeolite framework could be formed under relatively mild conditions
(100 ◦C, 16 h). Structural evidence of the LTA zeolite phase and its purity were verified
by PXRD analysis. As shown in Figure 2, PXRD of Au9-MPTMS@Na-LTA showed a
characteristic peak pattern corresponding to the crystalline LTA zeolite, with approximately
the same peak intensity as that of gold-free Na-LTA samples with and without the addition
of MPTMS [53]. This result indicated that ligated Au9 nanoclusters, Au9-MPTMS, did
not interfere with the hydrothermal crystallization process of the Na-LTA zeolite. The
negligible difference in the PXRD peaks’ intensity between the samples suggested that a
similar zeolite crystallinity level was systematically achieved.
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The total Au content in all samples was measured using MP-AES elemental analysis.
By adding SiO2-deposited Au9-MPTMS to the aluminate solution before hydrothermal
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crystallization, ca. 93 wt% of the introduced Au NCs were incorporated within the Na-LTA
zeolite. The Au9-MPTMS@Na-LTA with 1.11 ± 0.02 wt% Au was achieved with excellent
reproducibility, as confirmed by eight independent syntheses (Figure S3).

Without the MPTMS ligand exchange step, introducing Au9(PPh3)8(NO3)3 to the
zeolite synthesis gel led to a very low incorporation efficiency. Only ca. 10 wt% of the Au
precursors were found in the final Au9-PPh3@Na-LTA sample (ca. 0.12 wt% Au). These
results highlight a significant contribution of the MPTMS ligand in promoting Au NC
incorporation into Na-LTA zeolite. As reported by Iglesia et al., the alkoxysilane moiety of
MPTMS can be hydrolyzed in alkaline media to form covalent Si-O-Si or Si-O-Al bonds
with the zeolite building units, which then enforce the encapsulation of the metal species
during the growth of zeolite crystal [44–46].

It is worth mentioning that such contributions of MPTMS were observed only when
the ligand exchange between the Au NCs and MPTMS was conducted beforehand. A direct
co-addition of the Au9 and MPTMS to the zeolite synthesis gel resulted in very low gold
content (<0.2 wt%) in the final product, which is similar to the case of synthesis using only
Au9 (i.e., in the absence of MPTMS). This is in contrast to the case of zeolite containing Au
NPs, as reported by Iglesia and co-workers, where Au NPs can be encapsulated within
zeolite voids via the direct co-addition of HAuCl4 and MPTMS to the similar zeolite
synthesis gel, without a dedicated ligand exchange step beforehand [45]. This could be
attributed to the properties of HAuCl4, which are more soluble, stable, mobile, and active
compared to phosphine-protected Au9 NCs. The bonding between the Au3+ species of
HAuCl4 and the mercapto group of MPTMS can be quickly established after the direct
addition. In contrast, the ligand exchange from phosphine to MPTMS in Au NCs can
only occur under suitable conditions (methanol as a solvent, 55 ◦C temperatures, and
prolonged periods of time—18 h). Thus, a dedicated ligand exchange step is necessary for
the encapsulation of the Au NCs within the zeolite.

Determining the size of the incorporated Au species was one of the biggest challenges
in this study, especially since they were just a few Au atoms in size and were incorporated
within the zeolite framework [32]. The MNP sizes with larger diameters (e.g., >2 nm) can
be determined using high-resolution TEM. For example, ~2 nm-encapsulated MNPs (Pt,
Pd, Ru, and Rh) within GIS zeolite (8-MR) are marginally visible in HR-TEM images [33].
While the smaller MNPs (~1.0–1.5 nm) in ANA (8-MR) and SOD (6-MR) are not visible
using conventional TEM but can be observed using the high-angle annular dark-field
high-resolution scanning transmission electron microscopy (HAADF HR-STEM) [33]. With
HAADF HR-STEM, the Pt NCs with a diameter of 0.2–0.7 nm or even individual metal
atoms are distinguishable (as bright spots) within the MCM-22 zeolite crystallites [54].
Unfortunately, the size of Au NCs could not be directly verified by electron microscopy,
as they fall below the detection limit of the conventional TEM used in this study. Apart
from the ultrasmall size of Au species, the thickness of the zeolite crystallites (~200–700 nm,
Figure S4a,b) was another factor that made size determination via electron microscopy
impossible. However, the absence of large Au particles (>2 nm) in the as-made Au9-
MPTMS@Na-LTA sample containing 1.11 ± 0.02 wt% Au could be confirmed; Figure S4c,d.

In this work, the existence of Au NCs with a diameter smaller than 2 nm in the as-made
Au9-MPTMS@Na-LTA sample was indirectly evidenced by MP-AES analysis, along with
PXRD and UV-vis DRS. The absence of bulk Au peaks at 2θ of 38.1 and 44.3 in the PXRD of
Au9-MPTMS@Na-LTA (Figure 2) suggested that the Au NCs retained their size and did not
sinter to form larger Au crystallites (>10 nm) during the hydrothermal synthesis. Of note,
the detection limits of PXRD are generally in the wide range of 1–10% by mass. However,
these values vary significantly with the instrument and type of sample [55].

Apart from TEM and PXRD, UV-vis DRS was employed to monitor the formation
of undesirably large Au NPs (>2 nm) due to cluster agglomeration. The size of the Au
NPs could be roughly estimated from the position of the localized surface plasmonic
resonance band (LSPR) in the UV-vis DRS. It is worth mentioning that such an estimation
was not feasible for small Au NCs. Their optical properties are dominated by molecular-like
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single-electron transitions between quantized energy levels. As shown in Figure 3a, the
Au9-MPTMS@Na-LTA sample did not exhibit detectable LSPR-Au NPs absorption bands
(LSPR, at 500–600 nm) [56,57]. or sharp ligand-to-metal charge transfer peaks (LMCT, at
350–500 nm) [58] in UV-vis DRS. These data suggest that Au NPs larger than 2 nm were
not present in the sample. While the existing ligand-exchanged Au9-MPTMS adducts did
not exhibit LMCT peaks, the broad absorption feature at 350–500 nm matched well with
the absorption feature of Au9-MPTMS in methanol, as shown in Figure 3b. Based on the
UV-vis DRS results, MPTMS-stabilized Au NCs were found to have sufficient stability
against sintering at the pH and temperature conditions of the LTA hydrothermal synthesis,
similar to the case of Au3+ complexes reported previously [45].
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Comparing UV-vis DRS of Au9-MPTMS@Na-LTA with that of Au9-PPh3@Na-LTA, a
prominent LSPR-Au NP band was found in the latter case, synthesized in the absence of
MPTMS. These results emphasize the contribution of the mercapto group of the MPTMS
ligand in offering high stability to the Au species through a strong Au-S bond [59], suppress-
ing Au NCs from severe aggregation and premature precipitation under strong alkaline
crystallization conditions of the zeolite. Of note, the results also highlight the high sensitiv-
ity of the UV-vis DRS method in detecting plasmonic particles, even with a significantly
lower Au content (0.12 wt%) in the Au9-PPh3@Na-LTA sample.

Using HAADF HR-STEM studies via an aberration-corrected microscope, the position
of embedded MNPs/MNCs in the internal space of zeolite crystallites has been directly
confirmed [31,32,54]. In this work, information about the location of metal species was
indirectly deduced from the catalytic behavior of zeolite-incorporated metal. The catalytic
activity of zeolite-encapsulated metal species and their higher stability have been widely
used as evidence of successful encapsulation [33–35,44–46]. The results using this approach
are discussed in depth in the following section.

LTA zeolite-incorporated Au9 nanoclusters were successfully synthesized via the in
situ incorporation approach when the Au NCs were protected by MPTMS ligands. The
product was obtained in significant yield with high zeolite crystallinity comparable to
that of commercial zeolite. The sample showed great consistency in phase crystallinity
and purity, the degree of incorporated Au, and absorption features across eight separately
synthesized batches (Figure S3). More importantly, the sample exhibited high Au NC
resilience against metal agglomeration and precipitation during the hydrothermal synthesis
of zeolite.
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3.2. Catalysts Activation

Since the pre-made Au clusters were employed for the synthesis of Au9-MPTMS@Na-
LTA catalysts, H2 reduction treatment used to form Au NCs inside zeolite via the direct
co-addition of HAuCl4 and MPTMS to the similar zeolite synthesis gel was not required.
However, post-synthesis treatment was necessary to remove ligands and open the metal
active sites for the catalytic CO oxidation (Figure 1). Calcination (at 400 to 600 ◦C) has been
reported to offer complete ligand removal for thiol-capped Au NCs and Au NPs [60–62].
In some cases, the full removal of protecting ligands did not result in greater catalytic
performance but led to the inactivity of the catalyst [62]. Conversely, remarkable CO
oxidation performance without the complete removal of ligands was reported in some
catalytic systems (e.g., CeO2-supported Au25(SR)18 [63] and Au38(SR)24 [64]). Therefore, the
degree of ligand removal required to achieve high CO activity and good stability depends
on the catalytic system.

The key challenge for the activation of Au9-MPTMS@Na-LTA catalysts was to remove
the MPTMS ligands of the confined Au NCs while suppressing the severe agglomeration of
Au NCs. For noble metals, such as Pt, Pd, and Ir, the removal of MPTMS ligands could be
achieved by H2 treatment at 400 ◦C for 2 h [34]. Due to the weaker Au-S bonds, compared to
the M-S bonds of the abovementioned noble metals (Au–S: 126 kJ mol−1; Pt–S: 233 kJ mol−1;
Pd–S: 183 kJ mol−1; Ir–S: 206 kJ mol−1), it was expected that Au-bonded MPTMS can be
removed under milder conditions [65,66]. Iglesia et al. reported the removal of MPTMS
ligands from the Au0 NP surface via treatment at 400 ◦C in air followed by treatment at
300 ◦C under H2 [45]. However, under such conditions, we found that Au NCs sintered to
form undesired larger Au NPs.

Thermogravimetric analysis (TGA) of pure Au9(PPh3)8(NO3)3 clusters showed an
onset temperature for MPTMS ligand removal of ~230 ◦C (under N2 flow); Figure S5. How-
ever, there was no distinct difference in the TGA curves of Au9-MPTMS@Na-LTA compared
to those of pure Na-LTA or MPTMS@Na-LTA, according to the low sensitivity limit of
TGA. Thus, the decomposition temperature of individual species in Au9-MPTMS@Na-LTA
cannot be identified. Moreover, the possibility of using temperature-programmed oxidation
(TPO) to quantify the presence of ligands in the samples was investigated. Unfortunately,
the ligand oxidation could not be quantified using the TPO experiment due to the CO2
generated from oxidation interfering with the thermal conductivity detector (TCD) signals
with O2.

To establish the activation conditions of Au9-MPTMS@Na-LTA, the sample was heated
at temperatures varying from 200 to 400 ◦C for 1 h under static air (N.B.: b.p. of MPTMS
is ~214 ◦C). The agglomeration of Au NCs after the calcination was monitored using
UV-vis DRS. Activation conditions of Au9-MPTMS@Na-LTA were established at an early
stage of the study using the sample with 0.75 ± 0.01 wt% Au, which was prepared in the
same fashion as discussed above. The optimal activation conditions were later applied
to the most promising sample, Au9-MPTMS@Na-LTA, with 1.11 ± 0.02 wt% Au in the
following studies.

As shown in Figure 4a, the Au plasmonic band started to appear after calcination at
300 ◦C, indicating the onset of sintering of the Au species. Some ligand removal occurred
during the heat treatment at 300 ◦C as well as undesirable Au agglomeration. There was no
distinct difference between the UV-vis DRS of the 200 ◦C-treated sample and the untreated
one, suggesting that severe Au sintering did not occur.
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In the case of encapsulated noble MNP samples, such as Pt, Pd, Ru, Rh, and Ag, the
degree of ligand removal could be inferred from the difference in metal surface areas de-
rived from two approaches: (1) the mean diameter of metal particles obtained from electron
micrographs and (2) H2 or O2 chemisorption by assuming spherical particles [33,34]. In the
case of Au, the chemisorption of H2 and O2 is not feasible due to their high dissociation
activation barriers [67]. Instead, CO chemisorption was used to obtain the surface area
and derive the mean diameter of Au NPs within the zeolite framework [45]. However, the
mean diameter of such Au NPs was not proportional to the total CO uptake by Au NPs
encapsulated in zeolite. This is because the total CO uptake resulted from chemisorption
on the Au species and the zeolite framework [68]. Therefore, FTIR spectra of the adsorbed
CO must be recorded along with CO chemisorption to distinguish between CO adsorbed
on Au NPs and zeolite, leading to a more complex monitoring approach.

In this work, the successful removal of the stabilizing ligands was inferred from the
catalytic CO oxidation performance of the activated catalysts. The hypothesis was that
if there was sufficient ligand removal, it would result in opened active sites, and the Au
catalyst would show high CO oxidation activity at a relatively low reaction temperature.
This hypothesis is based on earlier reports that ultra-small Au particles are active at much
lower temperatures than larger Au species [69–75].

The CO oxidation was carried out in a fixed-bed flow reactor under atmospheric
pressure at various temperatures, varying from 50 to 200 ◦C. As expected, without ligand
removal, the Au9-MPTMS@Na-LTA sample was inactive for CO oxidation in the temper-
ature range studied. Surprisingly, after the conventional calcination under static air, all
samples remained inactive. Insufficient ligand removal was possibly the main reason for
the inactivity of the sample calcined at 200 ◦C, whereas the formation of larger agglom-
erated Au NPs was likely responsible for the inactivity of the samples treated at 300 and
400 ◦C. The inactivity in low-temperature CO oxidation due to the formation of large Au
NPs generally agreed with the previous reports in the literature [69–72].

Since the removal of protecting ligands and the suppression of Au NC agglomeration
could not be achieved simultaneously using conventional heat treatment, ozonolysis as a
chemical treatment under milder conditions was explored. Ozone is the highly reactive oxi-
dizing agent that allows oxidative removal of organic moieties under lower temperatures,
reducing the chance of cluster agglomeration [13,76,77]. Adopting the ozonolysis approach,
the Au9-MPTMS@Na-LTA sample was treated under ozone flow at 25, 150, 200, and 300 ◦C
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for 1 h. A small change in the UV-vis DR spectra of all samples after ozone treatment is
shown in Figure 4b. An O3@300 sample featured the most pronounced plasmonic band,
while the rest of the O3-treated samples showed a negligible change in absorption intensity
at the LSPR-Au NP absorption region of 500–600 nm.

The catalytic CO oxidation testing using O3-treated samples was performed in the
same manner as conventionally calcined samples. All O3-treated samples showed their
catalytic CO activity at a reaction temperature of 200 ◦C, except O3@25, which was found
inactive in the entire reaction temperature range (Figure S6). O3@150 showed poor perfor-
mance, especially at a low reaction temperature (≤100 ◦C). Even though UV-vis DRS and
TEM of the post-reaction samples of O3@25 and O3@150 (Figure S7) showed a very low
degree of Au agglomeration, these ozonolysis conditions did not allow for adequate ligand
removal for low-temperature CO oxidation to take place. O3@200 and O3@300 showed
a much better catalytic performance at low temperatures. O3@200 gave more than 44%
conversion and yield at 50 ◦C, and it was almost 50% higher than that of O3@300 (Figure S6).
The greater population of the larger LSPR-Au NPs in the O3@300 sample (Figure 4b) was
likely responsible for its lower activity.

According to the UV-vis DRS and TEM of the samples recovered after a catalytic test
(Figure S7), the formation of larger LSPR-Au NPs during the catalytic test could be clearly
confirmed in both O3@200 and O3@300 samples. As expected, the O3@300 post-reaction
sample showed a greater degree of cluster aggregation due to a higher MPTMS-removal
efficiency during ozonolysis. The majority of sintered Au NPs in the post-reaction samples
were in the range of 2–5 nm, while a minority >10 nm in diameter was found only in the
O3@300 post-reaction sample.

Ozonolysis combined with thermal treatment at 200 ◦C was shown to be the most
promising activation approach for the Au9-MPTMS@Na-LTA as it resulted in adequate
ligand removal, as indicated by the best catalytic activity at ~50 ◦C. In addition, these
results also indicated a relatively high ratio of surviving Au NCs to sintered Au NPs in
the O3@200 post-reaction sample. Ozonolysis at 200 ◦C was, therefore, applied to the most
promising sample, Au9-MPTMS@Na-LTA, with 1.11 ± 0.02 wt% Au. As shown in Figure 4c,
there was no distinct difference in the UV-vis DRS of the sample compared to the one with
0.75 ± 0.01 wt% Au, suggesting that severe Au sintering did not occur in the sample with a
higher Au content.

3.3. Catalytic CO Oxidation

The in situ incorporation approach aimed to encapsulate the Au NCs within the zeolite
voids, enabling the greater stability of the clusters against sintering during catalytic reaction.
Detailed catalytic CO oxidation studies discussed below confirm the efficiency of the Au
NC encapsulation achieved using the in situ incorporation approach.

3.3.1. Effect of the Incorporation Approach—In Situ vs. Post-Incorporation

Since the catalytic performance of supported Au catalysts in low-temperature CO
oxidation is known to strongly depend on the Au particle size [69–75] (as well as the
support types [78,79]), sintering of the Au species was hypothesized to reduce the catalytic
performance, as already discussed in Section 3.2 Catalyst Activation. With the higher
stabilization given by the incorporation inside of the zeolite framework, the confined Au
NCs were proposed to maintain their ultra-small size and be resilient against sintering
and, hence, show a high catalytic CO oxidation activity. At the same time, it was hypothe-
sized that if Au NCs were located at the external surface, their sintering would be more
pronounced due to poorer stabilization. Thus, we compared the catalytic activity of the Au
NCs confined within the zeolite framework, prepared using in situ incorporation (denoted
as inst-Au9-MPTMS@Na-LTA), and Au NCs immobilized on the external surface of the
zeolite, prepared using post-impregnation (imp-Au9-MPTMS@Na-LTA; synthesis details
are described in Supporting Information, S3.10).
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With the initial Au loading of 1.2 wt%, Au9-MPTMS was introduced before and
after the zeolite framework formation to give inst-Au9-MPTMS@Na-LTA and imp-Au9-
MPTMS@Na-LTA, respectively. A much lower Au loading in the final product of imp-
Au9-MPTMS@Na-LTA (0.75 ± 0.03 wt%) compared to that of inst-Au9-MPTMS@Na-LTA
(1.11 ± 0.02 wt%) was confirmed by the MP-AES analysis. This result indicated that the in
situ incorporation approach allowed Au NCs to incorporate with LTA zeolite better than
in the case of post-impregnation. UV-vis DRS of as-made samples revealed much more
apparent absorption features of Au9-MPTMS at ~440 and ~720 nm in the case of imp-Au9-
MPTMS@Na-LTA in comparison to inst-Au9-MPTMS@Na-LTA (Figure 5, as-made). This
result correlated with the more intense red–brown color of the imp-Au9-MPTMS@Na-LTA
(Figure 6, as-made), implying that the majority of Au NCs were located on the external
surface of Na-LTA. This is because the size of Au9-MPTMS (>0.8 nm) was larger than the
pore opening of Na-LTA (0.42 nm). The introduction of the clusters to Na-LTA after the
framework formation has not allowed Au9-MPTMS to access the zeolite pore.
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Before the catalytic test, the samples were ozonolyzed at 200 ◦C for 1 h. The formation
of Au NPs during the activation cannot be confirmed by UV-vis DRS (Figure 5, O3@200).
Nevertheless, TEM images (Figure 6, O3@200) revealed numerous dark spots corresponding
to Au NPs, especially in the case of imp-Au9-MPTMS@Na-LTA. With the same total amount
of gold per catalyst sample loaded into the reactor, the O3@200-inst-Au9-MPTMS@Na-LTA
gave significantly higher CO conversion and CO2 yield compared to the O3@200-imp-Au9-
MPTMS@Na-LTA at all reaction temperatures (Figure 7). Impressively, using the O3@200-
inst-Au9-MPTMS@Na-LTA, 100% conversion was achieved at 30 ◦C, the lowest temperature
used in this study, and remained the same at 50 and 100 ◦C. Moreover, the catalyst exhibited
100% conversion even after 12 h of catalytic testing, indicating excellent stability of this
catalyst (Figure S15). A higher degree of Au agglomeration during the catalytic test in the
case of the O3@200-imp-Au9-MPTMS@Na-LTA was likely responsible for its lower catalytic
activity compared to that of O3@200-inst-Au9-MPTMS@Na-LTA. This was confirmed by
UV-vis DRS and TEM images of the post-reaction samples (Figures 5 and 6, used-O3@200),
where (1) a more pronounced LSPR band of sintered Au NPs and (2) a higher population
of Au NPs visible in TEM, on the edge of zeolite or even dislodged Au NPs, were found in
the case of the O3@200-imp-Au9-MPTMS@Na-LTA.
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MPTMS@Na-LTA and (b) imp-Au9-MPTMS@Na-LTA. Reaction conditions: Tmax of 100 ◦C, a total
reaction time of 12 h. Au NPs are highlighted in red circles. Scale bars are 50 nm. Photographs of the
as made samples are shown as inserts in the as-made TEM images.
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Figure 7. (a) % CO conversion and (b) % CO2 yield in CO oxidation catalyzed by O3@200-inst-Au9-
MPTMS@Na-LTA (1.11 ± 0.02 wt% Au) and O3@200-imp-Au9-MPTMS@Na-LTA (0.75 ± 0.03 wt%
Au). Reaction conditions: GHSV of 3000- or 2030-mL g−1 h−1, a total Au loading of 2.2 mg, 30–100 ◦C.

All these results suggested that Au NCs confined within the zeolite framework by
the in situ incorporation have better stability during CO oxidation than surface-bound Au
NCs prepared by post-impregnation. The excellent stability of the Au NCs led to superior
catalytic performance, achieving 100% CO conversion and 73–88% CO2 yield for up to 12 h
time-on-stream. Hence, it could be concluded that the in situ incorporation approach offers
Au NCs higher stability against agglomeration during the catalytic reaction in contrast to
the post-impregnation approach.

3.3.2. Effect of Zeolite Framework—LTA vs. FAU

As shown in Figure 7, CO2 yield was ~12–27% lower than CO conversion in the
temperature range of 30–100 ◦C using the inst-Au9-MPTMS@Na-LTA catalyst. A greater
difference in CO conversion cf. CO2 yield was found at lower temperatures (by 27% at
30 ◦C, and by 12% at 100 ◦C). The molecular adsorption of CO on zeolite counter ions
and Au active sites in the zeolite-supported Au catalysts was previously reported as a
reason for this carbon imbalance [45,68]. By conducting control experiments under the
same conditions as the catalytic test but without O2–passing 1.0% CO in Ar through the
samples at 30–100 ◦C, the amount of CO adsorbed could be determined. Without gold
(O3@200-MPTMS@Na-LTA), a 4–7% loss of CO was found; in the presence of gold (O3@200-
Au9-MPTMS@Na-LTA), a 10–14% loss was observed. Therefore, the carbon balance issue
can be partially explained by the physisorption of CO within zeolite and the chemisorption
of CO on Au [80]. Another possible explanation could be the adsorption of produced CO2
on the zeolite surface; however, further experiments are required to confirm this hypothesis.

Apart from the molecular adsorption of CO and CO2, the mass transfer rate of CO,
O2, and CO2 within the LTA framework could also affect the catalytic reaction, especially
when the conversion of CO to CO2 takes place at the Au NC active sites encapsulated
within the zeolite framework. Since access to the cages, cavities, or channels of a zeolite
is controlled by the largest free path, CO, O2, and CO2 with kinetic diameters of ~0.38,
0.35, and 0.33 nm, respectively, are allowed to enter the alpha cavity of Na-LTA (maximum
aperture 0.42 nm). By using zeolite with a larger cavity aperture, the mass transfer could be
generally improved. Nevertheless, the zeolite cavity diameter itself is considered a critical
factor for successful in situ encapsulation. Thus, for the study of the mass transfer rate
effect, a Na-FAU zeolite was chosen as it possesses the same maximum cavity diameter (of
~1.1 nm) as Na-LTA but has larger apertures of 0.74 nm [53,81].

Au9-MPTMS@Na-FAU was fabricated using the in situ incorporation approach, analo-
gous to the Au9-MPTMS@Na-LTA (see Supporting Information, S3.7). Both Au9-MPTMS@Na-
LTA and Au9-MPTMS@Na-FAU were treated under O3 at 200 ◦C before catalytic CO
oxidation under the same conditions.
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Synthesis optimization experiments showed that to achieve the target Au content
of 1.0 wt%, twice the amount of Au was introduced to the Na-FAU zeolite synthesis
gel (~2.4 wt% Au) compared to that of Na-LTA (~1.2 wt% Au). Interestingly, the Au9-
MPTMS@Na-FAU sample with 0.96 ± 0.05 wt% Au showed two prominent absorption
bands at ~440 and ~740 nm (Figure 8b, as-made), which can be attributed to the Au9-
MPTMS, similar to the case of imp-Au9-MPTMS@Na-LTA (Figure 5b, as-made). From the
UV-vis DRS results, a higher density of Au NCs located at the outer surface of the FAU
zeolite crystallite in comparison to that of LTA could be implied.
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To compare the performance of the two catalysts, the gas hourly space velocity (GHSV)
was adjusted to ~30,000 mL g−1 h−1 to ensure that the reaction was kinetically controlled.
While the total Au loading for each catalytic test was maintained at 0.4 mg (~40 mg of
the catalyst), each catalytic test was performed separately at 30, 50, 100, and 200 ◦C for
2 h. As shown in Figure 9, Au9-MPTMS@Na-LTA showed a lower conversion and yield
due to the lower total Au loading and shorter contact time (higher GHSV). The sample
gave 31 ± 3% CO conversion and 33 ± 2% CO2 yield at 30 ◦C. The conversion and yield
increased with the increase in reaction temperature from 30 to 50 ◦C, where 44 ± 5%
conversion and 43 ± 3% yield were observed. In comparison, a further increase in the
reaction temperature from 50 to 100 and 200 ◦C did not significantly change CO oxidation
activity. This consistency of the catalytic activity could be explained by the unchanged
UV-vis DRS profiles of Au9-MPTMS@Na-LTA before and after the catalytic test at 30, 50,
and 100 ◦C, as shown in Figure 8a. This result highlights that LTA could offer great sintering
resistance to the Au species during the catalytic reaction. TEM, however, revealed some
degree of Au sintering in the post-reaction samples of Au9-MPTMS@Na-LTA (used at
30, 50, and 100 ◦C). In comparison, the TEM of a post-reaction sample at 200 ◦C showed
the highest numbers of sintered Au NPs among all used Au9-MPTMS@Na-LTA catalysts
(Figure S8).

Surprisingly, the Au9-MPTMS@Na-FAU showed no catalytic activity in CO oxidation
under the same conditions (Figure 9). The sample showed the highest CO loss (4–6%) at
30 ◦C, which was likely due to the adsorption rather than the conversion since no CO2
product could be detected up to 200 ◦C. The severe sintering of Au NCs to form larger
Au NPs was likely responsible for the inactivity of the activated Au9-MPTMS@Na-FAU
sample since the sample featured a broad plasmonic band even before the catalytic test
(Figure 8b, O3@200). Such an intense plasmonic band after the O3 treatment was not found
in any other samples reported in this work, not even in the imp-Au9-MPTMS@Na-LTA
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sample, which was prepared by the post-impregnation method. Thus, the more accessible
FAU zeolite framework must, indeed, have a strong influence on this pronounced sintering
phenomenon.
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Figure 9. (a) % CO conversion and (b) % CO2 yield in CO oxidation catalyzed by O3@200-Au9-
MPTMS@Na-LTA (1.11 ± 0.02 wt% Au) (raw data are shown in Figure S16) and O3@200-Au9-
MPTMS@Na-FAU (0.96 ± 0.05 wt% Au). Reaction conditions: GHSV of ~30,000 mL g−1 h−1, catalyst
loading of ~ 40 mg, total Au loading of 0.4 mg, 30–200 ◦C.

It is possible that the larger pore opening of FAU not only allows CO and O2 to easily
access the Au active sites but also allows Au NCs species to easily migrate out of the
cavities and sinter with other Au particles, resulting in lower catalyst performance. The
other hypothesis was that most Au species in the Au9-MPTMS@Na-FAU sample were
not encapsulated within the FAU framework but were instead located on the external
surface zeolite crystallites (which would account for the more pronounced features in
Figure 8b, as made). Therefore, Au NCs in such samples showed low stability, undergoing
severe agglomeration during catalyst activation and the catalytic test, as evidenced by the
rather pronounced plasmonic band. The intensity of plasmonic bands in the post-catalytic
samples of Au9-MPTMS@Na-FAU was even more significant than in the case of imp-Au9-
MPTMS@Na-LTA, implying that sintering is facilitated by the chemical nature of the FAU
sample (e.g., Si/Al ratio).

3.3.3. Effect of Incorporated Au Species–Au NCs vs. Au NPs

Earlier, it was proposed that the formation of larger Au NPs due to the aggregation
of Au NCs during the catalyst activation and/or the catalytic test was responsible for
the lower catalytic activity or inactivity of the zeolite-supported Au catalysts. Under this
hypothesis, the zeolite-supported ultra-small Au NCs were proposed to be the major active
species responsible for CO oxidation at low temperatures, while it was hypothesized that
the larger Au NPs were less active or inactive in CO oxidation under the same conditions.
However, the size regime of the active Au species in this catalytic system cannot be verified
due to the co-existence of Au NCs and Au NPs, as confirmed by the UV-vis DRS and
TEM of all post-reaction samples. To directly compare the CO oxidation performance of
the zeolite-supported Au catalyst with different sizes of incorporated Au species, AuNPs-
MPTMS@Na-LTA was prepared following the procedure established by Iglesia et al. [45].
With a similar in situ incorporation strategy, the same Na-LTA zeolite host (Si/Al in the
synthesis gel of ~0.8), and similar final Au content, the Au particle size was considered as
the only different parameter influencing the catalytic performance of the two samples.

The AuNPs-MPTMS@Na-LTA was obtained with a 98 ± 2% yield based on SiO2,
comparable to the yield reported in the literature [45]. As confirmed by PXRD, AuNPs-
MPTMS@Na-LTA showed a similar crystallinity to Au9-MPTMS@Na-LTA (Figure S11).
A slightly higher Au content was found in the former case (1.16 ± 0.02 wt% Au cf.
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1.11 ± 0.02 wt% Au) due to a higher amount of introduced gold (1.3 wt% Au cf. 1.2 wt%
Au). Noteworthy, the formation of Au NPs in the AuNPs-MPTMS@Na-LTA sample did
not take place until post-synthesis thermal treatment under air and later under H2, where
MPTMS ligands were removed and, consequently, Au3+ was reduced to Au0. Consistent
with the previous report, H2 reduction at 300 ◦C resulted in a sharp increase of the plas-
monic band intensity with λmax of 510 nm, indicating Au NPs (Figure 10b, H2@300) [45].
Based on the position of the LSPR band maximum, the size of the Au NPs could be
estimated to be between 2 and 2.5 nm [82], or close to 279 Au core atoms (2.25 nm) [83].
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Figure 10. UV-vis DRS of as-made, activated, and post-reaction samples of (a) Au9-MPTMS@Na-LTA
(1.11 ± 0.02 wt% Au) and (b) AuNPs-MPTMS@Na-LTA (1.16 ± 0.02 wt% Au). Reaction conditions:
temperature of 30, 50, 100, and 200 ◦C; reaction time of 2 h.

Comparing the UV-vis DRS of the two activated samples with a similar Au loading
(Figure 10, O3@200 cf. H2@300), O3@200-Au9-MPTMS@Na-LTA exhibited a broad band
across the spectrum with a barely detectable plasmonic band. This may suggest that most
Au species were in the cluster form, whereas H2@300-AuNPs-MPTMS@Na-LTA showed a
prominent plasmonic peak, confirming the presence of larger Au NPs. However, further
agglomeration of the Au species in both samples during the catalytic test was confirmed by
a more intense and broader plasmonic band of the post-reaction samples.

Catalytic testing was performed similarly to the test discussed earlier. Each cat-
alytic test was performed separately at 30, 50, 100, and 200 ◦C, for 2 h, with a GHSV of
30,000 mL g−1 h−1. As shown in Figure 11, AuNPs-MPTMS@Na-LTA did not show any
CO2 production up to 200 ◦C. A 20–30% CO loss found across 30–200 ◦C could possibly
be attributed to the molecular adsorption of CO, as discussed in the earlier section. These
results, therefore, supported the hypothesis that Au NCs, not Au NPs, acted as the active
species in the low-temperature CO oxidation using zeolite-supported Au catalysts.

A higher number of low-coordinated Au atoms in smaller supported Au particles was
generally proposed as the origin of their excellent activity over larger Au particles due
to their superior O2 binding or dissociation sites [69–72,84–86]. Moreover, the adsorption
energies of both CO and O atoms on Au were reported to depend strongly on the coordina-
tion number of the Au atom to which they bind. Specifically, the theoretical calculations
showed that both O and CO adsorption energies are lowered by up to 1 eV when the
coordination number of Au atom is reduced from 9 in the case of Au (1 1 1) to 4 in the case
of Au10 clusters [70]. However, the fact that the LTA-supported Au NPs with an average
diameter of ~1.3 nm (as reported by Iglesia et al. [45]) or 2.0–2.5 nm (as estimated from the
LSPR band position) did not show any CO oxidation at 30–200 ◦C remains inexplicable [87].
The effect of support types on the size thresholds of the active Au species might be one
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reason as it was shown earlier that the specific size regime of the most active Au species in
low-temperature CO oxidation varied, depending on the type of oxide support [63,78,79].
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Figure 11. (a) % CO conversion and (b) % CO2 yield in CO oxidation catalyzed by O3@200-Au9-
MPTMS@Na-LTA (1.11 ± 0.02 wt% Au) and H2@300-AuNPs-MPTMS@Na-LTA (1.16 ± 0.02 wt% Au).
Reaction conditions: GHSV of ~30,000 mL g−1 h−1, catalyst loading of ~40 mg, total Au loading of
0.4 mg, 30–200 ◦C.

4. Conclusions

In summary, we presented the fabrication of Au NC-based catalysts with clusters incor-
porated within the zeolite framework via the in situ incorporation of pre-made atomically
precise Au9 clusters during hydrothermal synthesis of Na-LTA zeolite. We demonstrated
the importance of the ligand exchange (phosphine to mercaptosilane ligands) for the highly
reproducible successful synthesis of zeolite-incorporated gold clusters, with high stability
of the Au9 clusters against sintering. The successful encapsulation of Au NCs was sug-
gested by their superior catalytic CO oxidation performance. The catalyst illustrated good
stability against sintering, maintaining a 100% CO conversion at 30 ◦C, up to 12 h, due to
metal encapsulation. This result highlights the advantages of the restrictive framework
of Na-LTA zeolite, which suppresses Au sintering, leading to the better performance of
confined Au NCs in catalytic CO oxidation. The performance of this catalyst was superior
to Au NCs immobilized on the external surface of LTA or encapsulated within the FAU
framework with larger openings. Moreover, the unique catalytic activity of ultrasmall
gold clusters compared to their larger gold nanoparticle counterparts was illustrated in
this work. Ultra-small Au NCs have been shown to be major contributors to superior
low-temperature catalytic CO oxidation performance. In contrast, even slightly larger Au
NPs (2.0–2.5 nm) did not show any CO2 yield across the temperatures studied.
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