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Abstract

Copper and zinc nanoparticles have been suggested as potent anticancer agents, particularly
against osteosarcoma, a highly aggressive bone cancer with limited treatment options. In
order to avoid systemic toxicity, biomolecular carriers able to chelate metal ions and deliver
them in a targeted manner to the vicinity of cancer cells need to be developed. Herein,
we have used a histidine-containing, cyclic dipeptide as a carrier able to chelate stabilized
copper and zinc nanoparticles. The cyclic peptide cyclo-(histidine-phenylalanine) (cHF)
self-assembled into amyloid-type fibrils; morphological and structural characterization
following metal addition confirmed the formation of cHF−CuNPs and cHF–ZnNPs. These
composite nanoparticles demonstrated bacteriostatic activity against Escherichia coli and
Staphylococcus aureus at the in vitro level. We evaluated the optimal concentration of
cHF–metalNP complexes with limited cytotoxicity to L929 fibroblasts and high cytotoxic
effects against MG-63 osteosarcoma cells. Their cytotoxicity was particularly pronounced
at pH 6.4, which emulates the tumor microenvironment. The cHF peptide alone did not
demonstrate significant antimicrobial or cytotoxic effects to both cell types, suggesting
that it can act as a cytocompatible, pH-responsive carrier of metal ions with targeted dual
functionality against both microbial infections and osteosarcoma cancer cells.

Keywords: self-assembling peptides; amyloid fibrils; metal nanoparticles; antimicrobial
activity; fibroblasts; osteosarcoma

1. Introduction
The development of chemotherapy agents that exploit molecular platforms for targeted

delivery in cancer cells is a crucial area in modern molecular medicine [1]. The purpose of
targeted delivery is to develop carriers that could locally and specifically release therapeutic
cargo in the tumor microenvironment (TME) of cancer cells, in this way minimizing the
exposure of normal cells and avoiding the inducement of systemic toxicity. Osteosarcoma

Biomolecules 2026, 16, 284 https://doi.org/10.3390/biom16020284

https://crossmark.crossref.org/dialog?doi=10.3390/biom16020284&domain=pdf&date_stamp=2026-02-16
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biomolecules
https://www.mdpi.com
https://orcid.org/0000-0001-7686-2238
https://orcid.org/0000-0003-1237-9962
https://orcid.org/0000-0002-2749-2506
https://orcid.org/0000-0001-5072-1939
https://doi.org/10.3390/biom16020284


Biomolecules 2026, 16, 284 2 of 25

(OS) is a highly aggressive bone cancer with limited treatment options [2]. OS is the most
common bone malignancy, particularly prevalent in children and adolescents. It is typically
treated with surgical resection of the tumor tissue, followed by long-term chemotherapy
to prevent recurrence [3]. The tumor microenvironment is characterized by an acidic pH,
elevated levels of glutathione (GSH), and hydrogen peroxide (H2O2) [4]. In osteosarcoma,
metabolic adaptation, increased aggressiveness and increased resistance to chemotherapy
drugs have been attributed to the acid TME [5,6]. Osteosarcoma-targeted nanoparticles for
conventional chemotherapy drugs such as polymeric nanoparticles, gold nanoparticles,
and liposomes have been reported [7].

Inorganic nanomaterials have been proposed for alternative novel treatments against
osteosarcoma [8]. Recent research has also suggested the potential of copper and zinc
complexes as therapeutic agents against osteosarcoma cells [9]. In small amounts [10], metal
ions such as iron, zinc, copper, and magnesium are essential elements that play critical
roles in various biochemical processes, including enzyme function, oxygen transport, and
cellular signaling [11]. In eukaryotic organisms, both zinc and copper are involved in innate
immune defense mechanisms, where controlled metal ion fluxes and localized oxidative
stress contribute to the elimination of invading pathogens [12]. However, at concentrations
above 1 mM, both copper and zinc substantially decrease the viability of model cell lines
such as fibroblasts [13] and can lead to toxicity and adverse health effects [14].

Upon exposure to biological or aqueous solutions, metallic nanoparticles can release
free metal ions and generate reactive oxygen species (ROS). Excessive ROS production,
including hydrogen peroxide (H2O2), superoxide anions (O2

•−), and hydroxyl radicals
(HO•), disrupts cellular redox homeostasis and can damage essential biomolecules [15].

To avoid the toxicity and aggregation issues associated with “naked” metal nanoparti-
cles, and achieve targeted delivery and maximal efficiency, metal ions need to be combined
with biomaterials, such as polymers, liposomes, hydrogels, etc. [16]. Metal ion-chelating
biological molecules are promising for nanoparticle synthesis and stabilization due to their
biocompatibility and the diverse range of physicochemical advantages they confer [17]. Es-
pecially, the acid TME can be exploited for targeted delivery by metal-chelating molecules
that can release their metal ion cargo in acid pH and avoid systemic toxicity to healthy cells.
Amongst these biomolecules, peptides confer versatile chemical functionalities for metal
coordination [18], facilitating the conjugation and integration of a wide range of therapeutic
cargoes into the peptide matrix and therefore making them attractive candidates for applica-
tions in theragnostic and drug delivery applications [19]. In particular, the imidazole group
in the side chain of histidine can directly interact with and bind to metal ions and renders
histidine a key modulator in biological assembly processes [20]. This role can be emulated
through the introduction of a histidine residue in designer peptide materials targeted for a
variety of applications in bio-nanotechnology and biomedicine [21]. Histidine can serve
as a capping or chelating agent, conveying stability to the formed nanoparticles. Most
importantly, it conveys a pH-responsive behavior due to the protonation of the imidazole
ring of histidine under acidic conditions, making it an attractive candidate for forming a
pH-sensitive drug delivery system [22]. This pH-responsive behavior presents a unique
therapeutic challenge and opportunity since the tumor microenvironment is character-
ized by an acidic pH and elevated levels of glutathione (GSH) and hydrogen peroxide
(H2O2) [4]. NPs containing histidine respond dynamically to these pH fluctuations. The
acidic tumor microenvironment prompts the protonation of pH-sensitive moieties in the
NPs. These changes disrupt the hydrophilic–hydrophobic balance of the histidine–NP
complexes, leading to the release of therapeutic cargo [22]. Histidine-containing peptides
can also co-assemble with metal ions and photosensitizers, forming carriers for intracellular
imaging [23] or metallo-nanodrugs for photodynamic therapy [24]. Amongst peptide carri-
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ers, cyclic dipeptides are particularly promising self-assembling scaffolds with a plethora
of bioactive activities, such as antimicrobial [25], antitumor, and antiviral activities [26].
Recent computational and experimental research revealed the potential of the cyclo-L-
histidine-D-histidine (Cyclo-LHDH) peptide to co-assemble with anticancer drugs into
spherical nanostructures and successfully deliver them into HeLa cells [27,28] and further
extended the concept to histidine-containing tetrapeptides [29].

Herein, we focused on studying the self-assembly propensity of a phenylalanine- and
histidine-containing cyclic peptide, specifically cyclic-(His-Phe), hereinafter referred to
as (cHF) (Scheme 1). The antitumor activity of (cHF) itself has been previously reported;
however, its effects on osteosarcoma cells have not been investigated [30]. Its eventual
self-assembling properties have not been evaluated. We anticipated that the peptide would
self-assemble, due to the strong hydrogen bonding propensity of the peptide ring carbonyl
and amino moieties and the presence of the phenylalanine ring known to promote self-
assembly via π-π* aromatic interactions. We further investigated the ability of the peptide
for in situ synthesis of copper (cHF–CuNPs) and zinc nanoparticles (cHF–ZnNPs) upon
reduction. We carried out their morphological and physicochemical characterization with
FESEM, TEM and FTIR and their biological characterization with in vitro antimicrobial
assays, the effect on fibroblasts and osteosarcoma cell lines, and reactive oxygen species
evaluation. We evaluated the optimal concentration of nanoparticles with limited cytotoxic-
ity to a L929 fibroblast cell line and high cytotoxic effects against MG-63 osteosarcoma cells,
especially at pH 6,4 that emulates the TME. We further tested their effect on Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus) bacterial cells, since antimicrobial properties
are very important in order to avoid infections in post-surgery sites and post-chemotherapy
treatments. The cHF peptide alone did not demonstrate significant antimicrobial or cy-
totoxic effects to both cell types. By harnessing the synergistic effects of pH-responsive
peptide scaffolds as carriers of metal nanoparticle cargoes, we sought to develop a cyto-
compatible, responsive material with targeted dual functionality against both microbial
infections and osteosarcoma cancer cells.

Scheme 1. Chemical structure of the dipeptide cyclo-(His-Phe).

2. Materials and Methods
2.1. Materials

Cyclo-(His-Phe) (cHF) peptide powder was purchased by Bachem product number
4006752, (Bubendorf, Switzerland). The purity of the peptide was higher than 95%. The
fibroblasts L929 and osteosarcoma MG-63 cell lines were cultured at 37 ◦C, 5% CO2 in
DMEM (Gibco) supplemented with 10% fetal bovine serum (Gibco, Thermo Fisher Scien-
tific, Waltham, MA, USA) and 50 µg/mL gentamycin (Applichem, Darmstadt, Germany).
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Sodium borohydride (NaBH4), phosphate-buffered saline (PBS), Thiazolyl blue tetrazolium
bromide (MTT), and Congo Red were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Sample Preparation

Initially, 1.3 mg of cHF peptide powder was weighed and dissolved in 1 mL PBS
under heating at 40 ◦C and sonication for 20 min. When the samples became transparent,
indicating the complete dissolution of the peptide powder, a sample was taken for FESEM
examination and subsequently the appropriate amount of zinc or copper chloride from
0.1 M stock solutions was added to obtain four different molar peptide-to-metal ratios. The
ratios used ranged from 1:1 molar ratio of peptide to metal salts (5 mM peptide to 5 mM
metal salt) to 10:1 molar ratio peptide to metal salt (5 mM peptide to 0.5 mM metal salts)
corresponding to final metal ion concentrations of 0.5, 1, 2.5, and 5 mM, respectively, based
on the initial peptide concentration and dilution from 0.1 M metal stock solutions. The
final volume of each sample was adjusted to 1 mL. The samples were incubated for 70 min
at ambient temperature and centrifuged at 7000 rpm for 10 min. Then, the supernatant
was removed and the pellet re-dispersed in 1 mL of water. Freshly prepared reducing
agent NaBH4 (0.25 M) was added in a molar ratio of metal to a reducing agent of 1 to 1.
The samples were incubated for 45 min at 80 ◦C and then at room temperature overnight.
The next day, the samples were centrifuged at 7000 rpm for 15 min, the supernatant was
discarded, and the pellet was re-dispersed in 1 mL of water. This step was repeated
twice. In the last step, the reduced peptide–ion complexes were redissolved in 1 mL of
pure ethanol. After centrifugation, the pellet was left at 80 ◦C to dry and stored in the
refrigerator. Before each experiment, the samples were re-dispersed in PBS, to achieve a
final peptide concentration of 5 mM, and sonicated in a bath at ambient temperature for
5 min. Finally, the samples were exposed to ultraviolet light for 15 min before exposure to
cell cultures to avoid bacterial contamination.

2.3. Morphological Characterization of cHF Self-Assembly and Its Complexes with CuNPs
and ZnNPs
2.3.1. Field-Emission Scanning Electron Microscopy (FESEM) and Energy-Dispersive
X-Ray Spectroscopy (EDX) Analysis

A volume of 10 µL of each peptide sample was deposited on a glass cover and air-dried
overnight. Dried samples were covered with 10 nm of Au sputtering (Baltec SCD 050, Bal-
Tec AG, Pfäffikon, Switzerland). Observation experiments were performed using a JEOL
JSM-7000F microscope (Akishima, Tokyo, Japan) operating at 15 kV and the composition
determined by EDX using an Oxford Link ISIS System (Oxford, UK). The analysis was
carried out by determining the intensity of a characteristic X-ray peak of a chosen element
on a standard that has no interfering peaks.

2.3.2. Transmission Electron Microscopy (TEM) Analysis

A volume of 8 µL of the 0.5 mM aqueous PBS solution containing the sample (dilution
1:10) was deposited for 90 s on the shiny side of the carbon-formvar grid. The excess fluid
was removed with the edge of an absorptive paper. Then, 8 µL of uranyl acetate (1%)
was added. The samples were ready for further investigation under JEOL JEM-2100 TEM
(Akishima, Tokyo, Japan) at 200 kV.

2.3.3. Congo Red Staining

Each peptide solution (20 µL) was thoroughly mixed with 5 µL of a fresh Congo Red
assay solution (10 mM Congo Red, 2.5 mM NaOH in 50% ethanol). A drop of the mixture
was deposited onto a glass coverslip and was examined before or after drying at room
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temperature, with a Zeiss Stemi 2000-C microscope (Oberkochen, Germany) with and
without the use of a crossed polarizer.

2.3.4. Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy
(ATR-FTIR) Analysis

Infrared spectra of the pristine cyclo-(His-Phe) and its complexes with Cu and Zn
(cHF–CuNPs and cHF–ZnNPs) were collected in dried samples in order to analyze the
chemical structure of these compounds. The ATR-FTIR spectra were collected in the
wavenumber range of 400–4000 cm−1. Spectra were collected with 4 cm−1 resolution
and 128 scans. Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-
FTIR) measurements were performed with a NICOLET 6700 FT-IR spectrometer (Waltham,
MA, USA).

2.3.5. pH Responsiveness of the cHF–CuNPs and cHF–ZnNPs

The pH responsiveness of the cHF–CuNPs and cHF–ZnNPs was evaluated by prepar-
ing the samples in PBS at physiological conditions (pH 7.4); subsequently, the samples
were collected, washed and dried as previously described. They were then resuspended at
mildly acidic conditions (pH 6.4) for 24 h. They were further observed using FESEM and
evaluated for their effect on osteosarcoma cells.

2.4. Biological Effect of cHF, cHF–CuNPs and cHF–ZnNPs
2.4.1. Cell Culture Maintenance

The human osteosarcoma MG-63 cells (American Type Culture Collection, CRL-1427)
and L929 fibroblasts (ACC 2, DSMZ, Braunschweig, Germany) were cultured in DMEM
with 10% fetal bovine serum and 50 µg/mL gentamycin. Cells were sustained in an
incubator under a humidified atmosphere with 5% CO2 at 37 ◦C.

2.4.2. Cytotoxicity Assessment on Fibroblasts and Osteosarcoma Cells by MTT

Cytotoxicity of the cHF peptide, cHF–CuNPs (0.5, 1, 2.5, and 5 mM) and cHF–ZnNPs
(0.5, 1, 2.5, and 5 mM), as well as the metal ions of the salts CuCl2 and ZnCl2 at the
corresponding concentrations, were assessed on L929 fibroblasts and MG-63 osteosarcoma
cells by the MTT protocol. The L929 and MG-63 cell lines (1 × 104 cells/well) were cultured
on 96-well plates.

Cells were incubated for 24 h or 48 h at 7.4 at 37 ◦C in 5% CO2. For the pH 6.4 condition,
the cells were seeded in pH 7.4 for 24 h and then cultured in pH 6.4 for the respective time
of treatment (4, 24 and 48 h), according to the protocol used in osteosarcoma research [31].

Subsequently, the medium was removed, and the cHF–CuNPs and cHF–ZnNPs com-
plexes were added in a total volume of 100 µL of culture medium. Untreated cells were used
as controls. Following an incubation period of 24 h, the medium was carefully removed
and replaced with 100 µL of fresh medium and 10 µL of MTT (5 mg/mL in PBS). The cells
were incubated for 4 h to allow the development of the purple formazan products and the
MTT/culture medium was substituted with 100 µL of an isopropanol–DMSO 1:1 solution.
The formazan crystals were allowed to dissolve for 15 min at 37 ◦C. The absorbance was
measured at 570 nm in a Synergy HTX BioTEK Plate Reader (Winooski, VT, USA). The tests
were carried out in triplicate for each sample.

2.4.3. Bacterial Cell Viability

To evaluate the antibacterial effect of the synthesized samples, cHF–CuNPs (0.5, 1,
2.5, and 5 mM) and cHF–ZnNPs (0.5, 1, 2.5, and 5 mM), as well as CuCl2 and ZnCl2 at
the corresponding concentrations, were tested against Gram-negative E. coli and Gram-
positive S. aureus bacteria. Antibacterial efficacy was assessed by colony forming units
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per mL (CFU/mL). All bacterial strains were maintained as glycerol stocks at −80 ◦C. The
bacterial strains used in this study were kindly provided by the Department of Clinical
Microbiology and Microbial Pathogenesis of the University Hospital in Heraklion, Greece,
as previously described [32]. The bacterial strains of E. coli and S. aureus were inoculated
and cultivated in Luria broth (LB) and incubated at 37 ◦C for 18–20 h at 200 rpm. Then,
500 µL of the pre-culture was transferred into 50 mL of LB and incubated in a shaker
(200 rpm) at 37 ◦C until the mid-log phase (OD600 = 0.1) using a UV-Vis spectrophotometer
(UV-1700 PharmaSpec; Shimazdu Corporation, Kyoto, Japan). The bacterial cells were
diluted in the broth and 90 µL were subsequently added to wells of a 96-well plate to a
final concentration of 105 CFU/mL. Each sample was redissolved in 100 µL PBS and 10 µL
was then added to each well containing the bacteria suspension. The plates were incubated
overnight at 37 ◦C and 10 µL of each well was subsequently serially diluted and plated in
Luria broth agar plates. Following overnight incubation at 37 ◦C, colonies were counted.
The results are presented as mean of triplicates of three independent experiments (n = 9).

2.4.4. Preparation of MG-63 Cells for Morphological Observation Under FESEM

MG-63 osteosarcoma cells were seeded on top of a circular cover glass of 10 mm inside
a 24-well plate for 24 h. The next day, the cell medium was removed, and 100 µL of the cHF
and its complexes were added on top. The plates were incubated at 37 ◦C for 24 h. After
24 h the medium where the complexes were diluted was removed and the attached cells
were washed twice with 300 µL of sodium cacodylate (SCB) 0.1 M. The cells were stabilized
with 4% paraformaldehyde for 30 min, washed with SCB 0.1 M and then followed by
dehydration following successive 5 min incubations with graded concentrations of ethanol
(30%, 50%, 70%, 90%, and 100% dry ethanol). Finally, 300 µL of hexamethyldisilazane
were added to each well and left to evaporate overnight. The dehydrated samples were
subjected to further processing for FESEM examination.

2.4.5. Intracellular ROS Measurements

Intracellular ROS production was evaluated using the fluorescent probe, 2′,7′-
dichlorodihydrofluorescein diacetate (DCFDA, Sigma-Aldrich). MG-63 cells were seeded
at a density of 1 × 104 per well in 96-well plates and incubated overnight at 37 ◦C in
5% CO2. The cells were treated with cHF, cHF–CuNPs, and cHF_ZnNPs (1 mM) for 4 h
and 24 h under physiological (pH 7.4) and mildly acidic conditions (pH 6.4). The following
day, the cells were washed twice with PBS, and then were incubated with a solution of
DCFDA in DMEM (10 µM, FBS-free) at 37 ◦C for 30 min. Ascorbic acid (AA) (1 mM) and
H2O2 (200 µM) were used as negative and positive controls, respectively, and the treatment
duration of cells with them was limited to 2 h prior to determination of cell viability by the
MTT assay, in order to avoid long-term cell exposure to drastic conditions. The fluorescence
intensity was measured by a BioTek microplate reader at an excitation filter of 485 nm and
an emission filter of 528 nm. The fluorescence values were normalized to cell viability by
dividing through the corresponding absorbance values from the MTT assay, in order to
allow the production of ROS in treated cells to be compared with that in untreated samples.

ROS normalized to cell viability(%) =
(Fsample − Fblank)/(MTTsample − MTTblank)
(Fcontrol − Fblank)/(MTTcontrol − MTTblank)

× 100,

where F denotes DCF fluorescence and “control” denotes untreated cells. Untreated cells
were set to be 100% intracellular ROS level for the normalization of the fluorescence intensity.
For control experiments, cells were treated with ascorbic acid and hydrogen peroxide 2 h
before ROS quantification. Experiments have been performed in quadruplicates.
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2.4.6. Rescue Experiment by Treatment with Ascorbic Acid (AA)

A rescue experiment was performed to explore the possible recovery of reduced cell
viability mediated by ROS via the effect of the metal ions. Based on previous reports [33],
ascorbic acid was selected as a radical scavenger that protects against membrane oxidation
and inhibits intracellular oxidative stress induced by nanoparticles. It may reverse the
oxidative stress and thus the reduction in cell viability.

MG-63 cells were treated with 5 mM cHF, cHF–CuNPs (1 mM), cHF–ZnNPs (1 mM),
200 µM hydrogen peroxide, and 1 mM ascorbic acid for 4 h at pH 7.4 and 6.4. After 4 h, the
treatment substances were removed, the cells were washed with PBS, and cell viability was
measured by means of the MTT assay. In another plate, following removal of the treatment
substances, 100 µL 0.5 mM ascorbic acid were added to each well, and incubated at 37 ◦C
for 1 h. The AA was then removed, and fresh complete medium was added to the wells,
followed by incubation for 24 h. After this time, cell viability was assessed by an MTT assay.
Cell viability ratios were calculated by dividing the cell viability values of the samples
treated with AA by the cell viability values of the samples without AA treatment. Samples
were analyzed as mean ± standard deviation of quadruplicates.

2.5. Statistical Analysis

Statistical analysis was performed using ANOVA test in the GraphPad Prism version
8.3 to evaluate the significance of the differences between untreated cells and treatments
with cHF–metal complexes at 24 h (designated using the symbol *) and 48 h (designated
using the symbol †). These comparisons were carried out using one-way ANOVA with
Welch’s correction to ensure that the large sample sizes between experimental groups were
more precisely analyzed followed by Dunnett T3 multiple-comparison tests. In experiments
of the same sample size, one-way ANOVA followed by Dunnett multiple-comparison test
has been performed. Comparisons between cHF–metal complexes and the corresponding
metal salts (designated using the symbol #), as well as comparisons between cHF complexes
under different pH conditions or different time points (designated using the symbol §),
were performed using two-way ANOVA, followed by Sidak multiple-comparison tests.
Data are expressed as means ± standard deviation (SD). Statistical significance was defined
as (*, #, § or †) p < 0.05; ** or ## p < 0.01; *** or ### p < 0.001; **** or #### or §§§§ p < 0.0001; ns
indicates a non-significant difference. The symbols *, #, §, and † denote different statistical
comparisons and should not be interpreted as equivalent tests.

3. Results
3.1. Morphological Characterization of cHF, cHF–CuNPs and cHF–ZnNPs with FESEM and TEM

The samples taken following the dissolution of the peptide powder in PBS were exam-
ined with FESEM and TEM. Both techniques revealed the propensity of the cHF peptide
to self-assemble into fibrillar structures (Figure 1A,B). Congo Red staining confirmed the
amyloid-like nature of these fibrils, indicated by the characteristic green birefringence
under a crossed polarizer (Figure 1C,D).

We subsequently studied the effect of adding copper ions ranging from 0.5 to 5 mM
copper chloride. Following the addition of 0.5 mM CuCl2, the fibrils displayed reduced
thickness and increased condensation. Following treatment with NaBH4, spherical struc-
tures in the range of 10 µm in diameter were formed, composed of multiple sub-segments
(Figure S1). Increasing the CuCl2 concentration to 1 mM promoted the formation of spheri-
cal “flower-like” structures with diameters in the range of 5 µm comprising nanosheets
giving the appearance of petals (Figure 2A,B). Upon reduction, a similar morphology was
observed, with the arrangement of nanosheets appearing denser and curved (Figure 2C,D).
These morphological transformations suggest coordination between CuCl2 and cHF pep-
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tides, which promote rearrangements of the peptide fibrils. Increasing concentrations of
copper chloride (i.e., 2.5 and 5 mM) revealed the same trend of morphological transfor-
mations before and after reduction (Figure S2 and Figure S3, respectively). EDX analysis
verified the incorporation of metal ions within the cHF–nanoparticle (NP) assemblies.
Alongside copper peaks, Cu2+-containing samples revealed pronounced peaks for oxygen
(O), indicative of a copper oxide phase (Figure 2E).

 

A B

DC

Figure 1. Images of cHF peptide in PBS at a concentration of 5 mM under (A) FESEM (scale bar
represents 1 µm), (B) TEM with uranyl acetate negative staining (scale bar represents 200 nm),
(C,D) Congo Red images without polarizer (C), under cross polarizer (D).

Figure 2. Cont.
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Figure 2. FESEM images of 5 mM cHF peptide complexes with 1 mM CuCl2 at pH 7.4 at different
magnifications ×5000 and ×10,000. (A,B) Before reduction (scale bars represent 5 µm and 1 µm,
respectively), (C,D) after the addition of NaBH4 (scale bars represent 5 µm and 1 µm, respectively);
(E) representative EDX spectra of cHF–CuNPs after the reduction.

Noticeable morphological alterations of the cyclo-(His-Phe) peptide were detected upon
the addition of the zinc chloride in the same range of concentrations as copper chloride,
observed prior to and following reduction. A predominant characteristic of all structures
obtained in the presence of zinc was the formation of amorphous to quasi-spherical assemblies
in the nanoscale range. At the lowest concentration of zinc (0.5 mM), the appearance of
nanostructures alongside the presence of fibrils was evident (Figure S4). At 1 mM ZnCl2,
spherical structures (Figure 3A,B) which became better defined upon reduction dominated
(Figure 3C,D). EDX analysis of ZnCl2-containing samples showed significant peaks for zinc
(Zn) and oxygen (O), confirming the formation of zinc oxide structures (Figure 3E).

Figure 3. FESEM images of 5 mM cHF peptide upon the addition of 1 mM ZnCl2 at pH 7.4 at
two magnifications. (A,B) Before reduction (scale bars represent 500 nm and 200 nm, respectively),
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(C,D) after the addition of NaBH4 (scale bars represent 1 µm and 500 nm, respectively); (E) represen-
tative EDX spectra of cHF–ZnNPs after the reduction.

Increasing concentrations of zinc chloride (i.e., 2.5 and 5 mM) revealed the same
trend of morphological transformations before and after reduction (Figure S5 and
Figure S6, respectively).

TEM analysis of cHF–CuNPs negatively stained with uranyl acetate revealed petal-
like sheets that fold upon each other and create electron-dense structures; in isolated
sheets, the arrangement of electron-dense dots appears at their edges (indicated by arrows)
(Figure 4A).

 

C

A B

D

Figure 4. TEM images of cHF–CuNPs (1 mM) at different magnifications (A,B) (scale bars represent
200 nm and 50 nm, respectively), and cHF–ZnNPs (1 mM) (C,D) (scale bars represent 50 nm) at
pH 7.4, negatively stained with uranyl acetate and obtained at 200 kV. Black arrows point to electron-
dense dots.

cHF–ZnNPs reveal mostly bubble-like spherical morphologies, decorated with
electron-dense dots at their edges (indicated by arrows) (Figure 4C). In most of the pic-
tures, the copper–peptide “petals” or zinc–peptide “bubbles” overlap, giving very intense
electron-dense areas that make it difficult to clearly distinguish details. We tried to image
isolated “petals” of the flower-like structures of copper and “bubbles” for zinc. Arrays of
nanoparticles seem to be arranged on the copper “petals” (Figure 4B) or enclosed within
the zinc “bubbles” (Figure 4D). The arrangement of electron-dense dots probably implies
an initial templating of dots that subsequently evolve/coalesce into nanoparticles.

These results confirm the role of cHF in templating copper- and zinc-based nanoparticles.
Overall, these results corroborate the coordination of Cu2+ and Zn2+ ions with cHF

peptides towards forming hybrid peptide–metal nanostructures. The tendency to adopt
spherical morphologies with Zn2+, as compared to the more complex, flower-like structural
formations with Cu2+, reflects the different coordination and assembly dynamics between
the peptide and these metal ions. Indeed, histidine moieties coordinate with Cu (II) ions
in square planar geometry, whereas they coordinate in tetrahedral geometry with Zn
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(II) ions [34]. Further, it is well established that copper and zinc nanoparticles readily
oxidize in air and aqueous environments [35,36], thus explaining the oxygen peaks in the
EDX patterns.

3.2. Structural Characterization with Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

The self-assembled fibrils of the cHF peptide and their coordination with copper
and zinc ions with the subsequent formation of NPs was assessed by solid-state Fourier-
transform infrared (FTIR) spectroscopy; the spectra were recorded from 4000 to 400 cm−1.
In particular, the stretching mode of the C=O groups in the amide I region of the peptide
backbone can be highly diagnostic for different types of secondary structures, such as
α-helices, β-sheets and β turns [37]. A comparison between the FTIR spectra of peptide
powder and the self-assembled cHF fibrils after lyophilization is shown in Figure 5.

Figure 5. FTIR spectra of cHF peptide powder (gray line) and cHF fibrils after lyophilization
(brown line). The vertical dashed lines indicate the main vibrational regions associated with peptide
functional groups, including the broad O–H/N–H stretching region (~3400 cm−1), the amide I band
(~1650 cm−1), the C–N stretching/N–H bending region (~1100 cm−1), and the bending vibration of
the N-H group (~500 cm−1).

For the peptide powder (gray line), the maximum of the amide I band is at 1658 cm−1,
attributed to the random coil structure. In contrast, the self-assembled cHF (brown line)
produces a red-shifted band at ∼1668 cm−1, attributed to beta-turns [38,39], reflecting an in-
crease in hydrogen bonding due to the peptide self-assembly in agreement with previously
reported spectra [40]; of note, cyclic dipeptide assemblies lack elongated beta-sheets [41].

The FTIR spectrum of the self-assembled cHF presents a band at 3089 cm−1 that could
be attributed to the C-H stretching vibration of the imidazole ring of histidine and a band at
around 3373 cm−1 corresponding to N-H stretching vibration. Moreover, the bands at 1454,
1338, 1255, and 1062 cm−1 correspond to the imidazole group’s C-N stretching and N-H
bending modes. Additionally, the band at 513 cm−1 corresponds to the bending vibration
of the N-H group [40].

The increased addition of copper (Figure 6A) and zinc ions (Figure 6B) at 0.5, 1, 2.5,
and 5 mM shifts the 3373 cm−1 band of the cHF to 3327, 3336, 3290, and 3234, and 3350,
3317, 3353, and 3257 cm−1, respectively. This shift indicates the coordination of the metals
to the histidine amino acid and that higher metal concentrations cause a more considerable
shift (around 100 to 130 cm−1) [42]. In both cases, the peak between 3350 and 3200 cm−1
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became broader after the addition of metal ions. This is caused by the O-H group of H2O
on the surface of the nanostructures and, subsequently, the formation of NPs [43].

 

Figure 6. FTIR spectra of (A) cHF–CuNPs and (B) cHF–ZnNPs at different concentrations of 0.5, 1,
2.5 and 5 mM and the cHF peptide as control. The vertical dashed lines indicate the main vibrational
regions associated with peptide functional groups, including the broad O–H/N–H stretching region
(~3400 cm−1), the amide I band (~1650 cm−1), the C–N stretching/N–H bending region (~1100 cm−1),
and the bending vibration of the N-H group (~500 cm−1).

Moreover, the band at 1668 cm−1 was shifted to 1640, 1642, 1642, and 1654 cm−1, and
1629, 1639, 1639, and 1660 cm−1, respectively, with increasing copper and zinc ion concen-
trations. As mentioned above, the addition of low ion concentration (0.5 mM) shifts the
amide I band toward a lower frequency, reflecting an increase in hydrogen bonding due to
the rise in an ordered secondary structure [44]. However, further increasing of the metal
ion concentrations did not shift the wavelength significantly, meaning that they do not
give rise to more packed beta-sheets but contribute to the observed spherical formations.
We cross-validated the configuration modifications via our observations using FESEM.
As an example, the addition of a small quantity of copper chloride up to 0.5 mM led to
the formation of a more refined and compact fibril network (as depicted in Figure S1A,B).
Conversely, concentrations of copper chloride higher than 0.5 mM produced spherical for-
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mations (as evidenced in Figure 2). Furthermore, the shift or the absence of the bands 1454,
1338, and 1255 cm−1 might indicate the role of the cHF peptide as a stabilizing/templating
agent and the structural transformation of the formed assemblies during the formation
of metal particles. Lastly, the formation of metal complexes caused the shift in band at
1062 cm−1 by 20 to 60 cm−1 [42]. The shift in the sharp peak at 513 cm−1 indicates the
coordination of histidine with Cu and Zn since it corresponds to N-H vibration. Addition-
ally, the band becomes broader and weaker in high concentrations of metals. Moreover,
the increased amount of zinc ions led to a new broad peak at 563 cm−1, which can be
attributed to the stretching/vibration of the metal–oxygen bond in Zn–O due the formation
of ZnO NPs [45–47].

3.3. Antibacterial Properties of the cHF and cHF–Metal Complexes

The FTIR method confirmed the ability of the cHF peptide to coordinate successfully
with the histidine residues, leading to the efficient formation of cHF–CuNP and cHF–ZnNP
complexes. These samples were tested against the Gram-negative bacteria E. coli and
Gram-positive bacteria S. aureus. In both cases, the pristine cHF peptide did not show any
antimicrobial activity. However, the antimicrobial effectiveness of these metal ions can be
affected when they form complexes with the peptides [48]. The antimicrobial efficiency of
cHF–metalNPs showed a concentration dependence for both copper and zinc, as shown
in Figure 7.
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Figure 7. CFU/mL quantification of E. coli (A,C) and S. aureus (B,D) following treatment with cHF
and cHF–CuNPs and cHF–ZnNPs complexes at the concentrations of 5, 2.5, 1 and 0.5 mM (solid
bars), and the corresponding concentrations of their metal ions (CuCl2 and ZnCl2) used as controls
(patterned bars). (A,B) show treatment with copper peptide complexes and corresponding ions,
whereas (C,D) show treatment with the zinc counterparts. Non-visible bars indicate values close to 0.
Statistical significance relative to the untreated cells is indicated as * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001; ns denotes non-significance. Differences between cHF–metal complexes and their
corresponding metal ions are shown as ## p < 0.01, ### p < 0.001, #### p < 0.0001.
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Specifically, the bacteriostatic activity of cHF–CuNPs against E. coli ranged from 20%
to 70%, depending on the concentration, while CuCl2 exhibited stronger inhibition, ranging
from 70% to nearly 100%. In parallel, cHF–CuNPs showed bacteriostatic effects between
5% and 50% against S. aureus, comparable to those of CuCl2. Similar to cHF–CuNPs, cHF–
ZnNPs showed higher bacteriostatic activity against S. aureus than E. coli. In particular,
cHF–ZnNPs inhibited E. coli growth by 20% to 80% in a concentration-dependent manner,
whereas ZnCl2 exhibited stronger inhibition, ranging from 50% to nearly 100%. Against S.
aureus, cHF–ZnNPs at higher concentrations (5 mM and 2.5 mM) resulted in near complete
inhibition, while at lower concentrations (1 mM and 0.5 mM), bacterial survival remained
at approximately 70 to 80%. In contrast, free zinc ions induced complete growth inhibition
of S. aureus against all tested concentrations.

3.4. In Vitro Cytotoxicity of cHF–Metal Complexes on Fibroblasts

Low cytotoxicity of nanoparticles (NPs) on human cells is a crucial requirement for
their use in therapeutic applications. Hence, we evaluated the cytotoxicity of the cHF–
CuNPs and cHF–ZnNPs on the L292 fibroblasts (Figure 8) at 24 h and 48 h, with the
corresponding concentrations of copper and zinc chloride used as controls. This assessment
determines their potential applicability as therapeutic agents with antimicrobial activity.

 

A B

24 hours 48 hours

Figure 8. Cell viability assessment using L929 fibroblast following treatment with cHF, cHF–CuNPs,
cHF–ZnNPs, and the corresponding concentrations of metal ions used as controls at (A) 24 h and
(B) 48 h. Data are presented as mean ± SD (n ≥ 4). Statistical significance relative to the untreated
cells is indicated as * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; ns denotes non-significance.
Differences between cHF–metal complexes and metal ions are shown as # p < 0.05, #### p < 0.0001.

The peptide cHF did not significantly affect the viability of the fibroblast L929 cell line
at either time point. However, in the presence of 5 mM and 2.5 mM of CuCl2 and ZnCl2
in the formed cHF–CuNPs and cHF–ZnNPs, pronounced cytotoxicity was observed, with
cell viability decreasing to approximately 5–10% at 24 h and becoming almost undetectable
at 48 h. On the contrary, treatment with cHF–CuNPs at 1 mM reduced cell survival from
94 ± 9% at 24 h to 75 ± 5% at 48 h. Treatment with cHF–CuNPs at 0.5 mM decreased the
cell viability to around 80% at both time points, indicating no further reduction beyond
24 h. Interestingly, at the same concentrations (0.5 and 1 mM ZnCl2), cHF–ZnNPs caused a
more pronounced decrease in cell viability to 70 ± 1% and 75 ± 6% at 24 h, respectively
(Figure 8A). However, at 48 h (Figure 8B), the survival of L929 cells increased to 80–85%, in-
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dicating a time-dependent recovery at lower metal concentrations. Furthermore, treatment
with CuCl2 and ZnCl2 alone resulted in an almost complete loss of viability of L929 cells
across all tested concentrations and both time points, except for 0.5 mM CuCl2 and ZnCl2
at 24 h, where cell survival remained at 30%.

3.5. In Vitro Cytotoxicity of cHF–Metal Complexes on Human Osteosarcoma Cells

The in vitro effect of the cHF–CuNPs and cHF–ZnNPs on the cell viability was studied
in MG-63 osteosarcoma cancer cells at pH 7.4 for 24 h (Figure 9A) and for 48 h (Figure 9B).
The treated MG-63 cells with cHF peptide alone did not affect cell viability after 24 h and
48 h. In contrast, cHF–CuNPs and cHF–ZnNPs at 5 mM caused the near-complete loss of
cell viability (1–3%). However, decreasing concentrations of CuCl2 or ZnCl2 to 2.5 mM led
to a statistically significant difference in survival depending on the metal ion. Specifically,
the cHF–CuNPs reduced viability to 58 ± 2%, whereas the presence of the cHF–ZnNP
complex showed a more potent effect against MG-63, reducing cell survival to 31 ± 2%.
However, the differences were minor when the complexes with 0.5 and 1 mM of CuCl2 and
ZnCl2 were tested. In particular, the survival of the MG-63 cells remained between 50 and
70% within the first 24 h, while an increase in cell survival was observed at 48 h, confirming
the time-dependent recovery at lower metal concentrations. Moreover, treatment with
CuCl2 and ZnCl2 caused an almost complete loss of the viability of MG-63 cells at pH 7.4
and across all tested concentrations and both time points, except for 0.5 mM CuCl2, in
which cell viability values of 80 to 60% were observed, depending on time.

Nevertheless, the in vitro physiological conditions at pH 7.4 do not fully replicate
the osteosarcoma microenvironment, including acidosis and hypoxia [49]. Therefore, to
emulate the osteosarcoma environment in vitro, we performed the same experiments at
pH 6.4 at 24 h (Figure 9C) and at 48 h (Figure 9D). The cHF peptide did not show any
change in the survival of MG-63 cells at pH 6.4 after 24 h. As observed under physiological
conditions, only minimal cell survival was detected in the presence of 5 mM cHF–CuNPs
and cHF–ZnNPs. Notably, acidic conditions enhance the release of metal ions, leading
to a more pronounced difference in MG-63 cell survival between the two metal ions and
highlighting the metal-dependent cytotoxic effect. At 0.5, 1, and 2.5 mM of CuCl2, the cHF–
CuNP complexes reduced the cell viability of MG-63 to 25 ± 5%, 50 ± 18%, and 65 ± 10%
at 24 h, respectively, while cell viability was further decreased at 48 h. In contrast, under
similar treatment conditions, the cHF–ZnNP complexes resulted in higher cytotoxicity,
with a survival of MG-63 between 5 and 10% at 24 h and 48 h. The only exception was
treatment with 0.5 mM of cHF–ZnNPs, for which the cell survival increased significantly at
48 h. The addition of CuCl2 or ZnCl2 as controls led to extremely high cell toxicity rates
under all different concentrations and time points.

3.6. Morphological Analysis of cHF–CuNPs and cHF–ZnNPs and Ion-Induced Osteosarcoma Cells

Furthermore, we investigated whether the morphology of nanoparticles initially
prepared at pH 7.4 (as described in Section 2.3.5) changes after being resuspended in mildly
acidic conditions (pH 6.4) for 24 h. For the cHF–CuNPs, flower-like structures were not
observed; instead, much smaller amorphous formations appeared (Figure 10A,B). EDX
spectra confirmed the presence of copper oxide (Figure 10C). For the cHF–ZnNPs, the
structures appeared rather amorphous compared to the well-formed spherical formations
at pH 7.4; bundles of fibrils could also be observed (Figure 10D,E). EDX spectra confirmed
the presence of zinc oxide (Figure 10F) phases. Overall, the above results suggest that cHF
nanoparticle complexes dissociate upon transfer to pH 6.4, resulting in smaller formations
and even peptide fibril structures. As a result, metal nanoparticles are released upon contact
with the acidic tumor microenvironment, resulting in higher cytotoxic activity at this pH.
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Figure 9. Cell viability assessment using MG-63 osteosarcoma cells following treatment with cHF,
cHF–CuNPs, cHF–ZnNPs, and the corresponding concentrations of metal ions used as controls.
Experiments were performed under physiological conditions at pH 7.4 at (A) 24 h and (B) 48 h, and
at pH 6.4 at (C) 24 h and (D) 48 h. Data are presented as mean ± SD (n ≥ 4). Statistical significance
relative to the untreated cells is indicated as * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; ns
denotes non-significance; differences between cHF–metal complexes and metal ions are shown as
# p < 0.05, ## p < 0.01, #### p < 0.0001.

In a more direct approach, MG-63 osteosarcoma cells were treated with cHF (5 mM)
and cHF–CuNPs and cHF–ZnNPs (1 mM) to evaluate the changes in the cell morphology
(Figure 11). The FESEM images of untreated cells indicate their physiological morphol-
ogy (Figure 11A), similar to the cells treated with the cHF peptide (Figure 11B), which
exhibited normal morphology. In contrast, cells treated with cHF–CuNPs (Figure 11C)
and cHF–ZnNPs (Figure 11D) appeared highly deformed, suggesting cell damage
or death.

Alongside the FESEM observations, the EDX analysis confirmed the presence of metal
ions on the cells, as shown in Figure 11E,F, suggesting that metal ions may be responsible
for the cell damage, most probably due to the disruption of the cell membranes.
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Figure 10. (A,B) FESEM images of cHF–CuNPs (1 mM) at pH 6.4 at different magnifications,
(C) representative EDX spectra of cHF–CuNPs. (D,E) FESEM images of cHF–ZnNPs (1 mM) at
pH 6.4 at different magnifications, and (F) representative EDX spectra of cHF–ZnNPs. Scale bars
represent 1 µm in (A,D) and 500 nm in (B,E).

 

Figure 11. Representative FESEM images showing MG-63 cells at pH 6.4. (A) Untreated cells, (B) cells
in the presence of the cHF peptide (5 mM), (C) cells in the presence of the cHF–CuNPs (1 mM),
(D) cells in the presence of the cHF–ZnNPs (1 mM). Representative EDX analysis on MG-63 cells
treated with (E) cHF–CuNPs, (F) cHF–ZnNPs. Scale bars in (A–D) represent 100 µm. Inserts display
higher magnification images with scale bars at 10 µm.
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3.7. Measurement of Generated ROS

Furthermore, the generation of intracellular ROS induced by cHF–metal nanoparti-
cles was evaluated using the DCFDA assay, which is a cell-permeable and non-fluorescent
probe that is rapidly deacetylated by intracellular ROS to the highly fluorescent 2′,7′-
dichlorofluorescein (DCF), enabling the quantitative evaluation of oxidative stress (Figure 12).
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Figure 12. (A,C) Cell viability, (B,D) ROS normalized by cell viability at (A,B) pH 7.4 and (C,D) pH
6.4 in MG-63 osteosarcoma cells following treatment for 4 h (solid) and 24 h (patterned) with cHF
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peptide, cHF–CuNPs (1 mM), cHF–ZnNPs (1 mM), ascorbic acid, and H2O2. Statistical significance
of differences is presented between the cHF complexes and the untreated cells at 4 h (designated
with *), between cHF complexes and untreated cells at 24 h (designated with †), and between 4 and
24 h at the same peptide complex concentration (designated with §). The symbols *, †, and § indicate
p < 0.05; **, †† p < 0.01; ††† p < 0.001; ****, ††††, §§§§ p < 0.0001. (E) Rescue experiment following
treatment with AA for 1 h is expressed as cell viability ratio (after AA treatment)/without AA) at
pH 7.4 and pH 6.4. Data are presented as mean ± SD (n ≥ 4). Ascorbic acid and hydrogen peroxide
were used as negative and positive controls, respectively. Statistical analysis of differences between
pH 7.4 and 6.4 are designated with § (p < 0.05).

To demonstrate the action of cHF–metal complexes on cancer cells, we studied the cell
viability (Figure 12A) and intracellular ROS production (Figure 12B) in MG-63 osteosarcoma
cells at pH 7.4 and at pH 6.4 (Figure 12C,D) after 4 and 24 h. MG-63 cells treated with
cHF peptide retained viability close to control levels at both 4 and 24 h, indicating that the
peptide itself does not exert cytotoxic effects. In contrast, treatment with cHF–CuNPs and
cHF–ZnNPs resulted in a clear reduction in cell viability, which became more pronounced at
24 h. It was observed that cHF–CuNPs caused a moderate decrease in cell viability, whereas
cHF–ZnNPs caused a stronger and delayed loss of viability. In parallel, intracellular ROS
levels of MG-63 cells treated with the cHF peptide remained near physiological levels, while
both cHF–CuNPs and cHF–ZnNPs significantly increased ROS generation, in particular at
24 h. Among them, cHF–ZnNPs induced the highest ROS levels, according to their stronger
cytotoxic effect. These results suggest that the cytotoxic effects observed after treatment
with cHF–metal complexes are primarily mediated by oxidative stress and are both time-
and metal-dependent.

Moreover, to directly assess whether oxidative stress was responsible for the ob-
served decrease in cell viability, a rescue experiment was performed using ascorbic acid
(Figure 12E). We calculated the cell viability ratio in the presence versus in the absence of
ascorbic acid. The results demonstrate that there is no effect in the untreated cells, as no
oxidative damage was present, as well as in cells treated with the cHF peptide. Although
no recovery of cell viability was observed, as the calculated ratios are below the value of
1, the significantly increasing viability ratios in cHF–ZnNPs-treated cells and in H2O2 at
pH 6.4 compared to pH 7.4 indicate an effect of ascorbic acid to zinc-associated cytotoxicity.
It is noteworthy that cHF–ZnNPs induced a high ROS production, associated with high
cytotoxicity, confirming that oxidative damage often leads to irreversible changes and cell
death even after antioxidant intervention.

4. Discussion
Over the past decade, nanocarrier-based drug delivery systems, especially peptides

and proteins, have been the subject of exhaustive research, presenting novel avenues for
therapeutic interventions [50]. Specifically, in the context of osteosarcoma, recent advances
in targeted drug delivery systems have been reported [51]. Metal nanoparticle carriers have
the potential to advance treatment methods by enhancing selective targeting, improving
treatment efficacy, and potentially reducing side effects [52]. Application of chitosan-
capped CuNPs against MG-63 osteosarcoma cells has been reported [53]. Very recently,
histidine-containing octa and decapeptides from angiogenin were proven to chelate copper
(II) ions and evaluated against normal osteoblast cells and osteosarcoma cells. Interestingly,
the peptides alone were not cytotoxic against both cell lines, whereas their complexes with
copper were cytotoxic only against osteosarcoma cells [54]. The field of minimal peptide
carriers (e.g., dipeptides) for osteosarcoma drug delivery still merits being explored.

The pursuit of understanding the interaction of peptides with metal ions, particularly
within the context of cyclic peptides, has evolved into an exciting field [55] with promising
biological applications [26]. In the present study, we have chosen to study the relatively
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unexplored cHF peptide, in terms of its self-assembling propensity and as a chelating agent
to assemble stabilized copper and zinc peptide composite nanoparticles. The cHF peptide
self-assembles into fibrils upon its dissolution in PBS, with FESEM and Congo Red staining
confirming the characteristic amyloid fibril signature. Initially, we tested whether cHF
self-assembled fibrils could affect the cell viability of the MG-63 cancer cells, as anticancer
properties have been reported for cyclic dipeptides [56]. Previous studies demonstrated
significant inhibition by cHF in the growth of the cancer cell lines of HeLa, MCF-7, and
WHCO3 at 1 mM [30]; however, the cHF peptide has not been previously tested on of
MG-63 cancer cells and did not affect their viability as shown in the present study.

Our subsequent experiments affirmed the peptide ability to chelate metal ions, specifi-
cally copper and zinc, leading to the synthesis of cHF–CuNPs and cHF–ZnNPs upon reduc-
tion. FESEM imaging showed that the complexing of the cHF peptide exerts a modulatory
effect on morphology, particle size and distribution [47]. Intriguingly, the cHF–CuNPs
have led to the formation of flower-like structures consisting of thin nanosheets. Such
morphologies of copper oxide nanostructures have previously been synthesized employing
“green” chemistry [57]. Alternatively, the cHF–ZnNPs showed spherical morphologies with
heterogeneous size distribution, where increased concentrations of zinc ions led to enlarged
sphere sizes. TEM confirmed the presence of distinct metal nanoparticles templated on
peptide sheets and fibrils; FTIR spectroscopy confirmed the structural changes induced by
the interaction of peptide fibrils with copper and zinc.

Antimicrobial peptides were reported to also have anticancer activity [58,59]. Given
that the cHF peptide was previously reported to have anticancer activity on a few cancer
cell lines [30], we tested the antimicrobial activities of the peptide alone and metal ion–cHF
complexes compared to metal ions alone. We explored the eventual antimicrobial activity
against E. coli Gram-negative bacteria and S. aureus Gram-positive bacteria. The cHF
peptide itself did not show a notable antibacterial effect against E. coli and S. aureus, in
contrast to the previously reported cHF higher effectiveness against Gram-negative bacteria
and lower activity against Gram-positive; however a direct comparison is not feasible, since
these antimicrobial assays were carried out with the disk diffusion method [30].

Metal nanoparticles can adopt various morphologies including nanorods, nanotubes,
nanobelts, nanoplates, nanorings, and even intricate designs such as “nanoflowers”. As
previously suggested, these morphological variations can substantially influence the an-
timicrobial activity of nanoparticles. Indeed, several studies have indicated that the particle
shape and size can influence the antibacterial activity of copper NPs. Amongst these,
the flower-like ones proved to be the most potent due to their larger surface area and
different structure, which can affect various cellular components of microbial cells [60].
Indeed, the flower-like structured cHF–CuNPs displayed a concentration-dependent bacte-
riostatic activity. Specifically, against E. coli, the bacteriostatic activity ranged from 20% to
70%, while against S. aureus, it varied between 5% and 50; the results demonstrate that
as the concentration of these nanoparticles increased, their antibacterial efficacy also in-
creased. The antimicrobial effectiveness of CuO nanoparticles in the 100 to 5000 mg/mL
concentration has previously been reported against S. aureus and E. coli [61]. cHF–ZnNPs
exhibited higher bacteriostatic efficiency against S. aureus than against E. coli. At 5 mM
and 2.5 mM, cHF–ZnNPs caused almost complete death of S. aureus cells, while at 1 mM it
remained at 70–80%. Therefore, both cHF–NPs demonstrated antimicrobial efficiency at
the concentration of 1 mM.

For potential therapeutic applications, both cHF–CuNPs and cHF–ZnNPs must demon-
strate biocompatibility in vitro. At high concentrations (5 and 2.5 mM), cHF–CuNPs and
cHF–ZnNPs caused significant cytotoxicity in the L929 fibroblast cell line. Therefore, while
both NPs at higher concentrations of metal ions (5 mM and 2.5 mM) showcase high efficacy
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against bacterial strains, their pronounced cytotoxicity precludes them from therapeutic
applications. On the other hand, cHF–CuNPs and cHF–ZnNPs of 0.5 mM may be cyto-
compatible but lack significant antimicrobial potency. Remarkably, both cHF–CuNPs and
cHF–ZnNPs at a concentration of 1 mM strike a balance, exhibiting both biocompatibility
and antimicrobial efficiency, albeit a reduced antimicrobial efficiency than their “naked”
metal ion counterparts. Any antimicrobial activity would be an additional advantage, in
order to protect the surrounding area from post-surgery and chemotherapy infections. This
positions them as the most promising candidates for further investigations.

Finally, both cHF–CuNPs and cHF–ZnNPs showed a cytotoxic effect on MG-63 cells at
pH 7.4; the effect was particularly pronounced when the pH of the cell culture decreased
to 6.4, mimicking the TME. At the concentration of 1 mM, the cHF–CuNPs significantly
decreased cell survival by an additional 15%, while cHF–ZnNPs reduced the survival rate
by an additional 50%. This significant difference between copper and zinc nanoparticles
may be partially attributed to the higher solubility of ZnO NPs in cell culture media [62].
To summarize, the cHF–metalNPs convey compelling cytotoxicity against MG-63 osteosar-
coma cells at mildly acidic conditions (pH 6.4). This cytotoxicity can be attributed to an
increased release of metal ions on the target cells due to the protonation of the peptide
histidine imidazole group.

Particularly, redox active metal ions such as copper ions can convert hydrogen perox-
ide into highly reactive hydroxyl radicals, while non-redox active metal ions such as zinc
ions, although they do not generate ROS directly, impair mitochondrial electron transport
and deplete endogenous antioxidants, leading to the disruption of cell redox homeosta-
sis [63]. The increased levels of ROS in osteosarcoma cells observed in this study, which are
associated with the cytotoxic effects of both cHF–metal complexes at the concentration of
1 mM, confirm that intracellular ROS accumulation correlates with the activation of apopto-
sis. Ascorbic acid (AA) has been used as a ROS scavenger that reduces oxidative stress and
can partially restore cell viability in various in vitro models when used at physiological and
pharmacological concentrations, with the pharmacological concentrations killing cancer
but not normal cells [64]. Previous studies [65] have shown that treatment with AA can
suppress the accumulation of intracellular ROS and reverse the oxidative damage caused
by metal ions or nanoparticles, particularly in zinc-containing NPs [33]. The lack of rescue
by AA for cHF–CuNPs may be attributed to its role as a pro-oxidant by reducing Cu(II) to
Cu(I), thereby maintaining the redox cycle of Cu ions and ROS generation, and limiting the
recovery of cell viability [66]. In contrast, cHF–ZnNPs’ cytotoxicity is primarily mediated
through indirect mechanisms such as mitochondrial dysfunction, the disruption of antioxi-
dant defenses, and ion-induced cellular stress, which are not readily reversible by direct
ROS scavenging. As the effect of AA has been reported to be concentration-dependent [65],
acting as a ROS scavenger at low concentrations and as a ROS generator at higher phar-
macological doses, future studies may focus on the exploration of the rescue effect of AA
in metalNPs complexes in a concentration-dependent manner towards the modulation of
oxidative stress, redox-sensitive signaling pathways, and the chelation of metal ions.

5. Conclusions
In summary, the study of the histidine-containing cyclic peptide cHF and its interaction

with metal ions reveals promising potential for antimicrobial applications and therapeutic
strategies against osteosarcoma cells. This study demonstrates the self-assembling ability
of cHF and its efficient chelation of copper and zinc ions, leading to the formation of stable
metal nanoparticles with distinct morphologies. Although their efficiency against bacterial
strains was observed, the cytotoxicity on mammalian cells at metal concentrations higher
than 1 mM must be considered for future therapies. Nevertheless, at metal concentrations
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of 1 mM, cHF–CuNPs and cHF–ZnNPs emerge as promising candidates, demonstrating a
subtle balance between biocompatibility and antimicrobial potency, and underscoring the
need for exploring the optimal conditions for anti-osteosarcoma applications. Furthermore,
this work highlights the potential of cyclic peptides containing histidine as versatile car-
riers for the targeted delivery of metal ions against osteosarcoma treatment. Finally, the
combination of cHF–metal nanoparticles with conventional anticancer drugs may offer a
promising strategy for synergistic osteosarcoma therapies in the future.
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//www.mdpi.com/article/10.3390/biom16020284/s1, Figure S1: FESEM images of the peptide cHF
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