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Perica, J.; Mrvčić, J.; Stanzer, D.;
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Abstract: Despite the large number of peptidomimetics with incorporated heteroannularly func-
tionalized ferrocenes, few studies have investigated their bioactivity. Here, we report the biological
evaluation and conformational analysis of enantiomeric dipeptides derived from 1′-aminoferrocene-
1-carboxylic acid (Fca) and hydrophobic amino acids (AA = Val, Leu, Phe). The conformational
properties of Y-AA-Fca-OMe (Y = Ac, Boc) were elucidated by experimental (IR, NMR, CD, and
X-ray) and theoretical (DFT) methods. The prepared dipeptides were screened for their antimicrobial
activity against selected Gram-positive and Gram-negative bacteria, lactic acid bacteria and yeasts,
while their antioxidant activity was tested by DPPH and FRAP methods. Of all compounds tested,
dipeptide D-2a showed the best antibacterial properties against S. aureus, B. subtilis, and P. aeruginosa
at a concentration of 2 mM. The time–kill curves showed that antibacterial activity was concentration-
and time-dependent. Chirality (D-) and a more polar-protecting group (Ac) were found to affect the
biological activity, both antimicrobial and antioxidant. All investigated peptides are considered to
be highly hydrophobic and chemically stable in both acidic and buffer media. Dipeptides D-1a–3a,
which showed biological activity, were subjected to the determination of proteolytic activity, revealing
very good resistance to proteolysis in the presence of chymotrypsin.

Keywords: antimicrobial activity; antioxidant activity; proteolytic activity; chymotrypsin;
hydrophobicity; peptidomimetics; conformational analysis; crystal structure; Density Functional
Theory (DFT); hydrogen bonds

1. Introduction

Because of the ordered conformations that mimic natural peptide structures, re-
searchers have investigated numerous amino acid derivatives of amino- and/or carboxyl-
bis-functionalized ferrocenes over the past 30 years [1–7]. The restricted rotation of the
ferrocene rings, caused by intramolecular hydrogen bonding between the peptide chains
attached to the ferrocene moiety, results in helical and sheet structures that mimic natu-
rally occurring secondary elements (Figure 1). To date, the most studied ferrocene pep-
tidomimetics have been derived from 1′-aminoferrocene-1-carboxylic acid (Fca). It has
been shown several times that the conformational space of these compounds can be fine-
tuned by the number and type of constitutive amino acids, modification of their chirality,
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and bulkiness of C- and N-protecting groups. In addition to their exceptionally well-
defined conformational preferences, ferrocene peptides derived from Fca, as well as those
with incorporated symmetrically disubstituted organometallic scaffolds (−OC−Fn−CO−
and −NH−Fn−NH−), have been used as protein -sensitive electrochemical probes [8,9],
cation [10,11] and anion sensors [12], molecular receptors [13], chiroptic sensors [14], etc.

Inorganics 2023, 11, x FOR PEER REVIEW 2 of 23 
 

 

tuned by the number and type of constitutive amino acids, modification of their chirality, 
and bulkiness of C- and N-protecting groups. In addition to their exceptionally well-de-
fined conformational preferences, ferrocene peptides derived from Fca, as well as those 
with incorporated symmetrically disubstituted organometallic scaffolds (−OC−Fn−CO− 
and −NH−Fn−NH−), have been used as protein -sensitive electrochemical probes [8,9], cat-
ion [10,11] and anion sensors [12], molecular receptors [13], chiroptic sensors [14], etc. 

 
Figure 1. Turn structure in peptidomimetic Ac-Ala-Fca-Ala-OMe (non-polar hydrogens omitted for 
clarity) [4]. 

Scientific research in the biotechnology and pharmaceutical industries is focused on 
finding innovative antimicrobial compounds and antimicrobial mechanisms, as well as 
alternatives to traditional antibiotics in response to antimicrobial resistance. Small antimi-
crobial peptides (AMPs) with antimicrobial activity are the subject of interest among sci-
entists. In natural sources, bioactive peptides are usually present in low concentrations, 
which makes their isolation and purification difficult. Therefore, chemical synthesis is of-
ten performed to obtain appropriate amounts for the proper peptide. The preparation of 
ferrocene bioconjugates with antimicrobial peptides proved to be a good potential strat-
egy in the search for more selective and less toxic antimicrobial drugs, the use of which 
would reduce the overuse of antibiotics and thus the increasing and ubiquitous antimi-
crobial resistance [15]. Costa et al. coupled ferrocene molecules with the RP1 peptide de-
rived from the human chemokine CXCL4 to investigate how this modification alters the 
structure, biological activity, and toxicity of the peptide [16]. The results suggest that fer-
rocene increases antimicrobial activity against the Gram-positive bacterium S. agalactiae. 
The Fc-RP1 peptide also decreased the minimum inhibitory concentration (MIC) in assays 
against E. faecalis (MIC = 7.9 μmol L−1), E. coli (MIC = 3.9 μmol L−1), and S. aureus (MIC = 
3.9 μmol L−1). Wenzel et al. reported the antibiotic properties of hetero tri-organometallic 
compounds with ferrocene and showed potent antibacterial activity against Gram-posi-
tive bacteria [17]. It was active against S. aureus strains, including MRSA and VISA strains, 
in the low micromolar range, comparable to antibiotics. They identified the bacterial mem-
brane as the target of the antibiotic. MIC values were 1.4 μM for B. subtilis and S. aureus, 
but no inhibition of E. coli and P. aeruginosa growth was observed. Ardila-Chantre et al. 
synthesized and characterized short-peptide conjugates of buforin and lactoferricin B us-
ing ferrocene as modifiers, resulting in higher antibacterial activity than the original un-
conjugated peptides [18]. Slootweg et al. synthesized ferrocene-containing lysine peptides 
with excellent antimicrobial activity in the low micromolar range [19]. 

Khelef and Lanez measured the antioxidant activity of ferrocene derivatives contain-
ing amine, amide, and hydrazine groups via the DPPH method [20]. Their results indicate 
that ferrocene derivatives scavenge DPPH radicals, and the activity is strongly dependent 
on the presence of a nitrogen atom in the molecule. Milaeva et al. showed that the antiox-
idant activity of ferrocene containing 2,6-di-tert-butylphenol or phenyl groups strongly 

Figure 1. Turn structure in peptidomimetic Ac-Ala-Fca-Ala-OMe (non-polar hydrogens omitted for
clarity) [4].

Scientific research in the biotechnology and pharmaceutical industries is focused on
finding innovative antimicrobial compounds and antimicrobial mechanisms, as well as
alternatives to traditional antibiotics in response to antimicrobial resistance. Small an-
timicrobial peptides (AMPs) with antimicrobial activity are the subject of interest among
scientists. In natural sources, bioactive peptides are usually present in low concentrations,
which makes their isolation and purification difficult. Therefore, chemical synthesis is
often performed to obtain appropriate amounts for the proper peptide. The preparation of
ferrocene bioconjugates with antimicrobial peptides proved to be a good potential strategy
in the search for more selective and less toxic antimicrobial drugs, the use of which would
reduce the overuse of antibiotics and thus the increasing and ubiquitous antimicrobial
resistance [15]. Costa et al. coupled ferrocene molecules with the RP1 peptide derived from
the human chemokine CXCL4 to investigate how this modification alters the structure, bio-
logical activity, and toxicity of the peptide [16]. The results suggest that ferrocene increases
antimicrobial activity against the Gram-positive bacterium S. agalactiae. The Fc-RP1 peptide
also decreased the minimum inhibitory concentration (MIC) in assays against E. faecalis
(MIC = 7.9 µmol L−1), E. coli (MIC = 3.9 µmol L−1), and S. aureus (MIC = 3.9 µmol L−1).
Wenzel et al. reported the antibiotic properties of hetero tri-organometallic compounds
with ferrocene and showed potent antibacterial activity against Gram-positive bacteria [17].
It was active against S. aureus strains, including MRSA and VISA strains, in the low micro-
molar range, comparable to antibiotics. They identified the bacterial membrane as the target
of the antibiotic. MIC values were 1.4 µM for B. subtilis and S. aureus, but no inhibition
of E. coli and P. aeruginosa growth was observed. Ardila-Chantre et al. synthesized and
characterized short-peptide conjugates of buforin and lactoferricin B using ferrocene as
modifiers, resulting in higher antibacterial activity than the original unconjugated pep-
tides [18]. Slootweg et al. synthesized ferrocene-containing lysine peptides with excellent
antimicrobial activity in the low micromolar range [19].

Khelef and Lanez measured the antioxidant activity of ferrocene derivatives containing
amine, amide, and hydrazine groups via the DPPH method [20]. Their results indicate that
ferrocene derivatives scavenge DPPH radicals, and the activity is strongly dependent on
the presence of a nitrogen atom in the molecule. Milaeva et al. showed that the antioxidant
activity of ferrocene containing 2,6-di-tert-butylphenol or phenyl groups strongly depends
on the presence of a phenolic group but is enhanced in the presence of the ferrocenyl
fragment [21]. Štimac et al. synthesized a series of homoannularly and heteroannularly
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substituted adamantyl ferrocene derivatives, which showed antioxidant activity in the
DPPH assay and protected the cell membrane from peroxidation [22].

The applicability of peptides for therapeutic use is usually determined by their low
membrane permeability and high proteolytic degradation [23]. To achieve their satisfactory
permeability through the phospholipid bilayer, various optimization strategies are em-
ployed, including the insertion of unnatural amino acids, modification of the side-chain or
backbone, amidation or acetylation as terminus protection, and cyclization of peptides [24].
Li et al. showed that ferrocene conjugated to the pentapetide KLVFF [25] and to the tripep-
tide GPR [26] exhibited improved lipophilicity and significant resistance to proteolytic
degradation compared to its parent peptide, thanks to incorporating the lipophilic and
enzymatically stable ferrocene moiety.

Conventional peptides, consisting of amino acid residues, are rapidly degraded by
proteases. The specificity of chymotrypsin for the hydrolysis of peptide bonds formed by
the carboxyl groups of Tyr, Phe, Trp, and Leu is well known, and therefore this enzyme was
chosen to test the stability of ferrocene dipeptides [27]. Amides with unnatural backbones
are very resistant to proteolytic cleavage [28], so one can assume that ferrocene amino acid
plays an important role in the stabilization of dipeptides by enzymatic cleavage.

Although many organic compounds and natural products with incorporated ferrocene
units [29] have been investigated as potential drugs [30] due to the desirable properties
of ferrocene (non-toxicity, stability, and lipophilicity), the literature on the bioactivity
of 1,1′-disubstituted ferrocene peptides is very limited. To date, only a few studies on
their biological activity have been performed, most of them carried out by our group to
provide a guide for the development of potential drug candidates [6,31–33]. Unfortunately,
conjugates with the incorporated −NH−Fn−CO− template [Y-Fca-Pro-OMe (I, Y = Ac,
Boc), Y-Pro-Fca-OMe (II, Y = Ac, Boc), and homo- and heterochiral Y-Pro-Ala-Fca-OMe (III,
Y = Ac, Boc)] showed no or rather modest antiproliferative activity on MCF-7 and HeLa
cell lines. Exceptions are the heterochiral Boc-D-Pro-L-Ala-NH-Fn-COOMe, which has a
moderate potential to promote apoptotic cell death of HeLa cells, and Ac-Ala-Fca-Ala-OMe,
which shows prominent cytotoxic activity against human breast and liver cancer cells.
Somewhat weaker cytotoxic effects on Hep G2 and Hs 578 cells were elicited by conjugates
IVa, Ac-Ala-NH-Fn-NH-Ala-Boc, and IVb, Fn-(NH-Ala-Ac)2, which are derived from the
ferrocene-1,1′-diamine scaffold. Through the in vitro evaluation of compounds I–IV, we
found that the crucial factor determining the bioactivity of the tested compounds is their
lipophilicity. Considering the close relationship between lipophilicity and hydrophobicity
of amino acids [34,35], in our recent work [36], we replaced Ala in peptides IVa by amino
acids with hydrophobic bulky side chains to prepare both enantiomeric pairs of homochiral
derivatives Ac-AA-NH-Fn-AA-Boc (V, AA = Phe, Val, Leu) and to test their antitumor,
antimicrobial, and antioxidant activities. The cytotoxicity tests performed on HeLa, HepG2,
and MCF-7 cell lines revealed only weak antitumor activity of the peptidomimetics V,
while the antimicrobial activity tested by the disk diffusion method was not observed. All
prepared compounds showed moderate antioxidant activity in the rank of 0.1 mM Trolox
equivalent, determined by the DPPH method, and in the range of 0.52–0.63 mM Trolox,
evaluated by the FRAP method.

Although the peptidomimetics V did not show antimicrobial activity, initial tests of the
inhibitory potential of the compounds Y-D-AA-Fca-OMe (Y = Ac, Boc; AA = Phe, Val, Leu),
the precursors of the D-series of V, were encouraging. Based on these results and the lack
of data on the antioxidant activity of ferrocene peptidomimetics, we report here a detailed
study of Y-AA-Fca-Ome (Figure 2). The conformational properties of the synthesized
peptides were studied by spectroscopic (IR, NMR, and CD), DFT, and crystallographic
analyses. For their biological evaluation, hydrophobicity and proteolytic stability were
studied, followed by measurement of the antimicrobial and antioxidant activity (DPPH
and FRAP methods).



Inorganics 2023, 11, 29 4 of 21

Inorganics 2023, 11, x FOR PEER REVIEW 4 of 23 
 

 

a detailed study of Y-AA-Fca-Ome (Figure 2). The conformational properties of the syn-
thesized peptides were studied by spectroscopic (IR, NMR, and CD), DFT, and crystallo-
graphic analyses. For their biological evaluation, hydrophobicity and proteolytic stability 
were studied, followed by measurement of the antimicrobial and antioxidant activity 
(DPPH and FRAP methods). 

 
Figure 2. Ferrocene dipeptides with hydrophobic amino acids. 

2. Results and Discussion 
Details of the synthesis and spectroscopic and spectrometric characterization data of 

compounds L-/D-1a–3a and L-/D-1b–3b are reported in [36]. We note that details not de-
scribed in [36] can be found in the Supplementary Material (Table S1, Figures S1–S6). 

2.1. Infrared (IR), Nuclear Magnetic Resonance (NMR) and Circular Dichroism (CD) Studies 
As mentioned in the Introduction, amino acid derivatives of heteroannularly substi-

tuted ferrocenes are usually stabilized with intramolecular hydrogen bonds (IHBs), both 
in solution and in the solid state. To investigate whether the dipeptides L-/D-1a–3a and L-
/D-1b–3b adopt ordered conformations supported by IHBs in solution, we performed IR, 
NMR, and CD spectroscopic studies. Since the enantiomeric pairs of the target com-
pounds have identical chemical and physical scalar properties, the experimental IR and 
NMR data are reported for the D-series only. The amide region of the solution IR spectra 
of compounds D-1a–3a and D-1b–3b, shown in Figure 3, is dominated by the medium-
intensity blue-shifted signals of the non-bonded NH groups, accompanied by lower-in-
tensity bands below 3440 cm−1 assigned to the associated NH groups. The unchanged ratio 
of these signals when diluted from c = 5 × 10−2 M to 3 × 10−3 M excludes the possibility of 
intermolecular hydrogen bonding under these conditions and shows a higher fraction of 
conformers with non-bonded NH groups (Figures S7–S12). 

 

Figure 2. Ferrocene dipeptides with hydrophobic amino acids.

2. Results and Discussion

Details of the synthesis and spectroscopic and spectrometric characterization data
of compounds L-/D-1a–3a and L-/D-1b–3b are reported in [36]. We note that details not
described in [36] can be found in the Supplementary Materials (Table S1, Figures S1–S6).

2.1. Infrared (IR), Nuclear Magnetic Resonance (NMR) and Circular Dichroism (CD) Studies

As mentioned in the Introduction, amino acid derivatives of heteroannularly substi-
tuted ferrocenes are usually stabilized with intramolecular hydrogen bonds (IHBs), both
in solution and in the solid state. To investigate whether the dipeptides L-/D-1a–3a and
L-/D-1b–3b adopt ordered conformations supported by IHBs in solution, we performed IR,
NMR, and CD spectroscopic studies. Since the enantiomeric pairs of the target compounds
have identical chemical and physical scalar properties, the experimental IR and NMR data
are reported for the D-series only. The amide region of the solution IR spectra of com-
pounds D-1a–3a and D-1b–3b, shown in Figure 3, is dominated by the medium-intensity
blue-shifted signals of the non-bonded NH groups, accompanied by lower-intensity bands
below 3440 cm−1 assigned to the associated NH groups. The unchanged ratio of these
signals when diluted from c = 5 × 10−2 M to 3 × 10−3 M excludes the possibility of in-
termolecular hydrogen bonding under these conditions and shows a higher fraction of
conformers with non-bonded NH groups (Figures S7–S12).
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To address the question of which NH groups of D-1a–3a and D-1b–3b are involved in
IHBs, we performed an NMR study focusing on the amide proton resonances, allowing
us to estimate whether the respective NH group is involved in hydrogen bonding [4–6].
A possible aggregation at higher concentrations, leading to a downfield shift of the NH
signals, was investigated by concentration-dependent NMR experiments of compounds
D-1a–3a (Table S2). The relatively small change in resonances (∆δ ≤ 0.63 ppm) during
dilution from 50 to 6 mM concentrations suggests that the initial shifts in NH protons are
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mainly due to the IHBs. As can be seen in Table 1, in the NMR spectra of all derivatives, the
high chemical shift of the NHFca group (δ > 7 ppm) indicates the involvement of this group
in hydrogen bonding, especially in the case of the Ac-protected derivatives D-1a–3a. It can
be assumed that the NHAA group of derivatives D-1a–3a, which was found in a higher field
(~6.5 ppm), oscillates between free and hydrogen-bonded states. Although the N-terminal
NH groups of D-1b–3b resonate at high fields, the possibility of intramolecular hydrogen
bonding cannot be ruled out, as urethan amide protons have been shown to occur in a
number of peptides at high fields [37,38].

Table 1. Chemical shifts [δ/ppm] of the NH protons of D-1a–3a and D-1b–3b in CDCl3-d
(c = 5 × 10−2 M).

δ (ppm)

D-1a D-1b D-2a D-2b D-3a D-3b

NHFca 8.19 7.38 8.15 7.62 7.73 7.32
NHAA 6.46 5.15 6.38 5.03 6.44 5.15

The strength of IHBs involving NH groups was estimated by recording temperature-
and solvent-dependent NMR spectra of derivatives D-1a–3a. The temperature dependence
of chemical shifts of NHFca and NHAA over the temperature range of 258–328 K is shown
in Figure 4a, and the data are listed in Table S3. Large temperature coefficients of NHFca
(∆δ/∆T = −16.86, −15.43, and −14.14 ppb/K for D-1a, D-2a, and D-3a, respectively) and
NHAA (∆δ/∆T = −7.86, −11.28 and −9.14 ppb/K for D-1a, D-2a, and D-3a, respectively)
indicate that these groups participate in weak hydrogen bonds that are perturbed as the
temperature increases [39]. These findings are in close agreement with the results of the
DMSO-d6 titration experiments (Figure 4b and Table S4). Increasing the percentage of a
strong hydrogen bond acceptor from 0% to 55% in CDCl3-d caused a strong perturbation
of the chemical shifts of NHFca and NHAA of derivatives D-1a–3a (∆δ = 1.44–1.87 ppm),
further confirming the involvement of these groups in weak IHBs.
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Figure 4. (a) Temperature dependence of the amide proton chemical shifts for D-1a–3a. (b) Solvent
dependence of the amide proton chemical shifts of D-1a–3a while increasing concentrations of DMSO-
d6 in CDCl3-d.

Finally, to investigate whether these weak IHBs cause the chiral perturbation of
the ferrocene chromophore, the circular dichroism (CD) spectra of all derivatives were
measured. The signals near 470 nm in the CD spectra of the ferrocene peptides are induced
by the chiral environment of the organometallic chromophore. The CD activity, which
originates from the central chirality of the constituent amino acids, is usually very weak [40],
while the restriction of the rotation of the ferrocene rings induced by interchain IHBs causes
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strong Cotton effects (θ > 5000 deg cm2 dmol−1). The medium- and low-intensity signals are
characteristic of monosubstituted ferrocene peptides, stabilized by intrachain IHBs [41,42],
and derivatives whose conformational space contains multiple available, energetically
accessible conformations [4,43,44]. As expected, the visible region of CD spectra of the
enantiomeric peptides L-/D-1a–3a and L-/D-1b–3b, shown in Figure 5, contains mirror-
image curves. The L-chirality of the constituent amino acids leads to positive CD signals of
low intensity and vice versa (Table S5).
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The results of IR, NMR, and CD analyses of the dipeptides L-/D-1a–3a and L-/D-1b–3b
are consistent with previous reports of similar types of “short“ ferrocene peptides [4,42,43],
which are best described as an ensemble of interconverting conformations stabilized by
intra- and interchain IHBs.

2.2. Computational Study

To better understand the conformational preferences in simple ferrocene peptidomimet-
ics and explain the most common intramolecular hydrogen bonding patterns, we commonly
rely on a hierarchical approach to computational modeling [6,31,36,41–51]. A relatively
fast Monte Carlo conformational analysis resulted in the first set of conformers suitable
for further optimizations at higher levels of theory in the implicitly modeled solvent. The
final step involves the verification of hydrogen bonds using Bader’s quantum theory of
atoms in molecules (QTAIM) analysis and Koch and Popelier’s criteria. Further details can
be found in the Computational details section.

Conformational analysis was performed only for the D-series of Ac-protected 1a–3a
and Boc-protected 1b–3b derivatives (Figure 6 and Table S6). We expect the same Boltz-
mann distribution and hydrogen bonding patterns for each pair of enantiomers. Because
of the relatively short substituents consisting of only one N-protected amino acid (Val,
Leu, or Phe) on the first cyclopentadienyl ring and an ester group (COOMe) on the second
cyclopentadienyl ring, hydrogen bonds can only form between the two potential hydrogen
bond donors (NHFca and NHAA) and the two hydrogen bond acceptors (O=CAc/Boc and
O=CCOOMe), since the third acceptor O=CAA is too close to both NH groups to form a hydro-
gen bond. The conformational analysis revealed the existence of several hydrogen-bonding
patterns (Figure 5, bottom). The first pattern A, consisting of two hydrogen-bonded rings
(a 7-membered NHFca···OCAc and a 9-membered NHAA···OCCOOMe), is more common
in Ac-protected derivatives of 1a–3a where P-helicity predominates in the lowest energy
conformers, with the O=CAc/Boc group pointing toward the NHFca group. In contrast, Boc-
protected 1b–3b derivatives show mostly M-helicity, where O=CAc/Boc oxygen points away
from the NHFca group, leaving only a 9-membered ring (NHAA···OCCOOMe), which is ad-
ditionally strengthened by the short 5-membered ring (NHFca···NAA) as in pattern B. Each
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ensemble shows relatively close energy states with different hydrogen bonding patterns
and helicities, so a direct comparison with the experimental results is not straightforward.
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Hydrogen-bonding patterns and the numbering schemes of the n-membered hydrogen-bonded rings.
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The results presented here are in perfect agreement with our previous studies on very
similar ester systems with alanine (Y-Ala-Fca-OMe; Y = Ac, Boc) [43] and acetyl systems
with glycine, alanine, and valine (Y-AA-Fca-Me; Y = Ac, Boc; AA = Gly, Ala, Val) [44].
In both studies, the disubstituted Fca derivatives also show the same hydrogen bonding
patterns among the most stable conformers, with no specific preference for one type of
helicity over another. Relatively low intensities of the signals in the CD spectra near
470 nm in all these studies may indicate the simultaneous presence of several energetically
relatively close conformers of opposite helicities.

2.3. X-ray Crystal Structure Analysis

Compound D-2a crystallizes with Z′ = 2, i.e., with two symmetry-independent molecules
per asymmetric unit (Figure 7). These molecules labelled A and B adopt similar conformations
(Figure S13), with the main difference being the orientation of the carboxymethyl group (C19 in
A and C39 in B), which is rotated 180◦ in two conformers. However, these molecules do not
exhibit the protein-like “twist” conformation shown in Figure 1. Instead, the conformations
of A and B are “open” and have no intramolecular hydrogen bonding. However, there is
an extensive network of intermolecular hydrogen bonding (Table S7) with four symmetry-
independent N−H···O and four weaker C−H···O bonds. Of these, five connect molecules A
and B within the asymmetric unit, whereas the other three link different asymmetric units to
form a 3D network (Figure 8). It is likely that this multitude of hydrogen bonds stabilizes the
“open” conformation.
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Indeed, the ”open” conformations are not found among the most stable conformers, as
shown by the computational study of 2a. We have already explained this effect by calculat-
ing interaction energies for similar systems in our previous study [42]. The energy penalty
connected to the reorganization of the most stable conformer (stabilized by intramolecular
hydrogen bonds) into the less favorable open conformation is overcome by the network of
intermolecular hydrogen bonds between molecules in the crystal.

2.4. Biological Evaluation
2.4.1. Antimicrobial Activity

The antimicrobial activity of the target compounds was evaluated against Gram-
positive and Gram-negative bacteria, lactic acid bacteria, and yeasts using a disk diffusion
method, microdilution methods, and colony counting methods. Their antioxidant activity
was evaluated by the 1,1-diphenyl-2-picryl-hydrazyl radical scavenging method and the
ferric-reducing antioxidant power method.

The antimicrobial activity of ferrocene peptides was preliminarily tested by the disk
diffusion method. Of the 12 compounds tested, compounds D-1a, D-2a, and D-3a showed
antimicrobial activity with inhibition zones of 7–19 mm against the bacteria P. aeruginosa,
B. subtilis, and S. aureus (Figure 9, Table 2). The absence of a growth inhibition zone around
the diagnostic disks indicates the resistance of the other tested bacteria, lactic acid bacteria,
and yeasts to these ferrocene peptides. The other tested compounds also did not show an-
timicrobial activity in all tested microorganisms despite the high concentrations (1 mg of the
compound was applied to the disk). Compound D-2a showed the strongest antimicrobial
activity, especially against the bacterium P. aeruginosa. Compound D-3a showed the same
antimicrobial activity against the three mentioned bacteria, while compound D-1a showed
very weak inhibition and only against B. subtilis. The mentioned ferrocene dipeptides cause
the appearance of inhibition zones but only when the bacterial cells were treated with high
concentrations of the compounds (Table 2). Their antimicrobial activity was significantly
weaker than that of the antibiotic kanamycin, which was used as a positive control, and at
a much lower concentration (Figure 9).

Table 2. Growth inhibition zones of the tested microorganisms and minimum inhibitory concentra-
tions (MIC) of the tested compounds D-1a, D-2a, and D-3a.

Compound Test
Microorganisms

Molarity of
Solutions for

Disk Diffusion
Method (mM)

Inhibition Zone
(mm)

MIC
(mM)

D-1a
S. aureus

251
nd >2

B. subtilis 7 ± 1 >2
P. aeruginosa nd >2

D-2a
S. aureus

243
16 ± 1 >2

B. subtilis 16 ± 1 >2
P. aeruginosa 19 ± 2 >2

D-3a
S. aureus

224
14 ± 1 >2

B. subtilis 14 ± 1 >2
P. aeruginosa 14 ± 1 >2

Kanamycin
S. aureus

50 µg disk
25 ± 0 nd

B. subtilis 25 ± 0 nd
P. aeruginosa 28 ± 1 nd

nd—not detected.
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Figure 9. Inhibition zone of D-2a and D-3a against P. aeruginosa, B. subtilis, and S. aureus (D-2a,
D-3a—1 mg/disk; K—Kanamycin 50 µg disk—positive control, DMSO—negative control).

In view of the preliminary results, further studies of antimicrobial activity were
performed only for compounds D-1a, D-2a, and D-3a and the bacteria whose growth
was inhibited by the mentioned compounds. Microdilution methods were performed
to determine the minimum inhibitory concentrations. Due to the poor solubility of the
synthesized compounds in water, which is an essential component of culture media for the
growth of microorganisms, the compounds were dissolved in a DMSO solution. DMSO
alone in concentrations greater than 2% also inhibited the growth of bacterial species
(results not shown). Thus, the highest possible concentrations of the synthesized ferrocenes
that could be tested were 2 mM. These concentrations were applied and were not found to
be sufficient for bacteriostatic activity. In fact, the optical density measurements indicated
growth of the tested bacterial species in the presence of 2 mM of the tested compounds.
Since the measured optical densities were slightly lower compared to the control, the
colony-counting method was used to describe the antimicrobial activity of the peptides of
interest more accurately. The results showed that the number of bacterial cells growing in
the presence of 2 mM of compound D-2a for 24 h was lower by one decimal dilution for all
three bacterial species tested (Figure 10).
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Figure 10. Bacterial density expressed as log CFU/mL of S. aureus, B. subtilis, and P. aeruginosa after
24 h of incubation without (control) and 2 mM of compound D-2a. Each column and bar represent
the mean and the standard deviation, respectively (n = 2). CFU, colony-forming unit.

In addition, time–kill curves were generated for compound D-2a and the bacterium
P. aeruginosa, which was most sensitive to the effect, allowing the growth of microorgan-
isms to be followed as a function of time and the antimicrobial concentration. Different
concentrations in the range of 0–2 mM were used. Curves in the presence (killing curves)
and absence (growth curves) of compound D-2a were compared (Figure 11). There were
no significant differences in the growth curves of P. aeruginosa when exposed to different
concentrations of the test compound (p > 0.05). However, some effects of antimicrobial
activity can be seen. At an inhibitory concentration of 2 mM, there is a minimal change in
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CFU levels in the first three hours compared to the control. At both 2 mM and 1 mM, the
difference in CFU levels was most pronounced after 8 h. The time–kill assay showed that
the inhibitory effect of the test compound on P. aeruginosa was concentration-dependent.
There was little difference between the time–kill curves of the bacteria at 0.5 mM and the
control. After 8 h, the number of viable bacteria decreased at 1 mM and 2 mM in one and
two decimal dilutions, respectively. At the end of the experiment (24 h), the cells in the
kill curves (2 mM) were almost the same size as the cells in the growth curves, and the
difference had decreased to one decimal dilution.
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Figure 11. Bacterial density expressed as log CFU/mL of P. aeruginosa at baseline and after 1.5 h,
3 h, 8 h, and 24 h of incubation without (control) and in the presence of 0.5 mM, 1 mM, and 2 mM
of compound D-2a. Each column and bar represent the mean and standard deviation, respectively
(n = 2). CFU, colony-forming unit.

We report the antimicrobial activity of twelve synthesized ferrocene bioconjugates
against selected bacteria and yeasts, three of which showed antimicrobial activity at rela-
tively high concentrations ranging from 224 to 251 mM. It can be seen that the compounds
were active against two bacterial species from the group of Gram-positive and Gram-
negative bacterial species, while antimicrobial activity against the group of lactic acid
bacteria and yeasts was completely absent. This does not indicate that the compounds
are more active against any particular group of bacteria. As can be seen, the MIC values
obtained with the ferrocene bioconjugate listed in the Introduction [16] are much lower than
the 2 mM tested for compounds D-2a and D-3a, which reduced the growth of S. aureus, B.
subtilis, and P. aeruginosa by two and one decimal dilutions after eight and 24 h, respectively
(Figure 11). These differences may be attributed to the poor solubility of our peptides
in water and culture media (in contrast to the water-soluble bioconjugates of ferrocene
synthesized by Costa et al. [16]. Poor water solubility is one of the problems cited as a
disadvantage for the clinical application of AMP, along with other factors such as poor
selectivity, hemolytic activity and host toxicity, and low stability to protease degradation
in vivo [53].

2.4.2. Antioxidant Activity

The antioxidant activity of ferrocene compounds was measured by the 1,1-diphenyl-2-
picrylhydrazyl (DPPH) and ferric-reducing antioxidant power (FRAP) methods. Results
are reported as mM Trolox for the FRAP method and mM Trolox equivalent for the DPPH
method. Results were compared using 0.5 mM Trolox as the reference substance (Table 3)
and visually displayed as a principal component analysis (PCA) score plot (Figure 12). Both
D-1a–3a and D-1b–3b peptides showed higher antioxidant activity measured by the FRAP
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method, whereas peptides L-1a–3a showed the lowest antioxidant activity measured by
both methods.

Table 3. Antioxidative activity of ferrocene compounds evaluated using free 1,1-diphenyl-2-
picrylhydrazyl radical scavenging assay and ferric-reducing antioxidant power methods.

Compound
(1 mM)

DPPH
(% Inhibition)

DPPH
(mM Trolox
Equivalent)

FRAP
(mM Trolox)

L-1b 11.75 ± 2.10 0.150 2.16 ± 0.013
L-2b 16.55 ± 1.77 0.211 2.27 ± 0.006
L-3b 5.50 ± 3.87 0.067 1.62 ± 0.001
D-1b 7.76 ± 0.65 0.099 2.17 ± 0.015
D-2b 8.79 ± 2.10 0.112 2.21 ± 0.003
D-3b 3.99 ± 0.48 0.051 2.00 ± 0.001
L-1a 4.57 ± 0.64 0.058 0.58 ± 0.009
L-2a 3.19 ± 1.29 0.041 0.72 ± 0.004
L-3a 3.65 ± 2.26 0.046 1.09 ± 0.030
D-1a 10.62 ± 1.13 0.135 2.29 ± 0.003
D-2a 6.96 ± 0.81 0.089 1.77 ± 0.001
D-3a 5.25 ± 2.26 0.067 2.22 ± 0.006

Standard
(0.5 mM Trolox) 39.27 ± 8.40 0.500Inorganics 2023, 11, x FOR PEER REVIEW 13 of 23 
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In our previous work [36], we also showed that homochiral conjugates of ferrocene-
1,1′-diamine with L-/D-Phe, L-/D-Val, and L-/D-Leu exhibited moderate antioxidant ac-
tivity in the range of 0.1 mM Trolox equivalent evaluated by the DPPH method and in
the range of 0.52–0.63 mM Trolox evaluated by the FRAP method, which is in the range
of antioxidant activity of the compounds synthesized in this work (Table 3). Zhang et al.
summarized compounds that are important ROS scavengers, including peptides and
poly(amino)-based ROS scavengers [54]. They pointed out sulphur-containing amino acids
(e.g., cysteine, cystine, and methionine), aromatic amino acids (e.g., tyrosine, tryptophan,
phenylalanine), proline, and histidine as relatively strong ROS scavengers, which is not
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consistent with our results, as compounds with Phe (D-3a,b, L-3a,b) did not show stronger
antioxidant activity (Figure 12).

2.5. Hydrophobicity

There are several features that are important for antimicrobial activity, such as peptide
hydrophobicity, net charge, amphipathic nature, and secondary structure [55,56]. Inter alia,
the hydrophobicity of peptides is a crucial factor responsible for hydrophobic interactions
with the hydrophobic core of the phospholipid bilayer, causing membrane disruption,
cytoplasm leakage, and possibly cell death [57]. Of the twelve dipeptides tested, only those
with a more polar acetyl group and D-amino acids (D-1a–3a) showed antibacterial activity.

To determine how the applied amino acid and N-terminal protection (Boc/Ac) affect
the overall hydrophobicity of the derived dipeptides, elution from the column was tested
with acetonitrile (ACN). As described in the Introduction, ferrocene is known to be a highly
lipophilic component, making its bioconjugates more efficiently permeable through the
phospholipid bilayer. The hydrophobic amino acids (Val, Leu, and Phe) present in the
target compounds with ferrocene render all the derived dipeptides highly hydrophobic,
so it is predictable that a high percentage of acetonitrile will be required to elute the
dipeptides from the column. Since the C18 stationary phase (used for the measurement)
is nonpolar and the mobile phase (water-acetonitrile) is polar, longer retention times (tR)
should correlate with higher hydrophobicity of the compounds [58–61]. Peptides with a
Boc-protecting group L-1b–3b and D-1b–3b showed higher hydrophobicity compared to
compounds with a more polar Ac-protecting group (L-1a–3a and D-1a–3a) (Figure S14).

For passive diffusion through a phospholipid-bilayer, it is important to find a middle
ground between hydrophobicity/hydrophilicity of the designed peptide (hydrophobic
enough to interact with the nonpolar lipid chains in the phospholipid bilayer but not too
lipophilic to be trapped in the membrane or insoluble in water) [23,62,63]. This could
be the reason why bioconjugates with acetyl protection showed antimicrobial activity
against P. aeruginosa, B. subtilis, and S. aureus. The retention time and percentage of ACN
for compounds with the same protecting group at the N-terminus increased due to the
increased hydrophobicity of the amino acid residues used. The absolute configuration at
the α-carbon atom of the α-amino acids did not affect the hydrophobicity of the peptides
with the same protecting group at the N-terminus (Table 4).

Table 4. List of the peptides used in the study. The abbreviation, retention time (tR), and percentage
of acetonitrile (% ACN) at elution are displayed.

Compound tR/min % ACN

L-1b 7.1 82.6
L-2b 8.3 87.5
L-3b 8.3 87.9
D-1b 7.1 82.6
D-2b 8.3 87.5
D-3b 8.3 87.9
L-1a 2.6 63.7
L-2a 3.3 66.6
L-3a 3.6 68.0
D-1a 2.6 63.7
D-2a 3.3 66.6
D-3a 3.6 68.0

2.6. Proteolytic Stability of Ferrocene Peptides

The chemical stability of ferrocene peptides was studied in 0.1 M PBS buffer as a
degradation assay in neutral (pH 7.4) and 0.045% TFA as a degradation assay in acidic
media (pH 3.0). D-1a was most degraded in 0.045% TFA within 24 h, 48.8% compared to
the original response, and 64.9% and 63.6% compared to D-2a and D-3a, respectively. In the
buffer, the compounds are stable and show no significant degradation (Figure 13).
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Figure 13. Percentage of degradation of ferrocene peptides in 0.045% TFA and 0.1 M buffer after 24 h.

The results agree with previous studies showing the degradation of ferrocene in an
acidic medium [16,64]. Our dipeptides are more stable in buffer media, as shown by the
work of Costa and al. [16] in terms of the percentage of degradation of their peptides, which
can be up to 100%. The results of the three acetyl-protected dipeptides (D-1a–3a), which are
not affected in the buffer media, are of importance because the proteolytic stability tests are
performed at pH 7.4. To test the proteolytic stability of the compounds with the greatest
potential microbial activity, i.e., D-1a–3a, the same RP-HPLC-UV analysis was used as in
the determination of stability in buffer and in acid.

Since chymotrypsin preferentially cleaves peptides at the carboxyl side of bulky
hydrophobic residues, it is expected to cause the most severe degradation of the D-3a
dipeptide, followed by the derivative that is degraded less preferentially in the presence of
chymotrypsin, D-2a. After 24 h of incubation with the enzyme, D-1a showed significant
stability without enzymatic conversion, suggesting that chymotrypsin does not recognize
the peptide bond adjacent to valine as a potential cleavage site.

D-3a showed an 18.7% decrease in peak area, whereas D-2a decreased by 6% (Figure 14).
Although chymotrypsin selectively hydrolyzes the peptide bond at the phenylalanine
and leucine residues, the dipeptides are highly resistant to proteolysis. The results of
Chen et al. [27] show that the interplay of disulfide bonds, α-helicity, and hydrophobic
interactions enhances the proteolytic activity of the dimeric peptides used. Hydrogen
bonds contribute favorably to protein stability, and even when the polar groups are not
hydrogen bonded, they can contribute favorably to protein stability [65]. As we pointed
out in the Introduction, the incorporation of unnatural backbones into peptides as well
as the introduction of D-amino acids makes the derived compounds highly resistant to
proteolytic cleavage [28,66], so it can be concluded that ferrocene amino acid (Fca) in
combination with D-amino acid plays an important role in the stabilization of dipeptides
by enzymatic degradation.
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3. Materials and Methods
3.1. Conformational Analysis

The ferrocene dipeptides were synthesized as precursors of more complex peptides pub-
lished in our most recent paper [36]. The Supplementary Materials contains the synthetic
procedures and spectroscopic characterization of L-/D-1a–3a and L-/D-1b–3b [36]. The infrared
spectra were recorded as CH2Cl2 solutions between NaCl windows using a Perkin Elmer
Spectrum Two spectrophotometer. The NMR spectra were recorded using a Bruker AV600
spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany) at the Rud̄er Bošković Institute.
A 5-mm broadband probe head with z-gradient coils operating at 600.130 MHz for 1H and
150.903 MHz for 13C was used. Recorded spectra were referenced to the residual solvent peak
(CDCl3-d, 1H: δ = 7.24 ppm, 13C: δ = 77.23 ppm). When the CDCl3-d/DMSO-d6 mixture was
used, calibration was performed using Me4Si as an internal standard (1H: δ = 0.0 ppm). NMR
titrations were performed by adding 10 µL DMSO-d6 to NMR tubes containing 25 mM CDCl3-d
solutions of the dipeptides. Spectra were recorded after each addition, and DMSO-d6 was added
until no change in the chemical shift of the amide protons was observed. CD spectra were
recorded using a Jasco-810 spectropolarimeter in CH2Cl2. Molar ellipticity coefficients (θ) are in
degrees, the concentration c is in molL−1, and the path length l is in cm, so the unit for (θ) is
deg cm2 dmol−1.

3.2. Computational Details

The conformational analysis was performed in three steps. The first step involved The
Monte Carlo Multiple Minimum and Mixed torsional/Low-mode sampling with molecular
mechanics (OPLS2005 force field) in MacroModel [67,68] The most stable conformers were
optimized at a high level of theory (B3LYP/Lanl2DZ) in Gaussian16 [69] with default
convergence criteria and, finally, at the B3LYP-D3/6-311+G(d,p) level of theory (LanL2DZ
basis set on Fe) [70–72] in the implicitly modeled chloroform as a polarizable continuum [73].
Each geometry was confirmed to be a true minimum on the potential energy surface. The
relative energies reported are for the standard Gibbs free energies at 298 K. The hydrogen-
bonding patterns were analyzed using Bader’s QTAIM theory in the AIMAll program [74].
The presence of hydrogen bonds between the selected hydrogen bond donors and acceptors
was confirmed by comparing the calculated topological parameters at the bond critical
points with the values proposed by Koch and Popelier [75].

3.3. X-ray Diffraction

Single-crystal diffraction data were collected with a Rigaku Oxford Diffraction Synergy
S four-circle diffractometer (Rigaku Oxford Diffraction Ltd., Yarnton, UK) using microfocus
CuKα radiation. Data reduction and multi-scan data collection were performed using
the CrysAlis PRO version 1.171.42.69a program package [76]. The structure was solved
using direct methods from SHELXS97 [77] and refined using SHELXL-2017 [78] within
the WinGX program package [79]. All non-hydrogen atoms were refined anisotropically
using full-matrix least-squares refinement. For the hydrogen atoms, the riding model
was used. The PLATON program [80] was used to calculate the molecular geometry, and
molecular graphics were created using ORTEP-3 [50] and Mercury [81]. Crystallographic
and refinement data for the structures reported in this work are listed in Table S8.

3.4. Antimicrobial Activity

Microorganisms: Gram-positive bacteria (Staphylococcus aureus, Bacillus subtilis, Entero-
coccus faecium, and Listeria monocytogenes), Gram-negative bacteria (Pseudomonas aeruginosa,
Escherichia coli, and Salmonella enterica s. Typhimurium), lactic acid bacteria (Leuconos-
toc mesenteroides and Lactobacillus plantarum), and yeasts (Candida albicans, Candida utilis,
Rhodotorula sp., and Saccharomyces cerevisiae) were used to evaluate the antimicrobial prop-
erties of the tested peptides. The microorganisms were stored on slant agar in the microor-
ganism collection of the Laboratory of General Microbiology and Food Microbiology and
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the Laboratory of Fermentation and Yeast Technology of the Faculty of Food Technology
and Biotechnology, University of Zagreb (Croatia).

Antimicrobial disk diffusion testing: The disk diffusion method was used to prelim-
inarily test the efficacy of the samples on all strains tested. The disk diffusion method
is a common method for pretesting the antimicrobial activity of potential antimicrobial
compounds. For this reason, and because the detailed description of the work was included
in our previous manuscript [36] and is repeated identically here, we do not discuss it in
detail in this manuscript.

Determination of MIC: The minimum inhibitory concentration (MIC) was determined
spectrophotometrically using the broth microdilution method [82]. Briefly, Mueller–Hinton
broth was used for bacterial growth. Fresh 24-h broth culture was used (S. aureus, B. subtilis,
P. aeruginosa), and the final density was set at 1 × 105 CFU/mL. Twofold dilution series
of the test compound (D-1a, D-2a, and D-3a) were prepared in 200 µL of the medium. The
compound was tested in a concentration gradient of 2–0.125 mM. During the experiment,
a growth control without the test compound, kanamycin as a positive control, and the
compound (stained) in the medium without microorganisms as a negative control were
maintained. The microtiter plate was incubated at 37 ◦C for 24 h, after which the optical
density was measured. The minimum concentration of the test substance that completely
inhibits bacterial growth is referred to as the MIC.

Time–kill curve determination: The broth macrodilution method was used to generate
a time–kill curve against P. aeruginosa. Briefly, for the time–kill curve, compound D-2a was
evaluated at different multiples of tentative MIC—2 mM ( 1

4 ×MIC, 1
2 ×MIC, and MIC).

Three milliliters of Mueller–Hinton broth containing the appropriate concentration of the
test compound were inoculated for 24 h for freshly grown P. aeruginosa to obtain a final
concentration of 105 colony-forming units per mL. All test tubes were incubated at 37 ◦C
in a thermostat, and samples were taken from each test tube after 0, 1.5, 3, 8, and 24 h. To
determine the number of live cells, serial tenfold dilutions were prepared in sterile saline
and aseptically spread on Mueller–Hinton agar plates. All agar plates were incubated
at 37 ◦C for 24 h, and colonies were counted to determine colony-forming units per ml.
The time–kill curve was constructed by plotting log 10 of colony-forming units per mL
against time.

3.5. Antioxidant Activity Assays

Methods for determining antioxidant activity are based on the study of a reaction in
which a free radical is generated and inhibited by the addition of the sample whose antioxi-
dant activity is measured. The antioxidant activity of the tested peptides (c = 1 mM) is deter-
mined using the radical scavenger DPPH and the antioxidant power of ferric ions (FRAP).
A detailed description of the work was also included in our previous manuscript [36] and
is repeated identically here.

3.6. Statistical Analysis

Statistical analysis was performed with the MS Excel tool XLStat (Addinsoft, Paris,
France) program. The data shown are mean values (n = 2). Differences between control
and dipeptide microbial groups were subjected to analysis of variance (ANOVA). Principal
component analysis (PCA) was used to visualize differences between dipeptides based on
their antioxidant activity.

3.7. Hydrophobicity

Hydrophobicity of the dipeptides was measured by RP-HPLC-UV at 215 nm (Agilent
Technologies 1200 series HPLC-DAD-MS/MS; Agilent Technologies Inc., Palo Alto, CA,
USA) on a Zorbax XDP C18 column (75 × 4.6 mm2, 3.5 µm particle size) (Agilent Technolo-
gies Inc.). The solvents for the analysis were 95% 0.1% TFA in water + 5% ACN (solvent A)
and 95% ACN + 5% 0.1% TFA in water (solvent B). The gradient was applied as follows:
0 min 50% B, 0–10 min 50% B–100% B, 10.1–13 min 100% B, 13.1–18 min 50% B. The flow
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rate was 0.5 mL/min. Samples were prepared as 100 µg/mL solution in acetonitrile. The
injection volume was 10 µL. The percentage of B eluent was read on the instrument for the
retention time of each ferrocene peptide and corrected for the percentage of water in the
B eluent.

3.8. Chemical Stability

Analysis was performed on RP-HPLC-UV at 215 nm (Agilent Technologies 1200 series
HPLC-DAD-MS/MS) on a Zorbax XDP C18 column (75 × 4.6 mm2, 3.5 µm particle size)
(Agilent Technologies Inc.) by observing the decrease in the peak area of samples prepared
in buffer and in TFA immediately after preparation and 4 h, 6 h, 8 h, and 24 h after prepa-
ration. The solvents for the analysis were 95% 0.1% TFA in water + 5% ACN (solvent A)
and 95% ACN + 5% 0.1% TFA in water (solvent B). The gradient was applied as follows:
0 min 30% B, 0–10 min 30% B–100% B, 10.1–13 min 100% B, 13.1–18 min 20% B. The flow
rate was 0.5 mL/min [16,58,59]. The stock solution of peptides with the greatest potency
against microbial activity (D-1a–3a) was prepared as a 10 mg/mL solution in ACN. The
dilution was prepared in 0.1 M buffer or 0.045% TFA as a 200 µg/mL solution. Samples
were analyzed immediately after preparation and 4, 6, 8, and 24 h after sample preparation.

3.9. Proteolytic Stability

To test the proteolytic stability of the compounds, the same RP-HPLC-UV analysis
was performed as in the determination of stability in the buffer and in acid. Samples
were prepared as a 200 µg/mL solution in 0.1 M PBS with the addition of 26.3 µg/mL
chymotrypsin. Peak area was measured immediately after preparation and 4 h, 6 h, 8 h, and
24 h after sample preparation. The curves of degradation were plotted as the percentage of
intact peptide measured by the analysis of peak area as a function of time.

4. Conclusions

Here, we report the antimicrobial activity of 12 synthesized compounds against se-
lected Gram-positive and Gram-negative bacteria, lactic acid bacteria, and yeasts, as well as
their antioxidant activity. The compounds with antimicrobial activity (D-1a, D-2a, and D-3a)
against P. aeruginosa, B. subtilis, and S. aureus were selected by the disk diffusion method
and compared with kanamycin as a positive control. Using the colony-counting method,
dipeptide D-2a at the highest concentration tested (2 mM) was found to inhibit bacterial
growth at a decimal dilution after 24 h. Time–kill curves, which have the advantage of
providing more detailed information on the timing and progression of antibacterial activity,
showed that antibacterial activity was concentration- and time-dependent, and the best
antimicrobial activity was observed after 8 h of exposure to the compound. Chirality (D-
amino acids) and polarity of the protecting group (acetyl) were found to affect the biological
activity, as dipeptides D-1a–3a showed better antimicrobial activity compared to the other
dipeptides tested. Chirality also affects antioxidant activity. Dipeptides with D-amino acids
showed higher antioxidant activity as measured by the FRAP method, while compounds
with L-amino acids and acetyl as the protecting group showed the lowest antioxidant
activity. A different effect of two protecting groups (Ac vs. bulkier Boc) on the biological
activity of the studied peptides is also roughly indicated by the results of conformational
analysis. A change in the protecting group on the N-terminus leads to different hydrogen
bonding patterns in the solution and results in various molecular landscapes available for
specific interactions with biological systems. The results of the conformational analysis
of the studied dipeptides are in perfect agreement with previous reports on similar types
of “short” ferrocene peptides, which are best described as an ensemble of interconverting
energetically close conformers with opposite helicities.

Moreover, many synthetically produced peptides are not considered bioavailable due
to proteolytic degradation by gastrointestinal enzymes. The stability of D-1a–3a in the
presence of chymotrypsin proved to be remarkably high, even when the natural substrates
of the enzyme (Leu and Phe) were used.
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Therefore, the prepared dipeptides could provide a good template for the development
of new ferrocene peptides with enhanced biological activity and bioavailability.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics11010029/s1, Table S1: Melting points of L-/D-1a–3a
and L-/D-1b–3b; Figure S1: HRMS spectrum of compound D-1a; Figure S2: HPLC spectrum of
compound D-1a; Figure S3: HRMS spectrum of compound D-2a; Figure S4: HPLC spectrum of
compound D-2a; Figure S5: HRMS spectrum of compound D-3a; Figure S6: HPLC spectrum of
compound D-3a; Figure S7: The NH stretching vibrations in concentration-dependent IR spectra of
D-1b in DCM; Figure S8: The NH stretching vibrations in concentration-dependent IR spectra of D-2b
in DCM; Figure S9: The NH stretching vibrations in concentration-dependent IR spectra of D-3b
in DCM; Figure S10: The NH stretching vibrations in concentration-dependent IR spectra of D-1a
in DCM; Figure S11: The NH stretching vibrations in concentration-dependent IR spectra of D-2a
in DCM; Figure S12: The NH stretching vibrations in concentration-dependent IR spectra of D-3a
in DCM; Table S2: Concentration dependence of NH chemical shifts of derivatives D-1a, D-2a and
D-3a; Table S3: Temperature dependence of chemical shifts of ferrocene peptides D-1a, D-2a and D-3a;
Table S4: DMSO titration of ferrocene peptides D-1a, D-2a and D-3a; Table S5: UV/Vis-signals and
Cottons efects in peptides L-/D-1a–3a and L-/D-1b-3b; Table S6: Relative energies (reported energies
refer to standard Gibbs free energies at 298 K in kJ mol−1) of the most stable conformers of D-series of
compounds 1a–3a (Ac-protected) and 1b–3b (Boc-protected), AA = Val, Leu, Phe; Figure S13: Overlay
of two symmetry-independent molecules in crystal structure of D-2a; Table S7: Geometric parameters
of hydrogen bonding; Table S8: Crystallographic, data collection and refinement data; Figure S14:
HPLC chromatograms of L-/D-1a–3a and L-/D-1b–3b.
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