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Synthesis, nanostructuring and in silico studies of
a new imine bond containing a macroheterocycle
as a promising PBP-2a non-b-lactam inhibitor†

Alakbar Huseynzada, *acep Mirjavid Aghayev, d Sarvinaz Hajiyeva, aq

Aygun Israyilova, bcfp Koray Sayin,g Eldar Gasimov, h Fuad Rzayev, i

Ulviyya Hasanova,acp Goncha Eyvazova,j Vagif Abbasov,k Zarema Gakhramanova,c

Sanam Huseynova,o Parvana Huseynova,l Lala Huseynovam and Nigar Salimovan

This study is devoted to the synthesis of a 40-membered macroheterocycle with its further

nanostructuring by magnetite nanoparticles. The mentioned macroheterocycle was synthesized by the

[2+2] cyclocondensation of the oxygen-containing diamine with an aromatic dialdehyde in a non-

catalytic medium and with no work-up procedure. The structure of the obtained macroheterocycle was

studied by 1H and 13C nuclear magnetic resonance spectroscopy and matrix-assisted laser desorption/

ionization-time of flight mass spectrometry. Furthermore, the nanosupramolecular complex of

macroheterocycles with magnetite nanoparticles was obtained and investigated by Fourier-transform

infrared and ultraviolet-visible spectroscopy methods. Shifts in the infrared spectra of the nano-

supramolecular complex indicate the interaction through metal-aromatic ring non-covalent bonding.

The shift is also observed for the C–O–C stretching band of ether bonds. The loading rate of macro-

heterocycles on magnetite nanoparticles was 18.6%. The morphology of the ensemble was studied

by transmission electron microscopy, which confirmed the synthesis of nanospherical particles with a

diameter range of 10–20 nm. Powder X-ray diffraction analysis showed patterns of cubic Fe3O4

nanoparticles with a crystallite size equal to 9.1 nm. The macroheterocycle and its nanosupramolecular

complex were tested against Klebsiella pneumoniae, Pseudomonas aeruginosa and Staphylococcus

aureus. The results have shown that the created complex has shown 64 times better activity against

Staphylococcus aureus in comparison with the individual macroheterocycle and 32 times better activity

in comparison with the pristine antibiotic Ampicillin as a control. In addition, computational analysis of

the macroheterocycle was performed at the B3LYP/6-31G level in water. Molecular docking analyses for

the macroheterocycle revealed Penicillin-binding protein PBP2a (5M18) from the transpeptidase family

as a target protein in Staphylococcus aureus.
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Introduction

The use of large organic cyclic molecules in medicine is often
limited due to their hydrophobicity, low bioavailability, high
toxicity, or low therapeutic index.1–3 To solve this issue, various
methodologies are used among which the non-covalent com-
plexation of nanoparticles with macrocyclic compounds has
received increasing attention. The combination of nano-
particles with synthetic organic compounds, especially macro-
heterocycles, has great potential for application as a catalyst,
drug or drug carrier, sensor, templates for synthesis, etc.4–8

This wide range of applications is explained by the unique self-
assembled architecture that is congregated via non-covalent
interaction between nanoparticles and macrocycles, which is
also highly dependent on the presence of functional groups
and the size of the macrocyclic cavity.9 The specific spatial
arrangement of formed architecture provides a high affinity to
certain ions, guest molecules or receptors. The affinity of
supramolecular structures toward specific ions or biological
structures can be purposefully changed by the introduction of
small molecules, ions, metals/metal oxides, nanoparticles,
etc.10 This post-self-assembly modification approach, inspired
by nature, occurred post-translational modification, received
relevance in the last decade and led to the creation of a series
of new functionalized materials. The process commonly takes
place through non-covalent interactions such as host–guest
complexation, van der Waals forces, hydrogen bonding, hydro-
philic/hydrophobic and p–p stacking.11–13 Thus, nanostructuring
allows the creation of a system (ensemble) whose functions can
be much better than the functions of its individual elements
separately. An obvious example of it is the recent study14 that
described the efficient preparation of a new MRI agent based on
dendrimers and magnetite nanoparticles and the addition of
dendrimers to the formulation facilitates the targeting proper-
ties of the ensemble. In other words, nanostructuring can
change the properties of each individual element by combining
them inside one complex system.15,16 The biological activity of
such kinds of ensembles is difficult to predict and often demon-
strates extraordinary patterns. Case in point, the biological
activity can be very high on the specific strain of the bacteria
or be increased in comparison with separate components of the
ensemble.17–19 An example of such type of improvement is
the nanostructuring of macroheterocyclic drugs rifampicin and
rifabutin, which made possible the enhancement of macrophage
uptake and antimycobacterial activity.20–22

Different nanoparticles are used for nanostructuring among
which magnetite nanoparticles attract special attention. This
is caused by the superiority of magnetite nanoparticles, which,
in comparison with others, is justified by their proven biocom-
patibility, well uniformity in size and shape, and effective use as
a drug carrier in drug delivery systems.23 In addition, magnetite
recommended itself as a reliable drug delivery system, for
instance, in the case of the antitumor drug 5-Fluorouracil.24

From the other point, the synthesis of large number-membered
macrocycles is restricted by a low yield, and harsh reaction
conditions, i.e. precise temperature, high dilution factor, solvent

choice, template effect and use of catalysts. Besides this,
cyclization reactions concur with polymerization reactions,
which affect the yield of the macrocycle product.25–27 Therefore,
most of the synthesis methods of supramolecular compounds
require the use of expensive catalysts and metal-based com-
pounds as templates.28,29 As a result, the development of cheap
methods for macroheterocycle formation is in trend for organic
chemists.

The molecular docking method may be used to simulate the
atomic-level interaction between a tiny molecule and a protein,
allowing us to define how small molecules behave in the
binding site of our target proteins and to better understand
basic biological processes. That’s why after its first usage in
1982, popularity increased gradually and now it is used approxi-
mately in all biological experiments.30,31

Staphylococcus aureus is an opportunistic Gram-positive
bacteria that are commonly found in the microbiota of the
human body. In some circumstances, this class of bacteria can
cause severe infections and even lead to death if not treated
properly. Due to fast evolution and misuse of antibiotics,
Staphylococcus aureus has developed a resistance to the known
antibacterial agents. MRSA (Methicillin-resistant Staphylococcus
aureus) strain is resistant to oxacillin (MIC 44 mg mL�1), due
to the mecA/mecC gene, which is responsible for the production
of PBP2a/2c proteins. These proteins decrease the binding
affinity to b-lactam antibiotics, resulting in antimicrobial
resistance.32,33 Diverse resistance mechanisms (efflux pumps,
low-affinity PBPs, b-lactamases, etc.) that Staphylococcus aureus
strains have evolved through the years make it difficult to create
new effective antimicrobials toward them. Furthermore, most
of those antibacterial drugs that have been licensed in recent
years for clinical use (i.e. Ceftobiprole, Ceftaroline, Telavancin,
Dalbavancin Oritavancin, Tedizolid, Omadacycline, and Dela-
floxacin) cannot be prescribed or have limitation in the treat-
ment of infants.34 Resistant Staphylococcus aureus strains are
extremely dangerous for hospitalized newborn infants, urgent
care, cancer and immune-compromised patients.35–38 Consi-
dering all those mentioned above, the synthesis and molecular
docking of new antibacterial drugs, such as furosemide analo-
gues, non-b-lactam allosteric inhibitors or cephalosporins,
targeting PBPs has great significance in fighting with anti-
microbial resistance.39,40

Considering the above-mentioned, the non-catalytic syn-
thesis of a new 40-membered macroheterocycle (MHC3) was
performed with further adsorption of it on the surface of
magnetite nanoparticles, which was studied by TEM, XRD,
FTIR and UV methods. The loading rate of MHC3 on nano-
particles was calculated. The biological activity of the formed
nanosupramolecular ensemble and macroheterocycle alone
was tested on bacterial strains of Klebsiella pneumoniae,
Pseudomonas aeruginosa and Staphylococcus aureus via the serial
microdilution method and the results were compared with the
activity of the known drug Ampicillin. In order to explain
the activity of the MHC3, molecular docking analysis was
performed and the target protein for MHC3 in S. aureus is the
PBP2a (5M18).
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Results and discussion
Chemical synthesis and investigation.

The synthesis of 40-membered MHC3 was performed by [2+2]
cyclocondensation of dialdehyde 1 with diamine 2 at room
temperature in an ethanolic solution in a non-catalytic medium
(Scheme 2). Formed during the reaction, the yellowish precipi-
tate doesn’t need any work-up procedure for purification, just
must be washed with distilled water. The dried precipitate
was analyzed by 1H and 13C NMR spectroscopy. The detailed
analysis of both spectra didn’t reveal the presence of a free
amine or aldehyde group signal (Fig. S3 and S4, ESI†). Instead
of them, the signal of imine proton (CHQN) was observed at
1H and 13C NMR spectra at 8.58 and 157.08 ppm respectively,
according to which it is possible to conclude that a cyclo-
condensation reaction occurred. Taking under advisement this
one, it was assumed that the reaction could proceed in two
directions (Fig. 1):

1. Interaction of dialdehyde 1 with diamine 2 in the ratio
1 : 1 ([1+1] cyclocondensation) with the formation of 20 mem-
bered macroheterocycle 4.

2. Interaction of dialdehyde 1 with diamine 2 in the
ratio 2 : 2 ([2+2] cyclocondensation) with the formation of
40-membered macroheterocycle 3 (MHC3).

The possibility of proceeding of [3+3] (or even more) cyclo-
condensation reaction was not considered, since these pro-
ducts will have a very complex structure and under normal
conditions, their formation will be impossible.

Since the same fragment will be seen in the NMR spectra of
both molecules (Fig. 2), it will not be possible to distinguish
these two molecules based on them.

Considering the above-mentioned, it was decided to do
MALDI investigations, which allow the determination of the
precise molecular weight of the investigated sample according

to which it is possible to differentiate the above-mentioned two
molecules (Fig. 1). MALDI investigations demonstrated that the
molecular weight of the investigated sample is 764 (Fig. S5,
ESI†). Thus, it is possible to conclude that the [2+2] cyclocon-
densation reaction occurred with the formation of product 3,
40-membered macroheterocycle MCH3.

Afterwards, the synthesis of magnetite nanoparticles was
performed by a wet chemical co-precipitation method.42,43 The
nanostructuring of MCH3 with obtained magnetite nano-
particles was done by ultrasonic dispersion of nanoparticles
in ethanol solution followed by the addition of MCH3 and
further stirring of the ultimate solution for a prolonged time.
The crystalline structure and purity of synthesized nanosupra-
molecular complex MHC3@Fe3O4 were characterized by PXRD
(Fig. 3). The analyzed sample showed patterns that can be
referred to as Fe3O4 nanoparticles of cubic structure. The
characteristic peaks of MHC3@Fe3O4 at 12.6 (111), 30.131
(220), 35.5361 (311), 43.171 (400), 57.071 (511), 62.751 (440)
correlate with the standard pattern of Fe3O4, indexed in the
ICDD (PDF-2/Release 2011 RDB) DB card number 01-075-0449
for the magnetite phase (Table S1, ESI†) and with results of
recent studies.53,54 There was no superlattice diffraction
observed at 210, 213 and 300, indicating the absence of a
maghemite phase. It can be concluded that no phase change
occurs due to the functionalization of Fe3O4 by MHC3. Furthermore,
no change was observed, which confirms that functionalization
with organic moieties did not affect the magnetite phase.54

Fig. 1 Two assumed products of the cyclocondensation reaction.

Fig. 2 The fragment that will be seen in the NMR spectra of both 3 and 4
molecules.

Fig. 3 XRD pattern of the MHC3@Fe3O4 nanosupramolecular complex.
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The Williamson–Hall method was used to calculate the
crystallite size of the complex based on the most intensive
diffraction peak (311). The average crystallite size is 9.1 nm
(Table S2, ESI†).

The structure of the MHC3@Fe3O4 nanosupramolecular
complex was also studied by FTIR spectroscopy. Fig. S6 (ESI†)
demonstrates the spectrum of MHC3.

The peaks corresponding to the aromatic rings are present
at 2862 cm�1 (C–H stretching), 1581 cm�1 (CQC stretching),
1238 cm�1 (Ph–O–C stretching), 1087 cm�1 (in-plane C–H
bending), 750 and 929 cm�1 (out-of-plane C–H bands). The
characteristic imine bond peak can be seen at 1636 cm�1

(CHQN stretching), whereas the ether bond position corre-
sponds to 1162 cm�1 (C–O–C stretching). Looking at the FTIR
spectrum of magnetite nanoparticles (Fig. S7, ESI†), the strong
band at 542 cm�1 corresponds to Fe–O stretching vibrations,
whereas peaks at 3400, 2964 and 2899 cm�1 relate to hydrogen
bonding.55 By comparing the above-described spectra with
those of the MHC3@Fe3O4 nanosupramolecular complex
(Fig. S8, ESI†), the shifts in several bands can be observed.
Absorption values corresponding to the aromatic CQC stretch-
ing vibration and Ph–O–C stretching bending have shifted to
1532 cm�1 and 1096 cm�1 respectively, indexing on the possi-
ble metal-aromatic ring interaction. The shift is also observed
for the C–O–C stretching band of ether bonds (1157).

The loading rate of MHC3 on the surface of Fe3O4 was
calculated by the Beer–Lambert–Bouguer law. In detail, the
standard solutions of MHC3 of known concentrations were
prepared and analyzed at 255 nm. The calibration curve was
created according to the received results. Then, the concen-
tration of the supernatant, received after the synthesis of
MHC3@Fe3O4, was calculated (Fig. 4). The difference between
the amount of MHC3 (mg) before the reaction and the amount of
MHC3 in the supernatant is equal to the amount of MHC3, loaded
on the surface of Fe3O4 NPs.56 As a result, it was found that the
loading rate of MHC3 on the surface of Fe3O4 was 18.6%.

Furthermore, the morphology of the ensemble MHC3@
Fe3O4 was studied by TEM,57 which demonstrates nano-
particles of the spherical form in the narrow size distribution
of 10–20 nm in diameter (Fig. 5). The agglomeration of nano-
particles can occur due to the interaction with the MHC3
supramolecular compound.43

Biological activity. The next step of the research is the
investigation of the biological activity of individual MCH3
and MHC3@Fe3O4 nanosupramolecular complex against
Staphylococcus aureus, Pseudomonas aeruginosa and Klebsiella
pneumoniae. As shown in Table 1, S.aureus was more suscep-
tible against macroheterocycle and nanosupramolecular
ensemble in comparison with other bacterial strains. Any
inhibition was not detected for pure iron nanoparticles
(Fe3O4) against all bacterial strains, while MHC3@Fe3O4 exhib-
ited low potential activity against Gram-negative bacteria
(K. pneumoniae and P. aeruginosa). The nano supramolecular
ensemble (MHC3@Fe3O4) exhibited the highest inhibition
activity (0.5 mg mL�1) against S. aures, compared with the
MHC3 (32 mg mL�1). MHC3 demonstrates high activity at a
concentration of 8 mg mL�1 against S. aureus. In this case, we
decreased the concentration from 8 to 0.0625 to determine the
MIC value for MHC3.

Moreover, the MIC value of MHC3 for P.aeruginosa was two
times lower than that of ampicillin (516 mg mL�1) and was
equal to 256 mg mL�1. In the case of K.pneumoniae MHC3 and
the control, the antibiotic showed similar activity with an MIC
value of 516 mg mL�1. From the results, it was assumed that
these Gram-negative bacterial strains are resistant to ampicillin.
So, compared with the antibiotic, the macroheterocycle showed
better or similar activity against test cultures.

The obtained results revealed that the MIC of the MHC3@
Fe3O4 in the case of S.aureus (0.5 mg mL�1) was lower than the
MIC of b-lactam antibiotic (16 mg mL�1).

Statistical analyses of the received results of the antimicrobial
activity test are given in ESI† (Fig. S9, S10 and Tables S3, S4).

In silico studies. MHC3 is optimized at the B3LYP/6-31G
level in water. The optimized structure of it is presented in
Fig. 6. In the calculation result, no imaginary frequency isFig. 4 Standard calibration curve for MHC3.

Fig. 5 TEM image of MHC3@Fe3O4 nanosupramolecular complex vibra-
tion to 1247 cm�1, and in-plane C–H.
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observed, which means that the calculated structure is stable at
the ground state. Electronic properties are investigated and the
contour diagram of frontier molecular orbitals and molecular
electrostatic potential map of MHC3 are presented in Fig. 7.

According to Fig. 7, there are a lot of red and green balloons
in the environment of the benzene ring. Therefore, it can be
said that benzene rings can be active for the interaction. As for
the MEP map, there are a lot of colours on the surface of the
studied compound, among which blue, green and red are the
dominant colours. The blue colour means electron-poor
regions while the red one means the electron-rich region.
Finally, green is in the middle of the blue and red ones. As it
can be seen from the MEP map (Fig. 7), the red colour is
dominant in the environment of heteroatoms, while the yellow
colour is dominant on the benzene surface. In addition to these
results, the blue colour is dominant only in the environment of
hydrogen atoms.

Table 2 presents the calculated energy levels (in eV) of
the HOMO and LUMO and the energy gap for the studied
compound.

Experimentally, MHC3 has represented the best effect on
Staphylococcus aureus (Table 1). Thus, molecular docking ana-
lyses are performed against Staphylococcus aureus. The related
protein is downloaded from the protein data bank as 5M18.
MHC3 and the related target protein are re-minimized using
Maestro 12.8 software.

Then, the x–y–z coordinate of the receptor binding domain
is defined as 19.62, �17.89, and �52.91, respectively. Molecular
docking calculations are performed. The complex structure and
interaction map are shown in Fig. 8.

According to Fig. 8, MHC3 is docked with the target protein,
5M18. The docking score, van der Waals interaction energy,
Coulomb interaction energy and total interaction energy are
calculated as �3.492, �42.935, �7.021 and �49.956 kcal mol�1,
respectively. The key-lock harmony between the inhibitor and
protein can be associated with the docking score. The more
negative the docking score, the better the harmony between the
inhibitor and protein. Thus, due to the fact that the total
interaction energy is negative, the interaction between protein
and ligand is good, which implies that there is a stable interaction
between the studied compound and the target protein. Amino
acid sequences interacting with the inhibitor are given in the part
of the inhibitor up to a distance of 4 Å in the interaction map.
There are different colours on the amino acids in the interaction
map and the mean of these colours is given above in Fig. 8. Red
and purple colours are related to the physical interaction while the
other ones are related to the weak chemical interactions.

Amino acid residues include: ASN 146, LYS 148, GLU 170,
TYR 196, GLN 200, GLN 203, TRP 205, PRO 213, LEU 214, LYS
215, THR 216, THR 238, GLU 239, SER 240, ARG 241, VAL 256,
PRO 258, ILE 259, ASN 260, SER 261, LEU 264, LYS 273, ASP

Table 1 Antibacterial effect of tested compounds on different bacterial
strains

Bacterial strains

MIC (mg mL�1)

MHC3 MHC3@Fe3O4

Fe3O4

nanoparticles Ampicillin

Klebsiella pneumoniae 512 41024 — 512
Pseudomonas
aeruginosa

256 1024 — 512

Staphylococcus aureus 32 0.5 — 16

Fig. 6 Optimized structure of MHC3 at the B3LYP/6-31G level in water.

Fig. 7 Contour plot of the HOMO, LUMO and MEP map of MHC3.

Table 2 The energy values (eV) of frontier molecular orbitals and energy
gap

Compound EHOMO ELUMO EGap

MHC3 �0.22156 �0.04731 0.17425

Fig. 8 The complex structure and interaction map between MHC3 and
5M18.
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274, ASP 275, VAL 277, ASP 295, ILE 309, MET 372, and TYR
373. Based on the fact that the allosteric binding pocket
contains residues 166–240, 258–277 and 364–390, it can be
concluded that the MHC3 binds non-covalently to the allosteric
site. The allosteric site inhibitors act by non-covalently binding
and changing the conformation of the allosteric site, which in
turn leads to the opening of the active site.39,65

The non-covalent binding takes place through a hydrogen
bond between Lys148 and a lone pair of oxygen in MHC3. The
hydrophobic interactions are present between the phenyl ring,
ether bridges of MHC3 and Val256, Pro258, and Ile259 of 5M18.
Polar interactions in the regions of Asn146 and Lys148 with
MHC3 are also shown, which can also be explained by the
presence of unshared electron pairs of heteroatoms (oxygen
and nitrogen in the imine bond) in the structure of the
inhibitor and amino groups in these amino acids.

It is known that S. aureus is a Gram-positive bacteria that
cause skin and respiratory infections. It is considered one of
the major threats to human health, because of its intrinsic or
acquired resistance to the available antibiotics and treatments.
Penicillins were the first line of antibiotics that were used in the
treatment of infections rendered by S. aureus.58,59 These anti-
biotics kill bacteria by inhibiting the enzymes that are involved
in the pathway of cell wall synthesis in Gram-positive bacteria.
Penicillins kill bacteria by inhibiting the enzymes that are
involved in the pathway of the synthesis of peptidoglycan, the
principal building block of the bacterial cell wall.60–62 Trans-
peptidases – penicillin-binding proteins (PBPs) carried out
the synthesis of peptidoglycan by the crosslinking reaction.
PBP activity is crucial for bacterial survival, making them an
attractive target for designing new antibacterial drugs.63,64

There are four native penicillin-binding proteins found in
S. aureus: PBP1, PBP2, PBP3 and PBP4.58 PBP2a (5M18) is a
special protein that is not effectively inhibited by b-lactams and
it is an Achilles’ heel of methicillin-resistant Staphylococcus
aureus.65 For this reason, PBP2a is an attractive drug target in
order to design new generation antibacterials that will help to
combat resistant bacterial strains.58–64

The obtained results from the in silico analysis revealed that
the target protein for MHC3 in S. aureus is the PBP2a (5M18).
In future, this molecule can be applied as a non-b-lactam
antibiotic, which will provide keys for the development of
future compounds that block the interaction of PBP2a with its
target.65

Experimental
Materials and methods

All the solvents and reagents were purchased from commercial
suppliers and were of analytical grade and used without further
purification. The control of the reactions’ progress and the
determination of the synthesized compound purity were done
by thin-layer chromatography (TLC) on Merck silica gel plates
(60 F254 aluminium sheets) which were visualized under UV
light. Melting points were recorded in open capillary tubes on

Buchi B-540 apparatus and were uncorrected. Elemental analy-
sis was performed on a Carlo Erba 1108 analyzer.

Synthetic procedures

Synthesis of 2,20-(ethane-1,2-diylbis(oxy))dibenzaldehyde.
The synthesis of dialdehyde 1 was done according to the known
literature method.41 In detail, 37.7 mmol of K2CO3 was added
to a solution of 38.3 mmol of salicylaldehyde in 20 mL DMSO.
Subsequently, after adding 19.8 mmol of 1,2-dibromoethane,
the reaction mixture was heated in a water bath for 3.5 h
(Scheme 1). At the end of the mentioned time, the reaction
mixture was poured on ice and left for 3 h. The formed
precipitate was filtered, washed with distilled water, and dried.
Afterwards, it was washed with CCl4 till the bleaching of the
precipitate colour and dried at room temperature. The yield is
70%, m.p. 116–118 1C. 1H NMR spectrum (Fig. S1, ESI†) of
compound 1: (DMSO-d6, d, ppm), 4.57 s (4H, 2OCH2), 7.07–
7.12 t (2H, Ar, J = 9 Hz), 7.31–7.34 d (2H, Ar, J = 9 Hz), 7.64–7.69 t
(4H, Ar, J = 9 Hz), 10.29 s (2H, COH). 13C NMR spectrum (Fig. S2,
ESI†) of compound 1: (DMSO-d6, d, ppm), 67.87 (2OCH2), 114.61
(2CH, Ar), 121.58 (2CH, Ar), 124.97 (2C, Ar), 128.02 (2CH, Ar),
136.85 (2CH, Ar), 161.28 (2C, Ar), 189.60 (2COH). Found, %: C
71.04; H 5.11. C16H14O4. Calculated, %: C 71.11; H 5.19.

Synthesis of 6,7,15,16,18,19,21,22,30,31,39,40,42,43,45,46-
hexadecahydrotetrabenzo[c1,i,i1,o][1,4,11,14,21,24,31,34]octa-
oxa[7,18,27,38]tetraazacyclotetracontine (MHC3). 0.37 mmol
of dialdehyde 1 was dissolved in 5 mL of hot ethanol. Subse-
quently, 1.37 mmol of 2,2 0-(ethylenedioxy)bis(ethylamine) was
added to the reaction mixture and vigorously stirred for an
hour (Scheme 2). At the end of reaction time, the ethanolic
solution was poured into an ice–water mixture and left for
10 minutes. Afterwards, the solution was vigorously stirred
with the addition of sodium chloride and the yellowish
precipitate is formed, which was filtered, washed with dis-
tilled water and dried. Yield 45%, m.p.148–150 1C. 1H NMR
spectrum (Fig. S3, ESI†) of MHC3: (DMSO-d6, d, ppm), 3.41 s
(10H, 5OCH2), 3.62 s (14H, 4NCH2 + 3OCH2), 4.43 s (8H,
4OCH2), 6.99–7.03 t (4H, Ar, J = 6 Hz), 7.14–7.17 d (4H, Ar, J = 9
Hz), 7.43–7.48 t (4H, Ar, J = 9 Hz), 7.85–7.88 d (4H, Ar, J = 9 Hz),
8.58 s (4H, 4CHQN). 13C NMR spectrum (Fig. S4, ESI†) of
MHC3: (DMSO-d6, d, ppm), 61.37 (4NCH2), 67.11 (4OCH2),
70.11 (4OCH2), 70.18 (4OCH2), 113.09 (4CH, Ar), 121.19 (4CH,
Ar), 124.53 (4C, Ar), 127.11 (4CH, Ar), 132.53 (4CH, Ar), 157.08
(4CHQN), 157.98 (4C, Ar). MALDI-TOF MS = 764.950 (Fig. S5,
ESI†). Found, %: C 69.01; H 6.91; N 7.39. C44H52N4O8. Calcu-
lated, %: C 69.09; H 6.85; N 7.32.

Synthesis of magnetite nanoparticles and their nanostruc-
turing with MHC3. Magnetite nanoparticles were synthesized

Scheme 1 Synthesis of dialdehyde 1.
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by the wet chemical co-precipitation method.42,43 FeSO4�7H20
and FeCl3�10H20 were dissolved in distilled water at a weight
ratio of 2 : 3 under bubbling of nitrogen gas at 60 1C for 6 hours.
After that, the received precipitate was separated by a NdFeB
magnet and washed several times with deionized water.
In order to synthesize the MHC3@Fe3O4 nanosupramolecular
complex, MHC3 and Fe3O4 were taken in the ratio of 1 : 2. First,
nanoparticles were dispersed in ethanol by ultrasonic irradia-
tion for 15 minutes. Dispersion of the synthesized samples was
carried out on a Sonics Vibra Cell sonicator with the follo-
wing parameters: pulse �30 s (on), 2 s (off); power �40%. Then
dissolved in ethanol MHC3 was added to the final solution and
the mixture was stirred for 5 hours under a nitrogen atmo-
sphere. Furthermore, the MHC3@Fe3O4 nanosupramolecular
complex was separated from ethanol by a NdFeB magnet and
dried at ambient temperature. The supernatant was analyzed to
determine the loading amount of MHC3.

Nuclear magnetic resonance (NMR) experiments. The NMR
experiments were performed on a BRUKER FT NMR spectro-
meter AVANCE 300 (Bruker, Karlsruhe, Germany) (300 MHz for
1H and 75 MHz for 13C) with a BVT 3200 variable temperature
unit in 5 mm sample tubes using Bruker Standard software
(TopSpin 3.1). Chemical shifts were given in ppm (d) and were
referenced to internal tetramethylsilane (TMS). Multiplicities
are declared as follows: s (singlet), d (doublet), t (triplet),
q (quadruplet), and m (multiplet). Coupling constants J are
given in Hz. The experimental parameters for 1H are as follows:
digital resolution = 0.23 Hz, SWH = 7530 Hz, TD = 32 K, SI =
16 K, 901 pulse-length = 10 ms, PL1 = 3 dB, ns = 4, ds = 2, d1 = 1 s
and for 13C as follows: digital resolution = 0.27 Hz, SWH =
17985 Hz, TD = 64 K, SI = 32 K, 901 pulse-length = 9 ms, PL1 =
1.5 dB, ns = 1000, ds = 2, d1 = 3 s. The NMR-grade DMSO-d6

(99.7%, containing 0.3% H2O) was used for the solutions of
synthesized compounds.

Mass experiments. Matrix-assisted laser desorption/
ionization-time of flight mass spectrometry (MALDI-TOF MS)
analysis was performed using Bruker Microflex LT MALDI-TOF
MS equipped with a nitrogen UV-Laser operating at 337 nm.
The spectrum was recorded in reflectron modes with an average
of 100 shots. a-cyano-4-hydroxycinnamic acid (CHCA) was
used as a MALDI matrix at a concentration of 10 mg mL�1

(methanolic solution). MALDI samples were prepared by mix-
ing sample solution (4 mg mL�1 in methanol) with the matrix
solution (1 : 10 v/v) in a 0.5 mL Eppendorf microtube. Finally,
1.0 mL of this mixture was deposited on the sample plate, dried
at room temperature, and then analyzed.

Ultraviolet-visible (UV-vis) experiments. The loading of
MHC3 on the surface of Fe3O4 nanoparticles was calculated
through the Beer–Lambert-Bouguer law, according to the UV
spectra of the compounds. The experiments were done on a
UV-Vis Spectrophotometer Specord 250 Plus at 255 nm for
standard solutions of MHC3 with different concentrations in
the range of 0.1–0.001 mg mL�1.

Fourier-transform infrared (FTIR) investigations. In order to
investigate the interactions between MHC3 and Fe3O4 in a
nanosupramolecular ensemble (Fe3O4@MHC3) and to deter-
mine through which functional groups the non-covalent bond-
ing takes place, the FTIR spectra of MHC3, Fe3O4 and
Fe3O4@MHC3 were recorded on a FTIR spectrometer Thermo
Scientifict Nicolett iS20, using an attenuated total reflectance
(ATR) accessory in the range of 4000–450 cm�1.

X-Ray powder diffraction analysis (PXRD). XRD analysis was
performed under ambient conditions on a Rigaku Mini Flex
600 XRD diffractometer, equipped with CuKa radiation, to
study the crystalline structure of the synthesized Fe3O4@
MHC3. The samples were scanned in the Bragg angle range
of 101– 801 at 2y, 15 mA. The Williamson-Hall method was used
to calculate the crystallite size.

Transmission electron microscopy (TEM) study. The TEM
analysis of the nanosupramolecular ensemble MHC3@Fe3O4

was performed on a TEM JEOL-1400 (Japan) at 80–120 kV. The
ultrasonicated solution of MHC3@Fe3O4 in ethanol was placed
on a carbon-coated grid and remained to dry under ambient
conditions. Morphometric analysis of the images (electrono-
grams) was carried out, using the TEM Imaging Platform
program (Olympus Soft Imaging Solutions GmbH (Germany).

Biological assays. The synthesized macroheterocycle and its
supramolecular ensemble on the basis of magnetite nano-
particles were tested by the 96-well microtiter assay on the
Klebsiella pneumoniae, Pseudomonas aeruginosa, and Staphylo-
coccus aureus. The bacterial strains used in the microbiological
studies were taken from the culture collection of the Depart-
ment of Microbiology (Baku State University, Azerbaijan).
Muller Hinton medium (‘‘Liofilchem’’) was used for the inocu-
lation of the fresh colony. Assessed substances were placed into
each well of U-bottom microtiter at different concentra-
tions from 1024 to 8 mg mL�1 and afterwards, bacterial strains
were inoculated into each well in an amount of 1 � 105 CFU.

Scheme 2 Synthesis of macrocycle 3.
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The MHC3 was dissolved in dimethyl sulfoxide and Fe3O4@
MHC3 was dispersed in distilled water by applying sonication
for 15 minutes (pulse �30 s (on), 2 s (off); power �40%). The
resazurin dye (Sigma Aldrich) was used for the determination of
the bacterial growth after incubation for 24 h at 37 1C. 30 mL of
resazurin solution (0.01%) was added to each well and the
microtiters were incubated at 37 1C for additional 4 hours. The
colour change from blue to pink is considered as evidence of
bacterial growth. This way the minimum inhibitory concen-
tration (MIC) is considered as the concentration after which the
tested compounds do not inhibit this change in colour.44–47

Computational studies. Quantum chemical calculations of
MHC3 were performed using Gaussian software.46–49 B3LYP,
one of the DFT hybrid functions, was selected as the calculation
method with a 6-31G basis set. All calculations were performed
in the water phase and the C-PCM solvent method was used
for this purpose. Additionally, molecular docking calculations
were performed using the OPLS4 method and Maestro 12.8
software.50–52

Conclusions

The synthesis route without using a catalyst and special reaction
conditions was successful for the formation of a pure 40-
membered macroheterocycle MCH3 on the basis of the
mentioned diamine and dialdehyde. Nanostructuring of macro-
heterocycles with magnetite nanoparticles was performed and the
loading rate of MCH3 on magnetite nanoparticles was 18.6%. The
biological activity investigations against S. aureus, P. aeruginosa
and K. pneumoniae were performed and in the case of S. aureus,
MHC3 showed potential activity with an MIC value of 32 mg mL�1.
The MHC3@Fe3O4 nanostructure showed an MIC value of
0.5 mg mL�1 on S. aureus. The results of computational studies
demonstrated that the potent activity sites of MHC3 are predo-
minantly benzene rings with heteroatoms being also susceptible
to the interaction. PBP2a (5M18) protein was identified as a target
for the synthesized macroheterocycle, thus, the MHC3 can be
considered as a promising drug candidate that can act as a non-b-
lactam inhibitor of penicillin-binding protein. Future non-lactam
antibiotics based on this molecule’s potential use will offer
insights into how to create drugs that prevent PBP2a from
interacting with its target.
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