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Abstract

Introduction. In this work, Sr-BDC MOFs were obtained by a simple solvothermal process without the use of elevated pressure. This method is easily
scalable and does not require any special equipment. In this work, the crystals obtained from the synthesis were studied by Raman spectroscopy. In
addition, the obtained materials were analysed for antibacterial activity against Gram-positive and against Gram-negative bacteria.

Aim. During this work, the main objective was to comparatively evaluate the antibacterial properties of Sr-BDC MOFs activated by different methods
(and without activation).

Materials and methods. In this work we used a solvothermal process using terephthalic acid, strontium nitrate and dimethylformamide. The
peculiarity of this method is the absence of autoclaving in the synthesis process. Optical microscopy and Raman spectroscopy were used for
characterization. Also, to study the antibacterial properties, a medium diffusion test was performed. The combination of these methods will help to
establish the relationship between the method of activation and the biological activity of the resulting materials.

Results and discussion. In this work, the chemical structure of Sr-BDC MOFs was studied by Raman spectroscopy. The influence of the activation
method on the chemical structure of MOFs was studied. It was found that the characteristic peaks of Raman spectroscopy can be used to confirm the
removal of solvent (DMFA) from the crystal structure. In addition, tests on the manifestation of antibacterial activity were carried out for MOFs with
different activation method. The MIC and MBC were established for each sample.

Conclusion. In the course of the work the effect of the activation method on the chemical structure of Sr-BDC MOFs was shown. We also found that
the activation method could affect the biological activity of the obtained MOFs. It was also demonstrated that MOFs exhibit different antibacterial
activities depending on the type of bacteria, which can be primarily related to the composition of the cell wall of microorganisms.
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Pesiome

BeepeHue. B xope aaHHON pabotbl 6bin nonyyeH MO® Sr-BDC ¢ momolibio NpOCTOro conbBOTEPMaNbHOrO npouecca 6e3 Mcnonb3oBaHuA
MOBbILWEHHOTO AaBneHnsA. [lJaHHbI CNocob ABNAETCA Nerko Maclutabupyembim U He TpebyeT crieumanbHoro obopyaosaHus. B xofe stoit paboTbl
KpWCTansbl, NMoslyYeHHble NMpY CUHTE3e, M3Y4aloTcsA C MOMOLLbl0 PamMaHOBCKOW CrneKTpockonuu. Kpome Toro, mosiyyeHHble maTtepuanbl Gbinn
NpoaHanM3npoBaHbl Ha aHTMbaKTepranbHy0 akTMBHOCTb MO OTHOLLEHWIO K FPaMMONOXKUTENbHBIM U K FpamMoTpurLaTeNibHbIM 6akTepuaMm.

Llenb. B xofe f;aHHOI paboTbl OCHOBHOW LiEJbI0 ABMIANNCH CPaBHUTENIbHAA OLeHKa aHTMbaKTeprabHbIX CBOWCTB MeTasl-OpraHNYeckoro CoeAvHeHUs
Sr-BDC, akT1BMPOBaHHbIX Pa3fiMyHbIMU cocobamu (1 6e3 akTnBaLmn).

Matepuanbl n metopbl. B faHHON paboTe MpUMeEHAETCA CONbBOTEPMabHbIN MPOLECC C KUCMOJb30BaHEM TepedTaneBon KUCIOTb, HATpaTa
cTpoHuuAa 1 anmetunpopmamuga. OCo6eHHOCTbIO [aHHOTO MeToAa ABMAETCA OTCYTCTBME aBTOKJIaBMPOBAaHMA B mpolecce cuHTesa. [nA
XapakTepu3aLmn NCrosib30BaMCb ONTUYeCKas MUKPOCKONMA U PaMaHOBCKas cnekTpockonuaA. Takxe Ana n3y4yeHns aHTNOaKTepuanbHbIX CBOWCTB,
6bi1 NpoBefieH TecT Ha Anddysuio B cpeay. COBOKYMHOCTb AaHHbIX METOAOB MOMOXET YCTaHOBUTb B3aMOCBA3b, MEXAY METOLOM aKTVBaLumn 1
6110110TNYECKOI aKTVBHOCTbIO MOJTyYaeMblX MaTepUasIoB.

PesynbraTbl n ob6cyxpaeHue. B xofe 310 paboTbl U3yyeHo xmmmnyeckoe ctpoeHre MO® Sr-BDC ¢ nomolbio PamMaHOBCKOW CMEKTPOCKOMMU.
MpoBefeHO n3yyeHve BNUAHNE cnocoba akTMBaLMM Ha xumuuyeckoe ctpoeHne MOQ. YcTaHOBIEHO, YTO C MOMOLLbIO XapakTePUCTUYHBIX MUKOB
PamaHOBCKOW CnekTpoCKoNMn MOXHO NOoATBepANTb yaaneHne pactsoputensa (M®A) n3 ctpykTypbl Kpuctanna. Kpome Toro, npoeefieHbl TeCTbl N0
npoABneHnto aHTMbaKTepranbHo akTuBHoOCcTV Ana MO ¢ pasnnyHbIM cnocobom akTuBauuu. ina kaxporo obpasua ycraHosneHbl MUK n MBK.
3aknioueHmne. B xope paboTbl N3yyeHO BAMAHME CMOCO6a akKTMBALMU Ha XMMUYECKYI CTPYKTYPY MeTanni-opraHn4eckon KoHcTpykummu Sr-BDC.
YcTaHOBIEHO, UYTO CMOCO6 aKTVBaLMN MOXET BIMATb Ha OMONOIMYECcKyo akTVBHOCTb MOJTyYaeMblX KPUCTanoB. Takxke NpoAeMOHCTPYPOBaHO UYTO
K pasnunyHbiM Tnam 6aktepunii MO® NpoABAAIT pasnnyHy0 aHTNOaKTepuabHY0 akTUBHOCTb, YTO B MEPBYI0 oyepefb MOXET ObiTb CBA3AHO C
COCTaBOM KJIETOUHOW CTEHK/ MUKPOOPraH13MOB.

KnioueBble cnoBa: meTann-opraHuyeckme coeaunHenuns (MO®), aHTMOGaKTepuanbHble CBOWCTBA, XapakTepuctuka MOO®, PamaHoBcCKas
cnekTpockonus, cTpoHuui, Sr-BDC MO®, conbBoTepmmnyecknii MeToa, TepedTtaneBas KUCOTa

KOH¢J'IVIKT MHTEpecoB. ABTOpPbI AeKNapupyloT OTCYTCTBNE ABHbIX N NOTEHUWaIbHbIX KOH(I)HI/IKTOB NHTEpPEeCOoB, CBA3aHHbIX C ny6n|/|KaL|,|/|e|7| HacToALen
CTaTbWn.
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MOFs can be successfully used in the near future to treat
and diagnose various diseases, as well as to create hybrid
devices [14, 15]. MOFs have a relatively high specific
surface area, which suggests high potential for their
use as sorbents for in vivo and in vitro applications. In
addition, there is have potential applications as carriers of

INTRODUCTION

Currently, there are actively developing directions for
the development of various materials [1, 2]. It is especially
worth mentioning the possibility of creating functional
materials that can be applied to various spheres of

life activities [3, 4]. The biological activities of various
materials can be actively used in medicine, biology, and
the creation of hybrid devices [5].

Various polymeric materials have been actively
used in the biomedical field [6]. It can be used to create
devices, modify surfaces, as implants, and for other
purposes [7]. In recent years, methods for applying metal
nanoparticles [8], intermetallides, and polymers [9] to
solve the problems of various spectra in the biomedical
industry have become relevant.

It is also worth noting that in recent years, the topic
of creating various metal-organic coordination polymers
(MOFs) [10, 11] has intensified. Currently, these methods
allow for a variety of systems that use different ligands
and metals [12]. Of particular importance are MOFs that
use biocompatible metals in their structure [13]. Such

biologically active substances [16].

Bacterial diseases are among the most com-
mon [17]. Simultaneously, new and increasingly dan-
gerous microorganisms with resistance to antibiotics
have emerged owing to evolution [18]. MOFs can be
used both as antibacterial agents and carriers in hybrid
systems [19]. Therefore, studying the effects of diffe-
rent materials on microorganisms is an important and
urgent task.

MATERIALS AND METHODS

Research materials

All reagents used for the preparation of Sr-BDC
MOFs were of analytical grade. During the synthesis
we used N,N-dimethylformamide (DMFA) solvent imp.
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(C.P) JSC "VEKTON"; strontium chloride 6-water (P)
(SrCI2 - 6H20), “LenReactiv”, mass fraction not less than
99.7 %; terephthalic acid, 98 %, “Acros Organics”; ethanol
(C2H50H), mass fraction not less than 98 %; dimethyl
sulfoxide imp. (C.P.) JSC “VEKTON”, Doxorubicin (DOX)
produced by “BRYNZALOV-A" (Russia).

Synthesis of Sr-BDC MOFs

The organometallic compound Sr-BDC was pre-
pared according to the following procedure: in the sol-
vothermal synthesis of Sr-BDC, strontium nitrate (0.038 g,
0.180 mmol), terephthalic acid (0.05 g, 0.301 mmol) and
7.2 ml of N,N-dimethylformamide solvent were used
as precursors, placed in heat resistant glass tubes, and
stirred, then incubated at 120 °C for 30 h. After cooling
to room temperature, the synthesized transparent crys-
tals were washed repeatedly with DMF (5 mL) and dried
at 120 °Cfor 24 h.

The synthesis was carried out using DMFA solvent
in closed tubes, and this system is naturally not a closed
system, but the loss of solvent (about 40 %) in the process
did not have a significant impact on the synthesis. It
should also be noted that this is a heterogeneous process
and Sr-BDC MOFs, after formation, “fall out” of the system
into a precipitate, and the process of crystal formation
ends before the solvent evaporates.

The obtained Sr-BDC samples were further processed
to remove the residual DMFA solvent from the pores of
the obtained crystals.

Post-Synthetic Modification

Post-synthetic modification is a special step in the
production of Sr-BDC. This step made it possible to treat
the obtained MOFs and provide them with the necessary
properties. In this study, Sr-BDC MOFs are planned for
use in biomedical applications, namely, for the delivery
of drug molecules. The ability to incorporate the
maximum amount of biologically active substances is
an important factor in the delivery of drug compounds.
After solvothermal synthesis, due to the forces of
adsorption, pressure, and non-covalent interactions,
traces of solvent can remain in the pores of MOFs, which
reduces the loading capacity of MOFs and can be unsafe
for biomedical applications. Elevated temperatures
can be used to remove solvents, which are not always
available and do not allow all solvents to be removed.
Selecting special solutions into which the solvent will be
desorbed is an easy and safe way to remove it from the
pores.

For the developed system, a method for removing
DMF using ethanol was proposed. After solvothermal
synthesis, the obtained samples of Sr-BDC(DMF) dried
at 120 °C for 4 h were immersed in 10 ml of ethanol and
incubated under constant stirring. After 4 h the solution
was decanted, the white crystals were dried at 60 °C for
3 h to remove the ethanol (Sr-BDC)

Heating to a temperature approximately equal to the
boiling point of the solvent is often used for such systems,
so we used heating to 260 °C for 4 hours as an alternative
heating method (Sr-BDC (260 °C))

Raman spectroscopy

Raman spectroscopic studies were recorded using
a specially made Raman spectrometer with 150/500
grating, solid-state laser model LM473 with wavelength
473 nm, accumulation time 10 seconds, setup of signal
registration by CCD camera.

Antibacterial activity

Well diffusion method - The well diffusion method
was used to assess the antimicrobial activity of the three
solutions (Sr-BDC, Sr-BDC(DMF), and Sr-BDC (260 °QC)).
First, concentrations of 1 mg/ml were prepared by
dissolving the MOFs samples in distilled water. The
3 solutions were sterilized by microfiltration with sterile
filter membranes of 0.22um. Subsequently, three cultu-
res of microorganisms were prepared in Brain Heart
infusion broth (for E. coli ATCC 25922 and S. aureus ATCC
6538) and Sabouraud Dextrose broth (for C. albicans
ATCC 10231). After 24 h of incubation at 37 °C, the
strains were centrifuged (6000 rpm for 10 min) and then
re-dissolved in sterile Phosphate Buffer Saline (PBS) at
0.5 McFarland scale (approximatively 1.5 x 108 CFU/ml).
The strains were plated in Petri dishes containing sterile
Muller-Hinton agar (for E. coli ATCC 25922i and S. aureus
ATCC 6538) and Sabouraud Dextrose Agar (for C. albi-
cans ATCC 10231). Wells with a capacity of 20 pL were
then perforated on agar, and 20 pL of each solution was
added. One antibiotic disk and one antifungal disk were
used as positive controls, while distilled water used to
prepare the solutions was used as a negative control.
Inhibition diameters were observed after 24 h of incuba-
tionat 37 °C.

Minimum inhibitory concentration (MIC) and mi-
nimum bactericidal concentration (MBC) determina-
tion: MIC and MBC were determined by microbroth
dilution method in a 96-well microplate. Sabouraud
dextrose broth (SDB) (C. albicans ATCC 10231) was
used for the fungus, whereas brain Heart Infusion broth
(BHIB) was used for the bacteria (E. coli ATCC 25922 and
S. aureus ATCC 6538). The method used was that used
in our previous study, without any modifications. Brief-
ly, the culture broths (100 pL) were introduced into all
wells of the microplates, and 100 pL of the test solutions
(Sr-BDC, Sr-BDC(DMF), and Sr-BDC (260 °C)) was intro-
duced into the first line according to previously descri-
bed labelling. A two-fold dilution was performed, and
the excess of the last line was discarded to obtain an
identical volume (100 pL) in each well. Each microor-
ganism was added to three columns, each containing
the culture medium and one of the test solutions. The
plates were then covered and incubated for 24 h at
37 °C. Moving downwards for each test solution, the



last dilution at which no visible growth was observed
was defined as the MIC. Subsequently, the lines on
which no growth was observed were further inocula-
ted into the solid culture medium after labelling the
Petri dishes. The final concentration at which no growth
was observed after further incubation of the Petri dishes
at 37 °Cfor 24 h was considered as the MBC.

RESULTS AND DISCUSSION
Synthesis of Sr-BDC MOFs

Strontium metal-organic frameworks were synthe-
sized using DMF. During the solvothermal synthesis, a
6-water strontium chloride salt was used in the reaction;
the water reacting chemically with DMFA formed strong
heteromolecular associations with the help of hydrogen
bonds. After cooling to room temperature, the synthe-
sized transparent crystals were washed repeatedly with
DMF (5 mL) and dried at 120 °C for 24 h (Figure 1).

Figure 1. The obtained Sr-BDC MOF crystals dried at 120 °C
for24h

Raman spectroscopy

Figure 2 shows the Raman spectra of Sr-BDC MOFs
with different activation modes.

Peaks in the region of 1000-1500 cm™ can be
associated with C—C or C—H bending oscillations as
well as stretching and bending oscillations of carboxy-
lates in the terephthalic acid molecule. The peaks around
350-420 cm™ can be related either to lattice vibrations
or to vibrations of the metal-ligand coordination bond.
C—H valence oscillations around 3100 cm™ were ob-
served in all samples, regardless of the activation me-
thod. In addition, the peak at approximately 1610 cm™
indicates the presence of an aromatic group in the
crystal structure, which confirms the stability of the
MOFs, regardless of the activation method. The peak at
approximately 280 cm™ observed in the samples after
activation confirms the successful removal of the sol-
vent from the crystal structure, as previously stated [20].

Notably, the wave-like structures of the spectra indi-
cate a high level of fluorescence within the MOFs struc-
ture, which is associated with the presence of organic
groups in the structure [21]. It is worth noting that when
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using activation with ethanol, this effect is seen to a les-
ser extent, which may also indicate the most successful
activation of MOFs.

The oscillations observed in the peaks are related
to the stretching of the CH— in the acid molecule and
are encompassed by a broad peak around 3100 cm™,
which reflects similar bonds resulting from the inter-
frame interactions. The peak at 3000 cm™ appears due
to the activation process and the MOFs interacting with
temperature and ethanol. As a result of this interaction, a
vibrational or electronic band splitting is observed in the
molecular crystals, which is related to the difference in
the strength of the C—H bonds.

In addition to Raman spectroscopy, we intend to
use other methods of physico-chemical analysis, such as
IR spectroscopy, X-ray diffraction, thermal analysis for a
complete description of our obtained MOFs.

Antibacterial Activity

In the present study, the antimicrobial activi-
ty evaluation of the three solutions of MOFs — Sr-BDC,
Sr-BDC(DMF), and Sr-BDC (260 °C) at Tmg/ml (obtained
by diluting the crystals in distilled water) by the well
diffusion method revealed that none of these solutions
exhibited an inhibition zone against E. coli ATCC 25922,
S. aureus ATCC 6538 and C. albicans ATCC 10231. This
result was clearly observed, given that the inhibition
diameters exhibited by the positive controls consis-
ting of tetracycline were very large (25 mm and 32 mm,
respectively, against E. coli ATCC 25922 and S. aureus
ATCC 6538). The same observation was made with flu-
conazole as a positive control against C. albicans ATCC
10231, in which an inhibition diameter of 22 mm was
observed. As expected, no inhibition zone was observed
in the test with distilled water (negative control). Ho-
wever, as suggested by Choyam et al. [22], the absence
of an inhibition zone does not automatically mean that
the tested molecules have no antimicrobial activity.
Choyam et al also explained that the results of such indi-
rect methods (well diffusion method) do not necessarily
correlate with antimicrobial activity [22]. Thus, we deter-
mined the minimum inhibitory concentration (MIC) and
minimum bactericidal (fungicidal) concentrations (MBC
or MFQ). Interestingly, it was found that the 3 test solu-
tions inhibited the growth of all the three microorga-
nisms at the first or second dilution, which indicated
that the MICs for all of them were 0.25 mg/ml or
0.5 mg/ml. More specifically, as shown in Table 1,
against E. coli ATCC 25922 the MICs were 0.5, 0.25 and
0.25 mg/ml for Sr-BDC, Sr-BDC(DMF), and Sr-BDC (260 °C)
respectively. S. aureus ATCC 6538 was the most suscep-
tible strain against all the test solutions, since all of
them showed an MIC equal to 0.25 mg/ml; this was con-
firmed by the MBC, since the only MBC determined
was against this strain (MBC=0.5 mg/ml), while the
other MBCs were higher than the highest dilution that
was tested (MBC > 0.5 mg/ml).
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Figure 2. Raman spectroscopy:
A -Sr-BDC; B - Sr-BDC (DMFA); C - Sr-BDC (260 °C)
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Table 1. MIC, MBC, and MFC of MOFs’ solutions against E. coli ATCC 25922, S. aureus ATCC 6538, and C. albicans ATCC 10231.

Sr-BDC Sr-BDC(DMF) Sr-BDC (260°C)
MIC MBC (MFC) MIC MBC (MFC) MIC MBC (MFC)
E. coli ATCC 25922 0.5 >0.5 0.5 >0.5 0.25 >0.5
S.aureus ATCC 6538 0.25 0.5 0.25 >0.5 0.25 >0.5
C. albicans ATCC 10231 0.5 >0.5 0.5 >0.5 0.5 >0.5

As a comparison (Table 2), we also looked at dif-
ferent antibacterial activity of other MOFs against
Gram-negative and Gram-positive bacteria by well dif-
fusion method and their MIC are provided in the follo-
wing table.

It should be noted that the MOFs used in our
comparison were mixed with the antibacterial agent
(the first name in the compound), which has an inf-
luence on their antibacterial activity. As we can see in
the table, the Zn-based MOFs, IRMOF-3 and MOF-5,
and the silver-based Ag-MOF, when mixed with the



antibacterial agents, ampicillin or kanamycin or gra-
phene oxide, show a high antibacterial efficiency com-
pared to our Sr-BDC MOFs.

Table 2. Comparison of MIC value of Sr-BDC MOFs
with other compounds

Compound M!C (ug/mL) References
E. coli S. aureus

Sr-BDC 500 250

Sr-BDC(DMF) 500 250 This work
Sr-BDC (260 °C) 250 250
Kanamycin/MOF-5 100 100 [23]
Kanamycin/IRMOF-3 25 50 [23]
Graphene-oxide/Ag-MOF 50 - [24]
Ampicillin/IRMOF-3 50 100 [23]
Ampicillin/MOF-5 100 100 [23]

In the work we are trying to demonstrate the bio-
logical activity of our system against bacteria. At the
same time, we want to highlight the possibility of loa-
ding the MOF with different drugs that can increase the
antibacterial activity, as shown in the comparison in
Table 2.

CONCLUSIONS

In this study, without the use of mechanochemical
treatment or elevated pressure, the metal-organic
framework Sr-BDC has been successfully synthesized. The
presence of an aromatic group in the crystal structure,
indicating that the strontium ions are coordinated
by the terephthalic acid molecule, was confirmed by
Raman spectroscopy. In order to remove the solvent
residues from the structure, a post-synthetic modification
synthesis using ethanol and heating was proposed for
these crystals. In addition, the antibacterial properties
were investigated for all samples. MIC and MBC were
determined for E. coli, S. aureus and C. albicans. It is
noteworthy that the antibacterial assay demonstrates the
need for customization of conditions for each biological
object to optimize exposure (lack of exposure). This study
shows the importance of the post-synthetic modification
and, in particular, of the activation steps for different
materials used in biomedical applications.
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