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Abstract. The possibility of using Mg,Al-layered double hydroxide (LDH) for production of nanoparticles comprising
molecules of pharmaceutically valuable 3',5'-cyclic diadenosine monophosphate (cyclic di-AMP) was demonstrated.
Experimental conditions were optimized to produce LDH complexes with cyclic di-AMP (average size of 300 nm), which
loading capacity in regard to the target compound reached 60 mass %. The fact of cyclic di-AMP release from LDH complex
in pH-dependent mode (proceeding slightly slower at pH 7.4 than at pH 4.5) was stated. The obtained results testify in favor of
applying the studied nanocomplexes for delayed delivery of cyclic di-AMP to the target immune cells.
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NOJYYEHUE KOMIJEKCOB 3',5-HUKJINYECKOI'O JMAJEHO3UHMOHO®OCDATA
C MG,AL-CJOUCTBIM ABOMHBIM I'MAPOKCHUJIOM

AnHoTanus. [TokazaHa BO3MOKHOCTb UCIOJIb30BaHust Mg,Al-ciouctoro asoiinoro ruapokcuna (CAI) ans noxyueHus
HAHOYACTHII, BKJIFOYAIOIINX MOJIEKYJIbI (papMaleBTHYECKH BaXKHOTO 3',5'-IIMKIIMYecKoro auaaeHo3nHMoHopochaTa (LHKI0-
nu-AMO®). TTogoGpaHbl SKCIIEpUMEHTAIbHBIC yCIoBHs JUIsl monydeHus kommiekcoB C/AI ¢ nukio-nu-AM® (pasmepom
nopsjka 300 HM), eMKOCTE KOTOPBIX B OTHOMICHHH IUKI0-TU-AM® nocturaer 60 mac.%. YcraHoBieHo, 4to rpu pH cpenbr
4,5 nukno-nu-AM® BricBoOOXKTaeTCs U3 ero komiuiekca ¢ CJII" 6onee akTuBHO, ueM npu pH 7,4. [lonaydueHHBIC pe3yIbTaThI
CBUJICTEJIBCTBYIOT O BO3MOXKHOCTU IPUMECHEHHUS U3YUCHHBIX HAaHOKOMIUIEKCOB JUIsS IPOJIOHIMPOBAHHOM TOCTaBKHU LIMKJIO-
1u-AM® B UMMYHHBIE KJICTKH-MUIICHU.

KuroueBblie ciioBa: 3',5'-nukinyeckuit nuagaeHo3suHMoHopochar, Mg, Al-coucTsiii 1BOWHOM THAPOKCH T, HAHOYACTHIIA,
aJBIOBAHT, KOMILJIEKC AMHYKIIEOTHIa ¢ Mg, Al-CIIOMCTBIM ABOITHBIM I'MJIPOKCHJIOM, ITPOJIOHIHPOBAaHHAs JOCTaBKa JeKapcTBa
B KJICTKU-MUILECHU

Just nmTupoBanusi: [ToayueHue kKoMIiekcoB 3',5-IUKIHMYECKOT0 AraaeHO3nHMOHOpochaTa ¢ Mg, Al-coucTsiM 1BO¥-
HBIM ruapokcuaom / M. A. Bunrep [u ap.] / Bec. Ham. akan. naByk Benapyci. Cep. 6isu1. HaByk. — 2024. — T. 69, Ne 3. —
C. 249-253. https://doi.org/10.29235/1029-8940-2024-69-3-249-253

Introduction. The likelihood of imminent pandemics caused by respiratory viruses dictates the
need to seek new antiviral agents [1].

We have previously proposed [2] to use pharmacologically promising 3',5"-cyclic diadenosine monophos-
phate (cyclic di-AMP) (Fig. 1) recently discovered in bacteria and archaea [3], as a universal antiviral agent.
The compound is involved in the control of many complex physiological processes and acts as an inducer of
endogenous interferon [4, 5], which protects human and animal bodies from various infectious agents.

A grave challenge for pharmacological application of this compound is its low stability in the blood
stream. In addition, the cyclic di-AMP molecule is negatively charged and, hence can hardly penetrate into
immune cells [6]. Various nanoparticle carriers have been proposed to overcome this barrier. Among them,
nanoscale inorganic layered double hydroxides (LDH) (Fig. 2) are regarded as the most promising carrier.

LDHs, also called “anionic clays”, represent a family of materials that have attracted a growing in-
terest in recent years due to their technological benefits in catalysis, separation technology, optics, medi-
cal science and nanocomposite materials engineering [§].
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Fig. 1. Structure of cyclic di-AMP (sodium salt) Fig. 2. Structure of LDH [7]

LDHs consist of positively charged metal hydroxide layers, in which the anions (along with water)
are stabilized in order to compensate the positive layer charges. The general chemical formula of LDH
clays is expressed as [MH1_XMHIX(OH)2]"+(A“’)X ' YH,O, where M!'!is a divalent metal ion, such as Mg?",
Ca?', Zn?', etc., M is a trivalent metal ion, such as AI**, Cr**, Fe**, Co®", etc. and A™ is an anion of
any type with charge n, such as CI, CO32_, NOj;, etc. [9, 10].

The electrostatic interactions, hydrogen bonds between layers and contents of the gallery cement the
architecture, shaping a three-dimensional structure. Diverse combinations of divalent and trivalent cat-
ions can form LDHs. For these ions, the only limitation is that their radii are not strikingly different from
those of Mg?" and AI**. The anions occupy the interlayer region of layered crystalline materials.

LDHs are increasingly explored as drug and gene carriers, since they are characterized by low toxicity,
enhanced cell penetration capacity and the ability to release transported compounds at reduced pH
values, corresponding to pH inside endosomes/lysosomes [11].

Several methods have been described for synthesis of LDHs. Co-precipitation in aqueous solution is
the most common procedure for LDH production [12]. The benefit of this technique is that several syn-
thesis parameters can be controlled independently during precipitation process (e. g. temperature and pH
of the reaction medium, concentration of the metallic salts and alkaline solution).

In the present study, we prepared artificially a novel bio-inorganic nanohybrid of Mg,Al-LDH and
biomolecule (pharmaceutically valuable cyclic di-AMP) as well as assessed application prospects of in-
tercalated LDH as a drug delivery system.

Materials and research methods. Cyclic di-AMP sample was enzymatically synthesized from
ATP as previously described [13]. Milli-Q water was used in all experiments.

The nanocomplex of cyclic di-AMP with Mg,Al-LDH was produced by co-precipitation method ac-
cording to [14], with subsequent crystallization at 75 °C in the presence of ammonium hydroxide. Briefly,
10 ml of salt solution containing 20 mM Mg(NOs;), and 10 mM AI(NO,), was added drop-wise with vigorous
stirring at room temperature to 10 ml of 10 mM NH,OH solution comprising 0.25, 0.5, 1 or 2 mM cyclic di-
AMP. The reaction slurry was aged at 75 °C for 12 h. The resulting white precipitate was collected by cen-
trifugation (20 000 g for 10 min) and washed with water until no cyclic di-AMP was detected in the superna-
tant. All the samples were air-dried at 60 °C for 5-6 h. To obtain LDH nanoparticles without cyclic di-AMP
the above procedure was performed without addition of cyclic di-AMP to solution of NH,OH.

Amount of cyclic di-AMP incorporated in nanohybrides was estimated by the following method.
A known amount of the nanocomposites was placed in a 10 ml volumetric flask and LDH layers were
dissolved with 50 mM HCI solution. Concentration of cyclic di-AMP in the solution was determined by
monitoring the absorbance at A = 259 nm (¢ = 27 000 M"-cm™!) with Solar PB2201 spectrophotometer
(CJSC Spectroscopy, Optics and Lasers — Modern Developments, Belarus).

The binding capacity of LDH in regard to cyclic di-AMP was calculated according to the following formula:

4=""1.100,
my
where 4 is the binding capacity, %; m, is the amount of cyclic di-AMP intercalated into the LDH
nanoparticles; m, is the total amount of cyclic di-AMP added into reaction mixture.
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The loading capacity of LDH in regard to cyclic di-AMP was calculated according to the formula:

E="1.100,
ms3
where E is the loading capacity, %; m, is the amount of cyclic di-AMP intercalated into the LDH
nanoparticles; m; is the amount of LDH/cyclic di-AMP nanohybrid.

The size of LDH nanoparticles was measured in collaboration with colleagues from Institute of
Bioorganic Chemistry, NAS of Belarus, by method of dynamic light scattering using DynaPro NanoStar
(Wyatt Technology, USA) in compliance with the manufacturer’s guidelines.

To measure the amount of cyclic di-AMP released from the nanohybrids, the in vitro drug release
tests were performed at room temperature by stirring a certain amount of powdered LDH/cyclic di-AMP
nanohybrids in 10 mM phosphate-citrate buffer solution (pH 4.5 or 7.4, respectively) [15]. 1 ml aliquots
of the suspension were sampled at desired time intervals, centrifuged and the cyclic di-AMP contents in
supernatant were determined by reading UV absorbance at A = 259 nm to calculate the amount of dinu-
cleotide released from the nanohybrids. The percentage released at each time point was expressed as
a fraction of the total amount of the dinucleotide.

Experimental data obtained in this research represent confidence range of arithmetic means for 95 %
probability level.

Results and its discussion. The initial investigation stage was devoted to synthesis of LDH nanopar-
ticles loaded with cyclic di-AMP. Mixing of aqueous solutions containing Mg>*, AI*" and cyclic di-AMP
according to the procedure described in the section “Materials and research methods™ resulted in the
transparent, slightly opalescent solution. The loading and binding capacity of nanoparticles in regard to
the molecules of ligand (cyclic di-AMP) and their size were chosen as the main parameters characteriz-
ing the nano products. Results of the experiment illustrated by Fig. 3 testify that increasing the
concentration of cyclic di-AMP from 0.25 to 2 mM in the reaction mixture is likely to promote the hold-
ing capacity up to 600 mg of cyclic di-AMP/g nanocomplex, reducing concomitantly the loading per-
centage from 90 to 40.
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Fig. 3. Binding of cyclic di-AMP to LDH

In order to investigate the prospects of using intercalated LDH nanohybrid as a drug delivery sys-
tem, deintercalation of cyclic di-AMP was examined under different pH values (7.4 and 4.5). These pH
parameters were chosen in line with the data that blood in the vessels is circulating at pH about 7.4, and
pH inside the lysosomes is lying in the range from 4 to 5. Sodium citrate-phosphate buffer was applied to
provide stable pH values in the appropriate range. Typical kinetic curves of cyclic di-AMP release from
the nanocomposites at different pH values are shown in Fig. 4.

The elution curves indicate fast release of cyclic di-AMP into supernatants in all samples, except one
incubated in mQ water, regardless of pH value of the solutions.
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Fig. 4. The release of cyclic di-AMP from complex with LDH in water, in buffer at pH 7.4 and pH 4.5

The obtained results match the literature data stating that the exchange ability of supplied anions
tends to augment with increasing charge and decreasing ionic radius. The order of intercalation is as fol-
lows: CO32_ > HPO42_ > SO42‘ for divalent anions [16]. It seems logical therefore that phosphate ions
show high affinity for interlayer space and can readily displace cyclic di-AMP molecules resulting in
their fast elution rate even around pH 7.4.

The experimental results show that the nanoparticles of all formed complexes differ in size (Fig. 5).

The proven fact of cyclic di-AMP liberation from LDH complexes evidences in favor of engaging
the studied system for delayed delivery of active dinucleotide to the target cells.
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Fig. 5. The size of obtained particles: empty LDH (a); cyclic di-AMP/LDH complex (b)

Conclusion. Earlier we proposed to use the inducer of endogenic interferon cyclic di-AMP as the
universal antiviral agent. The advantage of this compound over the other numerous interferon inducers
is that cyclic di-AMP represents an element of naturally evolved mechanism ensuring universal protec-
tion of vertebrata from attack of multiple viral pathogens. Unfortunately, a molecule of this dinucleotide
carries two negative charges presumably complicating its penetration within virus-infected and malig-
nant cells also charged negatively on the surface.

In literature the problem is solved by immobilizing active compounds on positively charged sup-
ports, including LDH carriers.

The present study revealed the fact of delayed cyclic di-AMP release from LDH complex in mildly
acidic media and indicated the principal possibility of applying the studied nanocomplexes for prolonged
delivery of cyclic di-AMP to target immune cells.
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