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Abstract

Recently, we have described the first supermolecular nanoentities of vitamin Ba12 derivative, viz.
monocyano form of heptabutyl cobyrinate, unique nanoparticles with strong noncovalent
intermolecular interactions, emerging optical and catalytic properties. Their nearest analogue,
heptametyl cobyrinate (ACChy), exhibits bioactivity. Here, we demonstrate the first example of

the formation of nanoparticles of this nucleotide-free analogue of vitamin Bi2 in protein
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nanocarriers and neuroprotective activity in vivo of the own nanoform of the drug. The preparation
and characterization of nanocarriers based on bovine serum albumin (BSA) loaded with vitamin
B12 (viz. cyano- and aquacobalamins) and ACCby were performed. Nucleotide-free analogue of
vitamin Baz is tightly retained by the protein structure as well and exists in an incorporated state
in the form of nanoparticles. The effect of encapsulated drugs on the character and severity of
primary generalized seizures in rats induced by the pharmacotoxicant thiosemicarbazide was
studied. Cyanocobalamin and ACChy exhibited a neuroprotective effect. The best influence of the
encapsulation on the effectiveness of the drugs was achieved in the case of ACCby, whose
bioavailability as a neuroprotector did not change upon introduction in BSA particles, i.e., 33% of
surviving animals were observed upon ACCby administration in free form and in encapsulated
state. No surviving rats were observed without the administration of drugs. Thus, BSA
nanocarriers loaded by nanoparticles of nucleotide-free analogues of vitamin Biz, including

hydrophobic ones, can be recommended for neuroprotection and targeted delivery.

Keywords:
vitamin B2 derivatives; bovine serum albumin; nanocarriers; nanoparticles, neuroprotective

properties; thiosemicarbazide

1. Introduction

Vitamin Bi2 is a necessary component for human metabolism involved in methylation of
homocysteine and isomerization of methylmalonyl-CoA [1]. Cyanocobalamin (CNCbl; Fig. 1A)
Is used to treat megaloblastic anemia, disorders of nerve myelination, liver pathology, etc.
Agquacobalamin (H20Cbl) shares the same functions as CNCbl and additionally can be used as
cyanide antidote binding cyanide to form nontoxic CNCbl [2]. Diaquacobinamide, a nucleotide-
free derivative of H2OChbl, acts as an antidote of cyanide [3], hydrogen sulfide [4], and methyl

mercaptan [5], as well as strong antioxidant [6]. The development of new effective
2



pharmaceuticals based on vitamin Bi2 [7], including semi-synthetic derivatives [8-10], and the
study of their pharmacological activities using nanoengineering carriers are promising directions
of modern pharmacology and biomedicine.

Within nanopharmaceutics, i.e., the application of nanotechnology to the preparation of
drug formulations, the development of methods for “targeted” delivery of vitamin Bi2 (e.g., to
neurons, hepatocytes, etc.) is of great importance. Encapsulation of vitamin B12 allows to reduce
vitamin losses in the presence of oxidizing agents and ensure delivery of the vitamin to target
tissues using proper selection of capsule properties. Previously, we successfully encapsulated
vitamin Bi2 in nanoengineered micron-sized polymer capsules [11]. Within the capsules, the
compound exists in the form of nanostructures. The formation of molecular assemblies at the
interfaces is a specific feature of this class of compounds [12-15]. Similar mono- and
heteromolecular nanostructures containing drugs can be prepared in vitro [16-20] with subsequent
introduction into the body for a therapeutic effect or form spontaneously when molecular solutions
are introduced. Self-assembly is a key player in materials nanoarchitectonics [21-28].
Supramolecular polymers have been created using diverse self-assembly strategies wherein
biomolecules are employed [29,30]. The possibility of the self-assembly of compounds into 2D
and 3D nanostructures possessing controlled properties was demonstrated [31-34]. Recently, we
have reported the formation in this way of supermolecular nanoentities (SMEs) of vitamin B2
derivative (viz. heptabutyl ester of aquacyanocobyrinic acid, ACB'Chy), i.e., unique nanoparticles
exhibiting strong non-covalent intermolecular interactions and possessing intriguing properties
[35]. Besides reproducing the functional properties of vitamin Bi2 complexes with proteins in
living organisms, the nanoparticles demonstrate important advantages over vitamin Biz. They are
more effective in oxygen reduction/evolution reactions and in transformations into other forms
[35]. Such nanoparticles can become an alternative form of drugs widely used in medicine (in

particular, vitamin Bi2).



In addition to nanoengineered polymer capsules, protein particles, in particular albumin
particles, could be promising carriers due to their excellent biocompatibility, wide biodegradation
possibilities and versatile functionalities [36-38]. Serum albumin is the most abundant protein in
plasma. It is a key player in enhancing the bioavailability and regulating the transport of long-
chain fatty acids, nutrients and metal ions, as well as a variety of systemically administered drugs
[39], by increasing their bioavailability and stability in biological fluids [40,41]. Its natural
properties as a blood transporter widen up the perspective of aloumin loading and/or conjugation

with various therapeutic payloads to enhance their pharmacokinetics.
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Fig. 1. Structures of vitamin B12 (A; cobalamins, X = CN-, H20 and others) and its nucleotide-free

analogue (B; heptamethyl ester of aguacyanocobyrinic acid X12 = H20, CN")

Comparative chemoreactome modeling of biological properties of CNCbl and its
derivatives (H20Cbl, heptamethyl ester of aquacyanocobyrinic acid and stable yellow corrinoid)
showed that these compounds are not toxic and may exhibit neuroprotective effects [42]. We
indicated that a semi-synthetic slightly hydrophobic derivative of vitamin B12 (heptamethyl ester
of aquacyanocobyrinic acid, ACChy; Fig. 1B) exhibits biological activity in vivo [43]. The
investigation of the properties of these compounds incorporated into protein nanocarriers

represents considerable interest. As the material of carriers, bovine serum albumin (BSA) can be



used. Note that reactions of vitamin Bi2 and its derivatives with BSA have been investigated in
depth [44-47]. In particular, H20Cbl and ACCby form complexes with BSA predominantly via
lysine side chains; however, the binding occurs relatively weakly [44,45], which makes the loading
of BSA molecules by these complexes inefficient. The loading of vitamin B2 or its derivatives
may be improved by using semi-artificial BSA particles.

This work was aimed at the fabrication of BSA-derived submicron particles containing
vitamin Bi2 (in cyano and aqua-forms) and its nucleotide-free analogue and the characterization
of their properties, including the state of the drug and its interaction with the carrier. In particular,
an extensive investigation of the characteristics of the BSA particles was performed by SEM, AFM
and absorption spectroscopy methods, and their biological properties were evaluated. The toxicity
of nucleotide-free derivative of vitamin Bi2 and BSA particles containing the derivative was tested
on fibroblasts. Using a model of thiosemicarbazide-induced seizures in rats, the pharmacological
effects of nanocarriers with these compounds were assessed, including histological analysis and

comparison of the therapeutic effect of drugs upon administration in BSA carriers and in free state.

2. Materials and methods

2.1. Materials

Cyanocobalamin (> 98%; Sigma-Aldrich), hydroxocobalamin hydrochloride (> 96%; Sigma-
Aldrich), bovine serum albumin (heat shock fraction, pH 5.2; > 96%; Sigma-Aldrich), 0.9%
sodium chloride solution (Escom NPK, Russia), phosphate saline buffer solution (Amresco) were
used as received. Heptamethyl ester of aquacyanocobyrinic acid was synthesized according to

reported procedure [45].

2.2. Fabrication of BSA particles



20 ml of CaClz solution containing 20 mg of bovine serum albumin was stirred in a 100 ml beaker
for 1 min. Then 20 ml of Na2COs was quickly added with vigorous stirring for 30 s at room
temperature. The resulting protein/CaCOs particles were separated by centrifugation at 3000 x g
for 3 min and washed twice with 0.9% NaCl solution. The particles were suspended in a solution
of glutaraldehyde (GA) (final concentration 0.1%) and incubated at room temperature for 1 h,
followed by centrifugation at 3000 x g for 3 min. The remaining unbound GA groups in the
particles were reduced using NaBH4, and then the CaCO3 matrix was removed by treatment with
a solution of ethylenediaminetetraacetic acid (EDTA) (0.25 M, pH 7.4) at room temperature for
30 min. The resulting protein particles were centrifuged, washed 3 times, and resuspended in saline

for further use.

2.3. Encapsulation of vitamin B12 and its derivatives into the BSA particles and release

The equal volumes (250 ul) of the BSA particles were incubated in the aqueous solution of CNCbl
or H20Cbl and in ACChby ethanol solution (= 5 mM). After stirring for 2 hours, the particles were
isolated by centrifugation and the supernatant was analyzed by spectroscopy.

Quantities of complexes incorporated into protein particles were determined
spectrophotometrically (using absorption values at 361, 350 and 365 nm for CNCbl, H2OCbl and
ACChy, respectively). The loading capacity was determined as the ratio of the mass of the
encapsulated substance (mg) to the total mass of particles used during sorption.

To determine the release of substances from protein particles, samples were placed in test tubes
with saline solution and incubated on a shaker (1000 rpm, IKA MS 3 basic) to prevent
sedimentation. After certain periods of time the tubes were removed from the shaker, the
suspension was centrifuged (1 min, 5000 rpm), and the supernatant was collected for
spectrophotometric study. To determine the release of substances in the presence of pronase, 100

ul of pronase solution (1.7 mg/ml) was added to an aliquot of particles (100 pl).



2.4. Methods employed for investigation of BSA nanocarriers

The particle size distribution and &-potential were investigated by dynamic light scattering (DLS)
using a Zetasizer Nano ZS (Malvern Instruments). The size value was calculated from eight
independent measurements (20 consecutive measurements for each determination). The &-
potential was evaluated from five consecutive measurements.

Analysis of the size, shape and surface morphology was carried out using VEGA 3 SBH
(TESCAN, Czech Republic) and JSM-7401F (JEOL) at a voltage of 5 kV in the secondary electron
detector mode scanning electron microscopes.

UV-vis spectra of solutions were recorded using Shimadzu UV-1800 spectrophotometer. Lambda
650 Perkin Elmer spectrophotometer was used to determine loading and release of complexes from
BSA particles. UV-vis spectra of loaded particles were recorded using Cary 5000 (Varian)
spectrophotometer with DRA-2500 integrating sphere. 10 mm fluorimeter quartz cuvettes were
used.

AFM images were acquired with the Ntegra probe microscope of the NTMDT-SI company.
NSGO1 probes with a resonant frequency of 125-160 kHz and an elastic stiffness of 6.3-14 N/m
were used. The scanning was performed in semi-contact mode with a frequency of 0.3-1 Hz.
Differential scanning calorimetry (DSC) experiments were carried out on a Netzsch STA 449F1
synchronous thermal analyzer in platinum crucibles with pierced lids. The samples were heated in

an air atmosphere at a rate of 15 K/min.

2.5. Cell Culture

The immortalized human fibroblasts BJ-5ta cell line was maintained in 25 cm? polystyrene flasks
in the DMEM medium supplemented with 10% FBS and gentamycin (50 pg/ml) at +37°C in a
humidified atmosphere containing 5% COz. The cells were replated using trypsin-EDTA solution

twice per week.



2.6. Cytotoxic Activity Analysis

BJ-5ta cells were seeded in 96-well plates (3000 cells per well) 24 h before the experiment and
incubated under standard conditions. The samples were added in triplets and then incubated under
standard conditions for 72 h. Cells photo were taken at 1, 24, 48, 72 h of incubation by Nikon
Diaphot phase contrast microscope at 40x magnification and a Levenhuk M1400Plus camera. We
applied standard MTT assay to evaluate cells survival. Each well was supplemented with 50 pl of
MTT solution (1 mg/ml) in the serum-free DMEM and incubated during 4 h. Next, the medium
was aspirated, precipitated formazan crystals in each well were dissolved in 100 ul of DMSO, and
the light absorption was measured at 540 nm using a microplate reader (Bio-Rad 680). Cell
viability was determined as the percent of untreated control. Survival curves plotting, IC50 values
calculation, and statistical analysis were performed in Excel (Microsoft Corporation, Redmond,

WA, USA) and OriginPro (version 2020b, OriginLab Corp., Northampton, MA, USA).

2.7. Cytotoxic activity (Annexin'V - FITC/PI staining)

The following samples were used throughout the experiments: C - control cells; 1 — ACCby (0.04
and 0.2 mM); 2 — BSA particles loaded with ACChby (4.3 mg/ml, 0.87 mg/ml) (5% ACCby
content); 3 — empty BSA particles (4.3 mg/ml, 0.87 mg/ml). Samples 2 and 3 were dissolved in
culture medium, sample 1 was dissolved in DMSO to prepare stock solution.

50000 cells were cultured in 12-well plate in 1 ml of medium 24 h before the experiment. The next
day, samples were added. Cells were stained with annexin V -FITC/PI after 48 and 72 h of
incubation and were analyzed with DaKo CyAn ADP flow cytometer. Briefly, cells were detached
after incubation with Trypsin-EDTA solution, washed 2 times with cold PBS and resuspended in
100 pl of binding buffer (3-10° cells). 5 ul of Annexin V-FITC and 10 ul of PI solution were added
to the cells suspension and incubated without light access for 15 min at room temperature. After

incubation, 400 pl of binding buffer was added to the samples and analyzed using flow cytometer



(A 488 nm excitation, 530/40 nm bandpass filter for FITC and A 488 nm excitation, 613/20 nm

bandpass filter for PI).

2.8. Neurological tests

The study was carried out on 24 white male rats weighing 200-300 g in accordance with “Rules
of good laboratory practice” (Appendix to the order of the Ministry of Health of the Russian
Federation No. 199n dated 04/01/2016) and allowed by the local ethical committee of Ivanovo
State Medical University. During the studies, animals were kept under standard conditions in
accordance with Directive 2010/63/EU of the European Parliament and of the Council of the
European Union of 22 September 2010 concerning the protection of animals used in scientific
studies. Indoor air control was in compliance with environmental parameters (temperature 18-26
°C, humidity 46-65%). The rats were kept in standard plastic cages with bedding; the cages were
covered with steel lattice covers with a stern recess. The floor area per animal met regulatory
standards. The animals were fed in accordance with Directive 2010/63/EU. The animals were
given water ad libitum. The water was purified and normalized for organoleptic properties in terms
of pH, dry residue, reducing substances, carbon dioxide, nitrates and nitrites, ammonia, chlorides,
sulfates, calcium and heavy metals in standard drinkers with steel spout lids.

The study is based on a comparative study of 4 groups of observations. In the control group
(represented by 6 rats), the animals were intraperitoneally injected with the physiological saline of
BSA particles, then the model of primary generalized seizures caused by thiosemicarbazide was
reproduced. In the 2", 3 and 4™ groups (6 rats in each), animals were intraperitoneally injected
with the physiological saline of cyanocobalamin, aquacobalamin, and hydrophobic derivative of
vitamin B12 (ACCby) respectively, loaded BSA particles for 18 days, and on the 19th day they

induced convulsions - thiosemicarbazide was administered at a dose of 28 mg/kg body weight.

2.9. Pathohistological studies



Sectional material was obtained by simultaneous decapitation of laboratory animals 90 minutes
after the reproduction of primary generalized seizures. By means of craniotomy, the entire brain
was removed and fixed in a 10% solution of neutral formalin; after 1 day, the area of the precentral
gyrus of the forebrain, the cerebellum, and the brain stem were isolated using frontal incisions.
After secondary fixation and washing of the material, wiring (dehydration) of the nerve tissue was
carried out using 99% isopropyl alcohol. Subsequently, pieces of the brain were embedded in
paraffin and histological sections 5-6 pm thick made on a Microm sled microtome were stained
with hematoxylin and eosin. Duplicate sections were stained using the Biovitrum reagent kit using

the Nissl method.

2.10. Statistical analysis

In cell analysis survival curves plotting, IC50 values calculation, and statistical analysis were
performed in Excel (Microsoft Corporation, Redmond, WA, USA) and OriginPro (version 2020b,
OriginLab Corp., Northampton, MA, USA). Graphs in “logarithm of concentration-viability”
coordinates were analyzed by nonlinear methods in OriginPro-8 and IC50 was calculated first in
ug/l, then in mmol/l. Morphometric analysis of structural changes in neurons was performed by
direct counting of histological features.

For the studied parameters, the mean and standard deviation (M£S.D.) were calculated. Statistical
analysis and the significance of other intergroup differences was estimated out using the Kruskal-
Waliss-Dunn test (i.e., Kruskal-Wallis multiple comparison P-values with Bonferroni correction;
applying the Kruskal-Wallis test to assess the statistical significance of differences in the medians
of three or more independent groups, followed by Dunn's test). The differences were considered

significant at a significance level of 0.05.

3. Results and discussion
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3.1. Formation and characterization of BSA particles loaded by vitamin Bi2 (cyano- and
aquacobalamins) and its nucleotide-free analogue (heptamethyl ester of aquacyanocobyrinic
acid).

Figure 2A provides the scheme of BSA particles synthesis. Formation of calcium carbonate
from calcium chloride and sodium carbonate in the presence of BSA leads to simultaneous
trapping of protein molecules. Successive cross-linking of BSA molecules immobilized into
CaCOs pores by glutaraldehyde allows to conserve shape and size of produced BSA particles after
dissolution of inorganic matrix. Using this procedure, we prepared stable BSA particles with
average diameter of 955 um (PDI 0.448; Fig. S1). SEM images (Figs. 3A,B) indicate that the
particles have elongated shape and can be easily dispersed in aqueous solutions due to existence
in a non-aggregated state. The colloidal stability of the particles was evaluated by monitoring their
size during storage at 4°C. Storage for 2 months resulted in a slight increase in size from 955 to
1080 nm, which could be attributed to insignificant aggregation of colloidally stable particles.

Next, vitamin B2 (CNCbl), its aqua-form (H20Cbl), and its nucleotide-free analogue
(ACCby) were adsorbed in BSA particles. Using UV-vis spectroscopy, we determined loading
capacity of BSA particles, to be 0.026, 0.077 and 0.051 mg of complex per mg of BSA for CNCbl,
H20Cbl and ACChy, respectively. The lowest loading capacity of CNChl compared to other
species can be explained by its weak interaction with BSA matrix, i.e., it does not form
coordination bonds with protein residues and aggregates or nanoparticles (vide infra). We
determined values of zeta potential for surface of particles before and after loading complexes
(Table 1). BSA particles in water (pH 6) exhibit slightly negative potential -9 mV that agrees with
the zeta potential of free BSA, which has negative charge at physiological conditions [48]. Binding
of vitamin Ba2 affects the value of zeta potential, whereas the changes of zeta potential are more
pronounced in the case of incorporation of its aqua-form (-24 mV) and nucleotide-free analogue
(-17 mV). These results indicate weak structural changes of BSA particles upon binding of cyano-

form of vitamin B12 and high structural changes for complexation with its aqua-form and ACCby.
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Fig. 2. Scheme of synthesis of BSA nanoparticles with subsequent loading of vitamin Ba2, its aqua-

form and nucleotide-free analogue.

Table 1. Values of zeta potential of BSA particles at pH 6

Sample Zeta potential, mV
Empty BSA particles -9
BSA particles + vitamin Bi2 (cyanocobalamin, CNCbl) -14
BSA particles + aqua-form of vitamin B2 -24

(aquacobalamin, H20Cbl)
BSA particles + nucleotide-free analogue of vitamin B2 -17
(ACChy)

SEM study of samples morphology (Fig. 3) confirmed the strong interactions of

aquacobalamin and its nucleotide-free analogue with BSA particles.
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SEMHV: 50 kV Stage Temp,: -
View field: 1566 um Det: SE 2 ym

Fig. 3. SEM images of empty BSA particles (A), empty BSA particle (B) and their group (C) on
the enlarged scale [red rectangle in (A)]. BSA particles loaded by aqua-form of vitamin B2 (D),

BSA particles loaded by nucleotide-free analogue of vitamin B12 (E).

Comparing images for empty particles (Fig. 3A) and particles loaded with aqua-form of
vitamin B2 (Fig. 3D) indicates that shape of empty particles is an ellipse (Fig. 3B, 816 nm x 614
nm), the shape of filled ones is close to spherical. Merging of individual particles is not observed.

A ‘necklace’ (near 600 nm) consisting of H2OCbl beads (hano-sized particles of around 100 nm)

13



surrounds the BSA particles in places of particles contact (Fig. 3D), although they may be formed
upon drying containers on the silicon surface.

In the case of nucleotide-free analogue of vitamin Biz, high loading of BSA particles is
visually observed; in this case, the containers are partially merged (Fig. 3E), which can be
explained by the partial unfolding of molecules upon the ACCby binding producing hydrophobic
sites on the surface and the strong contact of hydrophobic sites of neighboring molecules. On the
surface of containers ACCby particles with a diameter of 30-100 nm (Fig. 3E) can be observed.
They may emerge on the surface of the containers upon drying or exist on the surface in solution.
Taking into account notable changes in zeta potential (Table 1) of BSA particles after loading with
ACCby and H20Cbl, which reflects changes in their surface properties, their partial merging in
solution is likely. This suggestion is supported by the absence of merging of empty BSA particles

as well (Fig. 3A).

1,5 um

10

nm
—
nm

10
10

Fig. 4. AFM images of BSA particles loaded by the nucleotide-free analogue of vitamin Bi2: (A)

immediately after applying the solution of BSA particles to the silicon surface, (B) the particles
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on an enlarged scale [red rectangle in A], (C) dried BSA particles by the nucleotide-free analogue

of vitamin Bz, (D) the profile corresponding to the red line in (C).

BSA particles loaded with ACCby were investigated using AFM (Fig. 4). Figs. 4 A and B
support merging of two BSA particles loaded with ACCby and the presence of ACChy
nanoparticles on the surface of containers. In dried containers (Fig. 4 C), ACCby nanopatrticles are
well observed. Size of nanoparticles determined using profile indicated in Fig. 4D is 30-100 nm.

Next, we studied incorporation of vitamin Bz, its aqua-form, and nucleotide-free analogue
using UV-vis spectroscopy. In the case of vitamin Bi2 (CNCbl), UV-vis spectra of species in
agueous solution and in containers are very close (Fig. 5A) indicating absence of strong interaction
between CNCbl and BSA particles. UV-vis spectra of aqua-form of vitamin Bi2 (H20Cbl) in
aqueous solution and H20CDbl incorporated in BSA particles differ significantly (Fig. 5B), i.e.,
binding with BSA shifts a-band from 526 to 560 nm. The spectrum H2OCbl bound with BSA
particles is characteristic to Co(ll1)-thiolate species [49,50] (e.g., to the complex of Co(lll)-form
of Cbl with cysteine, Fig. 3B). Note that the reaction between H20Cbl and native BSA does not
result in the formation of thiolato-complex [44]. The origin of cysteine residue in BSA particles
binding H20Cbl is unclear, i.e., BSA contains only one unoxidized cysteine (Cys43) [51] or
cysteine can be generated via the reduction disulfide bonds by sodium borohydride used in the
synthesis of BSA particles. However, the complex of H2OCbl with reduced BSA is unstable [44]
that contrasts to stable thiolate complex with BSA particles. In the case of nucleotide-free analogue
of vitamin B12 (ACCby), the UV-vis spectrum in aqueous solution differs from that of the complex
with BSA particles (Fig. 3C). Moreover, for the encapsulated ACChby, the UV-vis spectrum is
distinct from that for ACCby-BSA complex (viz. the mixture of amino and imidazole-bound
species [45]). However, the UV-vis spectrum of ACCby in BSA carriers is the same as the
spectrum of nanoparticles of ACBUCby, a close homologue of ACCby generated at the air-water
interface and transferred onto quartz plates using Langmuir-Schaefer (LS) technique recently

15



reported by us [35, 52]. Thus, we assume that nanoparticles of nucleotide-free analogue of vitamin
B12 formed in BSA particles due to self-assembly in confined space at the nanolevel, i.e., the

process resembling SMEs formation at the air-water interface.

0.15 —— H,0Cbl in BSA particl
0.204 A —— CNCbl in BSA particles B 2 n paricies
——CNCbl ——H,0Cbl
—— Cbl complex with Cys
0.15 4 OH
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o 354 = - | = H,0Chbl
5} 358 )
5 L 1 = g0 4 ACChy
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Fig. 5. UV-vis spectra of vitamin Bi2 (CNCbl; A), its aqua-form (H20Cbl; B), and nucleotide-free
analogue (ACChy; C) species relevant to this study. Insets: the complex of H2OCbl with cysteine
(B) and quartz plate covered by LS film of ACB“Cby SMEs (C). (D) CNCbl, H.OCbl and ACCby
release curves from BSA particles in physiological solution fitted to exponential equation. Fitting
gives rate constants of (5.0 + 0.1) and (0.55 * 0.20) h** for CNCbl and H2OCbl release,

respectively.

Using all received data, the following conclusions can be drawn: (i) the mode of
binding/incorporation of the studied complexes in BSA particles depends on their structure, i.e.,
CNCDbl weakly interacts with the protein matrix, H2OCbl produces a strong complex with cysteine

residues, and ACCby forms nanoparticles, which is important for their release in vivo and
16



bioavailability as drugs; (ii) the surface properties of BSA particles might be altered upon
incorporation of vitamin Ba2 or its derivatives, which leads to partial merging of containers.

Next, the loading of BSA particles with CNCbl and ACCby was studied using differential
scanning calorimetry. Native BSA participates in two independent unfolding events at the thermal
midpoints of 56 (a major transition) and 69 °C ([53]; DOI 10.1023/A:1022851809481). In the case
of empty BSA particles, the single transition occurs at ca. 64 °C (Fig. S2). Thus, a cross-linking
BSA molecules may facilitate its resistance to unfolding. Incorporation of CNCbl to the particles
leads to significant decrease in intensity of peak on the DSC curve, whereas ACCby loading
notably increases intensity of the DSC peak and shifts it to 73 °C (Fig. S2). This result may be
explained by the partial merging of the BSA particles loaded with ACCby observed by SEM (Fig.
3E), i.e., addition of ACCby species facilitates the partial unfolding of BSA particles and produces
hydrophobic sites on their surface. Shifting of the DSC peak to higher temperatures upon
incorporating ACCby resembles binding of fatty acids by domain I11 of BSA [53], which may be
involved in the hydrophobic interactions with ACCby as was suggested on the basis of
spectroscopic data (Fig. 5). Moreover, in the case of BSA particles loaded by ACCby, heating may
lead to reduction of Co(ll1) center to Co(ll) species.

We studied release kinetics of vitamin Biz, its aqua-form, and nucleotide-free analogue
from BSA particles to the saline solution. 83% of CNCbl is released from the containers within 30
minutes; more than 90% of the encapsulated substance is released in 1 hour (Fig. S3A). In the case
of H20Cbl, 16% of the complex is escaped from the BSA particles for 24 hours and no further
release occurs (Fig. S3A), which can be explained by high strength of Cbl(I11)-S bond [54].
Release of CNCDbl and labile fraction of H2OCbl is described by the first order model (Fig. 5D),
and the rate constants of the processes involving CNCbl and H20Cbl are (5.0 £ 0.1) and (0.55 +
0.20) h'%, respectively. The half-time of CNCbl and H20Chbl (a labile fraction) release is (0.14 +
0.01) and (1.5 £ 0.5) h, respectively. ACCby remains bound with BSA particles under the selected

conditions. Thus, SEM data and release experiments indicate that ACCby forms nanoparticles in
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the pores of the BSA particle, which are efficiently retained by the protein structure. These
nanoparticles themselves do not have specific interactions with BSA. We believe that they are
present in the pores of BSA due to their size and hydrophobic interactions. Note that the model
conditions used to study the release of complexes differ significantly from in vivo conditions.
Further model experiments on the release of H2OCbl and ACCby included the hydrolysis of the
protein matrix of particles by the mixture of proteases (viz. by pronase). Pronase destroys almost
all peptide bonds in proteins and peptides [55]. Optical microscopy showed the dissolution of BSA
particles within 2 hours as a result of hydrolysis by pronase, leading to the release of encapsulated
complexes into the solution. Interestingly that UV-vis spectrum of H2OCbl after the release is the
same as in the particles (Fig. S3B), i.e., it is escaped as thiolate complex.

Prior to examination medicinal properties of BSA particles loaded with vitamin B2 and its
nucleotide-free analogue, we attempted to determine cytotoxicity of ACChy and its encapsulated
version on fibroblast cells (note that cyano- and aquacobalamins are non-toxic). The nucleotide-
free analogue of vitamin Bi2 exhibited a noticeable toxic effect at concentrations above 0.35 mM,
and the IC50 value was 0.401 mM (Fig. S4A). However, these concentrations cannot be reached
for the encapsulated version of the drug. Thus, empty BSA particles and particles loaded with the
drug had no significant cytotoxic activity against fibroblasts (Fig. S4B).

We analyzed the ability of free and encapsulated ACCby to stimulate the formation of
necrotic and apoptotic populations after 48 and 72 h of incubation (Fig. S4). Necrotic populations
were almost completely absent in all samples, which is most likely due to the incubation method
and cell samples treatment - cells were adhered on culture plates during incubation and washed
before staining, which allowed to detach poorly adhered late apoptotic or necrotic cells. However,
the observed apoptotic populations allowed us to compare the toxicity of the samples.

In control samples, the formation of apoptotic cell populations was observed after 48 and
72 hours at a level of 5-8% (Fig. S5). After 48 hours of incubation with empty BSA particles,

about 14% of cells were observed in the apoptotic stage and 17-18% after 72 hours. A similar
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picture was observed for BSA particles containing ACCby: after 48 hours, the value of apoptotic
populations was 10-12%, and after 72 hours — 16-17%. With respect to the ACCby, the cells
showed a more sensitive phenotype, especially after 72 hours of incubation: after 48 hours, the
value of apoptotic populations was 14-17%, and after 72 hours — 34-40%. Note that no obvious
dose-dependent effect was observed for all studied samples. The obtained data indicate that the
inclusion of the ACCby in the BSA particles likely reduces the toxic effect of the compound on
cells. Furthermore, we observed no obvious differences between treated by free and encapsulated
ACCDby and control cells during microscopy (Fig. S6).

For further experiments involving animals, an encapsulated form of nucleotide-free
vitamin B12 analogue was introduced in concentrations (30 pg/ml) that are within the range utilized

for assessing cytotoxicity (i.e., in non-toxic doses).

3.2. The effects of CNCbl, H20OCbl and ACChy encapsulated in BSA particles on a model of

primary generalized seizures in rats

Next, the study was performed using four groups of rats. In all groups, BSA particles (i.e.,
empty BSA particles and particles loaded by CNCbl, H2OCbl and ACChy) were preventively
administered to the animals for 18 days animals. After the administration of BSA particles, a single
injection of thiosemicarbazide was carried out. In the control group (n=6), empty BSA particles
were introduced, BSA particles containing CNCbl, H20OCbl and ACChy were introduced in the
other groups (n=6 for each group).

In animals of the control group, when thiosemicarbazide was administered at the indicated
dose, primary generalized convulsions were observed in 100% of cases in the form of flinching,
manege running, clonic convulsions, tonic-clonic convulsions with a lateral position, and tonic

extension. Mortality in this group was 100%.
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Administration of CNCbl loaded in BSA particles did not significantly reduce the severity
and intensity of convulsive attacks compared to the control group (Table S1), but mortality
decreased (67%). In the group of animals that received particles loaded with aquacobalamin,
duration, nature and severity of seizures were the same as those in the second (received CNCbl)
and fourth (received ACChby) groups of animals, no significant differences were observed.
However, mortality was reduced (67%) in the group of rats that were administered BSA particles
with ACCby.

In all observations of the control group after the reproduction of primary generalized
seizures, the studied parts of the brain had significant circulatory disorders, characterized by stasis
of erythrocytes in the capillaries, the formation of fibrin-erythrocyte thrombi in the lumens of small
veins of the gray and white matter of the brain, paresis and congestion of the veins with the
development of pronounced perivascular swelling of the nervous tissue (Fig. 6A). In the pial and
intracerebral arteries, changes in the contours of the elastic intimal membrane were noted against
the background of narrowing of the lumen of the vessels, which characterizes persistent spasm of
the arterial link (Fig. 6B). In conditions of impaired vascular permeability, in 4 of 6 cases in the
control group, hemorrhagic impregnation of the pia mater of the cerebrum was detected.

Pathohistological examination of the gray matter of the cerebral hemispheres and
cerebellum revealed the predominance of ischemic type of neuronal damage. In many fields of
view, entire groups of pycnomorphic and hyperchromic neurons with signs of neurophagia were
found with an increase in the activity of microglial elements in the damaged areas (Fig. 6C). At
the same time, some neurons were characterized by acute swelling with vacuolization of the
cytoplasm, focal or diffuse chromatolysis (Fig. 6D).

In the group of rats, which received a solution containing encapsulated CNCDbl, circulatory
disorders in microvasculature were characterized by diffuse focal hemostasis in the capillaries,
congestion of the intracerebral and pial veins, moderate pericapillary edema of the nervous tissue

of the cortex and white matter of the cerebral hemispheres and brain stem (Fig. 6E). The lumen of
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the extracerebral arteries of the muscular type was slightly narrowed due to contraction of the
muscle layer (Fig. 6F).

Analysis of structural changes in neurocytes showed a decrease in the number of
irreversibly damaged cells of the ischemic type (Fig. 6G), structural changes in nerve cells were
largely reversible (in the form of focal fusion of Nissl lumps, formation of vacuoles in the
cytoplasm, moderate swelling of the nucleus and axonal process, see Fig. 6H). In all observations,
separate zones, where neurocytes remained intact, were identified.

With the introduction of BSA particles loaded with H2OCbl, circulatory disorders in the
brain of animals were characterized by moderately pronounced spasm of small-caliber arteries,
hemostasis in the vessels of the central nervous system and perivascular edema of the nervous
tissue (Fig. 61); in the second and fifth observations, single small-focal hemorrhages in the nervous
tissue were found (Fig. 6J). Neuronal damage took the form of both local irreversible and
widespread reversible changes. Among the irreversible changes, the ischemic variant
predominated. In single pyramidal neurons and Purkinje cells, hyperchromia and homogenization
of the cytoplasm, karyopyknosis were observed, pyramidal neurons lost their usual geometric
shape, piriform neurons had swollen, tortuous axons (Fig. 6K). Along with ischemic damage,
individual neurocytes showed signs of acute swelling with the disappearance of Nissl lumps.
Reversible changes in nerve cells were noted; they prevailed over deep damage, which was
characterized by swelling and deformation of the nuclei, diffuse small-focal chromatolysis of the

cytoplasm (Fig. 6L).
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Lumens of small vessels Pyramidal neurons Piriform neurons

Arteries

Control (BSA)

BSA+aqua-B12 BSA+B12

BSA+ACChy

Fig. 6. Histological analysis of brain tissue using nanoencapsulated vitamin B2 derivatives in the
thiosemicarbazide model of seizures. Hematoxylin and eosin staining, magnification x480 (slides
A, B, E, F, 1,J, M, N). Staining with toluidine blue according to Nissl, magnification x1200 (slides
C, D, G, H, K, L, O, P). A) Fibrin-erythrocyte thrombi in the lumens of capillaries and venules
(“a”), congestion of the veins, perivascular edema of the nervous tissue of the forebrain cortex
(“b”). (B) Spastic condition of the pial artery. (C) Pyknotic hyperchromatic pyramidal neurons
(“a”), proliferation of microglia, beginning of the formation of a neurophagic nodule (“b”). (D)
Focal hydrolysis, vacuolization of the cytoplasm of piriform neurons of the cerebellum. (E) Stasis
of erythrocytes in the lumens of capillaries and venules, moderate perivascular edema of the
nervous tissue of the cerebral hemispheres. (F) Moderate spasm of the intracerebral artery. (G)
Focal irreversible damage to the forebrain pyramidal neuron. (H) Homogenization of the
cytoplasm, moderate swelling of the brainstem neuron nucleus (“a’), axonal edema (“b”). (I) Stasis

of erythrocytes in the capillaries (“a”), congestion of the venule, perivenular edema of the nervous
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tissue (“b”). (J) Small focal diapedetic hemorrhage in the cerebral cortex. (K) Hyperchromic
pycnomorphic pyramidal neurons against the background of microglial proliferation. (L)
Reversible changes in piriform neurons with diffuse small focal chromatolysis. (M) Stasis of
erythrocytes in capillaries (“a”), pronounced perivascular and pericellular edema of the nervous
tissue of the brain stem (“b”). (N) Moderate spasm of the pial arteries (“a”), paresis and congestion
of the pia mater veins (“b”). (O) A group of hyperchromic, pycnomorphic pyramidal neurons with
deformation and swelling of axons. (P) Death of a piriform neuron with a perifocal reaction of

neuroglia (the so-called neurophagic nodule).

When BSA particles with ACCby were administered, more pronounced circulatory
disorders were noted in the form of diffuse focal hemostasis in capillaries and venules, perivascular
and pericellular edema of the nervous tissue (Fig. 6M). Spasm of the pial and intracerebral arteries
persisted, the severity of which was comparable to changes in group 4 (control) (Fig. 6N). Damage
to neurons in the cerebral hemispheres and cerebellum was diffuse-focal in nature with a
predominance of ischemic changes in the form of hyperchromia and a decrease in the volume of
cytoplasm while maintaining the nuclei (Fig. 60); the death of individual neurons was
accompanied by an active reaction of microglia with the formation of neurophagic nodules (Fig.
6P). Morphometric analysis of structural changes in neurons confirmed a slight decrease in
irreversible changes in neurons in all groups receiving BSA particles with CNCbl, H20Cbl and
ACChy (Table S2).

Therefore, we assume that release of vitamin Bi2 and its derivatives from BSA particles
may proceed via two routes, i.e., (i) a direct dissociation of CNCbl from the particles, and (ii) a
preliminary proteolysis in the blood or tissues of the particles and further liberation of ACChby.
Next, transcobalamin 11 binds CNCbl and transports it inside cells. Further intracellular processing
converts CNCDbI into cofactor forms [56]. The activity of methylmalonyl-CoA mutase utilizing

adenosylcobalamin as a cofactor is important for neuroprotection, i.e., this enzyme is involved in
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the conversion of toxic methylmalonic acid to succinic acid [1]. Note that methylmalonic acid
possesses neurotoxicity and can induce oxidative stress [57]. The in vivo action of ACChy does
not depend on cobalamin-dependent proteins [58,59] and its action may be mediated by unspecific
reactions with biomolecules. In the case of BSA particles loaded with H20CDbl, their proteolysis
leads to formation of H20Cbl complex with unhydrolyzed part of protein, which, apparently,
cannot be utilized by cobalamin-dependent proteins. This fact explains absence of neuroprotective
effect of BSA particles loaded with H2OCbl.

Thiosemicarbazide causes reversible seizures by modulating GABAergic processes via
inhibiting glutamic acid decarboxylase [60]. Cobalamins and their nucleotide-free analogue do not
react directly with thiosemicarbazide [43]. However, administration of thiosemicarbazide
derivatives can cause oxidative stress [61]. Cobalamins and their derivatives possess pronounced
antioxidant properties [10,62]. Thus, we hypothesize that corrinoid-assisted detoxication of
thiosemicarbazide may be caused by their ability to ameliorate oxidative stress. Note that CNCbl
can exhibit simultaneously functions as an antioxidant [62] and the precursor of the

methylmalonyl-CoA mutase cofactor [1], which detoxifies methylmalonic acid.

4. Conclusion

Here, we showed that vitamin Bi2 (cyano- and aquacobalamins) and their nucleotide-free
analogue can be successfully encapsulated in BSA particles. Cyanocobalamin is weakly retained
by BSA particles and relatively freely escapes to the solution, whereas aquacobalamin strongly
binds with thiol groups of the particles, and its release to the solution requires proteolytic
destruction of the carriers. Notably both from a fundamental and applied point of view, that
heptamethyl ester of aquacyanocobyrinic acid (ACCby), a weakly water-soluble derivative of
vitamin Baz, is present in the BSA containers in the form of nanoparticles resembling those
generated by its close homologue (viz. heptabutyl cobyrinate) due to self-assembly in confined

space at the nanolevel at the air-water interface [35]. This own nanoform of the drug allows it to
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avoid strong interaction with the BSA matrix and reach therapeutic effects comparable to those of
free ACChy.

Using the model of primary generalized seizures in rats induced by the pharmacotoxicant
thiosemicarbazide, we showed that administration of BSA carriers with cyanocobalamin and
ACCby exhibit a neuroprotective effect. The best influence of the encapsulation on the
effectiveness of the drug was achieved in the case of ACCby, whose bioavailability as a
neuroprotector did not change upon introduction in BSA particles, i.e., 33% of surviving animals
were observed upon ACChy administration in free form and in encapsulated state. No surviving
rats were observed without the administration of drugs. Probably, BSA particles undergo partial
or complete proteolytic destruction in tissues or blood, which leads to release of drugs. Regarding
the mechanism of neutralizing thiosemicarbazide toxic effects, we hypothesize that it may proceed
via scavenging of reactive oxygen or other species produced upon thiosemicarbazide metabolism
by vitamin Bz or its derivatives, whereas CNCbl, in addition to the former, acts as the precursor
of the methylmalonyl-CoA mutase cofactor, which detoxifies methylmalonic acid.

The results indicate that BSA particles loaded with vitamin B12 derivatives may represent
a medicinal interest. In particular, targeted delivery of vitamin Bi2 derivatives utilizing BSA-based
carriers is of special interest. For example, the carriers may be loaded with forms of vitamin B12
containing fluorescent or radioactive labels for visualizing required cells [63,64], antivitamins
acting as inhibitors of cobalamin-dependent processes, donors of cytotoxic species [65], or their
combinations for nanotheranostics purposes (e.g., for simultaneous imaging and destruction of
cells). Modification of BSA particles for efficient targeted delivery of cytotoxic vitamin B2
derivatives, in particular, to specific tumor cells represents interest for additional research. Further
studies can be aimed at determining the kinetic parameters and mechanisms of vitamin Bi2 and its
derivatives release from BSA particles under in vivo conditions (including assessing the stability
of BSA particles in blood and tissues, inflammatory stimulation, immune activation, protein

expression etc.), which can be achieved via labeling their structures (e.g., using fluorescent labels).
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Moreover, the mechanisms of the in vivo action of vitamin Bi2 semi-synthetic derivatives are

poorly understood, and additional work is required to elucidate them.
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Highlights

Vitamin B2 (B12) and its derivatives were successfully encapsulated in BSA particles.

Agquacobalamin strongly binds with the thiolate residues of the BSA particles.
The hydrophobic derivative of Bi2 (ACCby) forms nanoparticles in the carriers.

The BSA with ACCby shows the same neuroprotective effect in vivo as the free drug.

The promises of using of such systems for nanotheranostics purposes are discussed.
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