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Abstract: Vitamin B12 (B12), a crucial water-soluble vitamin, plays an essential role in
various cellular functions, including DNA synthesis and cellular metabolism. This review
explores recent advancements in B12 delivery systems and their potential applications in
drug delivery. The unique absorption pathways of B12, which involve specific binding
proteins and receptors, are highlighted, emphasizing the vitamin’s protective mechanisms
that enhance its bioavailability. The review discusses the intricate multi-protein network
involved in B12 metabolism and the implications of B12 deficiency, which can lead to
significant health issues, including neurological and hematological disorders. Additionally,
the potential of B12 as a drug carrier to improve the pharmacokinetic properties of poorly
bioavailable medications is examined. The findings suggest that optimizing B12 delivery
could enhance therapeutic outcomes in nanomedicine and other clinical applications.

Keywords: vitamin B12; drug delivery; nanomedicine; neurological conditions; cancer;
nanoparticles

1. Introduction

As the largest and most structurally complex water-soluble vitamin, vitamin B12 (B12)
plays a crucial role in human health but can only be obtained through food or supplements.
B12 represents an essential nutrient characterized by a distinct digestion/assimilation
pathway that safeguards it from degradation during absorption and distribution. After
ingestion, B12 binds specific proteins that protect it from the harsh conditions of the gastro-
intestinal tract [1].

Once absorbed, B12 quickly binds to B12-binding proteins in the bloodstream and it is
selectively transported into cells, where it interacts with various B12-processing proteins [1].

B12 is a generic term for cobalamins, which are corrinoids with an attached nucleotide.
Structurally, cobalamin (Cbl) consists of a corrinoid ring with seven amide chains, a cobalt
atom coordinated by the central nitrogen atoms of the ring, and a nucleotide covalently
attached to one of the amide chains (Figure 1A). The ligand bound to the cobalt atom in
the upper plane determines the specific form of B12. Among them, the following ones
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are included: methylcobalamin (MeCbl, -CH3), adenosylcobalamin (AdoCbl, -adenosyl),
hydroxycobalamin (-OH), and cyanocobalamin (-CN) (Figure 1A). In nature, B12 is pro-
duced by several bacterial species, such as Pseudomonas denitrificans and Bacillus megaterium,
via aerobic and anaerobic pathways, respectively [2]. Certain microbial residents of the
human digestive tract are capable of synthesizing B12 and other corrinoids, influencing
the composition and dynamics of the gut microbial community [3]. The de novo biological
synthesis of B12 is a complex process involving more than 30 genes to complete the entire
biosynthetic pathway. Given its protective mechanisms during absorption and selective
transport into cells, vitamin B12 could serve as an effective drug carrier, particularly for
medications that require improved oral bioavailability. In the field of drug delivery, chal-
lenges such as low bioavailability and rapid degradation of therapeutic agents necessitate
innovative solutions. Vitamin B12’s inherent properties may offer promising strategies in
overcoming these challenges. This review aims to elucidate the biochemical functions of
vitamin B12 while exploring its promising role as a drug delivery vehicle and as payload in
nanomedicine, ultimately contributing to advancements in the field.
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Figure 1. Unique route of B12. (A) B12 structure. B12 or cobalamin differ with respect to upper ligands.
R designates the upper ligand. (B) B12 transport starts in mouth, followed by stomach binding to
haptocorrin in the stomach and to intrinsic factor in the duodenum. In the ileum, B12 complex
with the intrinsic factor is endocytosed by enterocytes via the cubam receptor. IF releases B12 in the
lysosomal acidic pH. Free B12 is transported to the enterocyte cytoplasm and exported to the blood
via multidrug resistance protein 1 (MRP1). In the blood, B12 is mainly bound to haptocorrin and
transcobalamin (TC). B12 complex with TC can be endocytosed by cells via CD320 receptor. After
proteolytic and acidic digestion of TC, free B12 is transferred to the cytosol via ATP-binding cassette
transporter ABCD4. MMACHC binds B12 and delivers it either to methionine synthase MS (MS) or to
MMAB protein in the mitochondria. MMAA and MMAB together bring B12 to methylmalonyl-CoA
mutase (MMUT). Some steps are omitted for clarity. The figure is adapted with permission from [4].

2. B12 Biochemistry
2.1. Vitamin B12 Trafficking: From the Gastro-Intestinal Tract to the Blood

B12 can be absorbed from various foods, including meat, milk, and other animal-
derived products where B12 is predominantly present in protein-bound forms. Normal
absorption of B12 through enterocytes is approximately 1.5-2 pg per day. The absorption
of B12 begins in the oral cavity, where small amounts of free, non-protein-bound B12 bind
to haptocorrin (Hc), a glycoprotein secreted by salivary glands into saliva at concentrations
of several nmol/L [5].
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In the stomach, gastric proteases and acidic pH facilitate the release of corrinoids
from food proteins that can bind to Hc. Additionally, intrinsic factor (IF), another B12-
binding protein, is secreted in the stomach, but its interaction with B12 is affected in this
compartment due to acidic pH. In the duodenum, pancreatic proteases digest Hc-bound
B12. In the ileum, the B12-IF complex interacts with its receptor cubam, a protein complex
composed of cubilin and amnionless, located on the plasma membrane of enterocytes [6].
Small amount (<10%) of B12 is absorbed in colon via other mechanisms [7-9].

Following endocytosis of the B12-IF complex into enterocytes, IF loses its affinity for
B12 due to the acidic pH and the presence of cathepsin L in the lysosomes [10]. Free B12 is
transported into the cytosol via the ATP-binding cassette (ABC) transporter ABCD4 [11],
and then it is exported to the extracellular space (including blood) thanks to multidrug
resistance protein 1 (MRP1) [12].

B12 transport mechanisms are leveraged to improve stability against gastric proteases
and oral bioavailability of therapeutic peptides [13].

2.2. Vitamin B12 Trafficking: From the Blood to the Cells

In the blood, B12 is primarily bound by two proteins: transcobalamin (TC) and Hc
(Figure 1B). While Hc binds B12 and its analogs, such as cobamides, it may sequester
inactive B12 analogs in circulation [14,15].

The glycoprotein TC transports B12 in the blood and this complex enters cells through
endocytosis mediated by CD320 (Figure 1B), a heavily glycosylated glycoprotein also
known as TC receptor [16]. In the lysosomes, TC loses its binding capacity due to the
acidic pH of these vesicles and the action of cathepsins B and L [10,17]. ABCD4 facilitates
the efflux of B12 from the lysosomes to the cytosol [11]. B12 is likely transferred directly
from ABCD4 to the cytosolic enzyme methylmalonic acidemia and homocystinuria type C
protein (MMACHC), which binds both ABCD4 in vitro, preventing dilution or degradation
of B12 in the cytosol [18]. MMACHC removes the upper ligand of cobalamins via its
decyanase and dealkylase activities. Following this step, methylmalonic acidemia and
homocystinuria type D protein (MMACHD) act as adapters for MMACHC, facilitating the
transfer of cobalamin to its final destinations, namely methionine synthase (MS) in the cy-
tosol or its mitochondrial transporter methylmalonic aciduria type A protein (MMAA) [19].
In mitochondria, the enzyme MMAB transfers an adenosyl group from ATP to cobalamin
to generate AdoCbl [20]. The G-protein MMAA ensures proper adenosylation of cobalamin
and facilitates the transport of AdoCbl to methylmalonyl-CoA mutase (MMUT) [21].

Excessive, unprocessed B12 is exported from the cytosol to the extracellular space,
with a fraction remaining attached to the cell membrane [22]. In vitro studies indicated
that intracellular concentrations of total B12 depend nonlinearly on extracellular B12 levels,
ranging from 0.07 to 0.15 nmol per gram of protein with physiological extracellular B12 con-
centrations (~1 nM) [23]. The retention of B12 is supported by mechanisms that reduce the
loss of this scarce nutrient, including renal reabsorption via the megalin receptor [23] and
enterohepatic circulation [24]. In humans, B12 is primarily stored in the liver, followed by
the kidneys [25].

2.3. Vitamin B12 Biochemistry

In the cytoplasm, free vitamin B12 is converted into its active forms MeCbl and AdoCbl
that are fundamental for epigenetics and DNA synthesis (methyl donor and nucleotide
synthesis) and detoxification in mitochondria, respectively. For this reason, B12 accumulates
preferentially in rapidly proliferating cells, both in physiological (i.e., embryonal growth)
and pathological (i.e., cancer) conditions.
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2.3.1. B12 as a Cofactor of Methionine Synthase

In human cells, vitamin B12 acts as a cofactor for MS [26], where MeCbl facilitates
the conversion of Hcy to methionine with N5-methylTHF as the methyl donor [26].
During this process, methylTHF donates its methyl group and is subsequently con-
verted to tetrahydrofolate (THF) [26]. The methionine produced by MS serves as a
substrate for S-adenosylmethionine (SAM) synthetase, which converts methionine and
S-adenosylhomocysteine (SAH) into SAM—a universal methyl donor in cellular pro-
cesses [27].

Decreased MS activity disrupts transsulfuration and folate metabolism (Figure 2),
leading to increased Hcy levels [28] and reduced levels of SAM [29], THF [30], and the
SAM/SAH ratio [31], which can further inhibit MS by SAH [32]. Hyperhomocysteinemia is
a significant inflammatory factor [33]. Additionally, a lack of methyl group donors disrupts
DNA and histone methylation processes [34]. Factors contributing to reduced MS activity
include cobalamin malabsorption, congenital transport disorders, or a B12 poor diet [35].
Additional supplementation of B12 is needed due to increased demand for methyl donor
SAM to support large epigenetic changes such as histone and DNA methylation during
tissue regeneration involving cell differentiation [36].
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Figure 2. Functions of vitamin B12. B12 participates in several biochemical pathways. MMUT utilizes
AdoCbl as a cofactor to convert toxic L-methylmalonyl-CoA into succinyl-CoA and deliver it into
the TCA cycle. MS uses MeCbl to catalyze conversion of homocysteine into methionine. Methionine
is used to produce SAM, a universal methyl donor. After the removal of the methyl group from
SAM, the resulting SAH is enzymatically converted to homocysteine, which is re-used as a source
for methionine. To regenerate Cbl to MeCbl in the methionine cycle, nethyl group from methyl THF
is used. The lack of MeCbl results in a so-called methyl folate trap, when methylTHF cannot be
converted to THF, thus inhibiting purine synthesis. Non-enzymatic functions of B12 include inhibition
of gasdermin E activation, preventing pyroptosis, and antagonizing AhR, preventing its transcription
activity. Some steps and enzymes are omitted for clarity.

High MS expression is typically observed in proliferating cells like epithelial cells and
cancer cells [37]. Reactions dependent on THF derivatives are essential for synthesizing
nitrogenous bases [38], so a deficiency in MS activity may lead to DNA damage, including
mitochondrial DNA damage [39], due to nucleotide synthesis disruption, particularly of



Int. J. Mol. Sci. 2025, 26, 5119

50f 25

dTMP. Tumor-initiating cells are strongly dependent on methionine, and a deficiency of
methionine in cancer cells caused by depletion of B12 and methionine or interventions in
the methionine cycle inhibits cancer cell division [40,41].

2.3.2. B12 as a Cofactor of Methylmalonyl-CoA Mutase

AdoCbl serves as a cofactor for the mitochondrial enzyme MMUT, which functions as
a radical reservoir during catalysis. MMUT catalyzes the conversion of L-methylmalonyl-
CoA to succinyl-CoA, an intermediate in the tricarboxylic acid (TCA) cycle. This enzymatic
reaction is critical because D-methylmalonyl-CoA, but not L-methylmalonyl-CoA, can be
enzymatically converted into methylmalonic acid (MMA), a tumorigenic metabolite [42].
Failure of MMUT catalysis will lead to accumulation of MMA and aberrant methylmalony-
lation disrupting cellular metabolism [43]. Spontaneous methylmalonylation affects the
enzymes involved in key intracellular metabolic pathways, including sirtuin SIRT5, several
enzymes in the TCA and urea cycles, and glutamate dehydrogenase 1 in glycolysis [43].

2.4. Non-Enzymatic Functions of B12

The non-enzymatic functions of B12 remain relatively unexplored. The presence of
B12 in its free form is limited within cells, suggesting a tight regulation of its availability.
Nevertheless, the unique structure of B12—comprising the corrin ring, nucleotide, and aryl
hydrocarbon moiety—implies that each component may have distinct functional roles.

MeCbl, but not AdoCbl, is capable of binding to gasdermin E [44]. Gasdermins are
key mediators of pyroptosis, a form of programmed cell death implicated in diseases and
pathological processes [45]. Gasdermin E is expressed ubiquitously and can be cleaved
and activated by various caspases following chemotherapy or infections, as well as by
granzyme B released from cytotoxic lymphocytes. The binding of MeCbl to gasdermin E
occupies Cys180, a critical residue for caspase and granzyme B activity, thereby preventing
gasdermin E cleavage and subsequent pyroptosis. Supplementation with MeCbl protected
mice from liver failure, highlighting its potential therapeutic significance.

B12 has the ability to directly bind to the aryl hydrocarbon receptor (AhR), functioning
as an antagonist [46] by specifically interacting with the aryl moiety (base, see Figure 1A)
and competing with AhR agonists such as TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin),
which inhibits their effects. The binding of B12, along with folic acid (FA), prevents the
nuclear localization of AhR, thereby diminishing transcriptional activation triggered by its
agonists. Treatment with B12, FA, or their respective aryl moieties can reverse phenotypes
associated with nutritional deficiencies, as seen in mice administered B12, FA, or their
aryl derivatives, which showed protection against TCDD-induced conditions including
anemia, thrombocytopenia, hepatic steatosis, and congenital anomalies like cleft palate.
Notably, mice on a B12- or FA-deficient diet displayed symptoms similar to those on a
control diet supplemented with low doses of TCDD, while AhR-null mice did not exhibit
these symptoms even when on an FA-deficient diet, suggesting that some manifestations
of B12 and FA deficiency are mediated by the over-activation of AhR.

3. B12 Deficiency
3.1. B12 Deficiency Causes

B12 deficiency can arise mainly from malabsorption (e.g., due to autoimmune condi-
tions), defects in cellular uptake and delivery, insufficient dietary intake (like in the case of
vegetarian or vegan diets [47]), toxins (e.g., exposure to nitric oxide) [48], and insufficient
production of intrinsic factors [49]. Although B12 deficiency is more commonly observed
in older adults due to the higher prevalence of malabsorptive conditions [50], it affects
individuals across all age groups, particularly in regions where food insecurity is prevalent.
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The most frequent cause of B12 malabsorption is autoimmune gastritis (AIG), which causes
deprivation of IF and gastric acid [51], while other causes are summarized in Table 1.
Depending on deficiency etiology, various routes of B12 administration are utilized, such
as oral and parenteral, topical, or intramuscular administration [52]. B12 insufficiency
deficiency relates to conditions when level of B12 in the blood is within the standard (200 to
600 pmol/L) but biomarkers of B12 deficiency, such as elevated Hcy and MMA, are present.

Table 1. Causes of B12 deficiency. Reproduced with permission from [51].

Cause Mechanism Diagnosis
Intrinsic factor deficiency Pathogenic mutations in CBLGIF No AIG, family context
Gene sequencing
Imerslund—Grisbeck disease Pathogenic mutations in CUBN No AIG, family cpntext
and/or AMN Gene sequencing

Biermer—Addison’s disease

Endoscopy with fundic and antral
biopsies IF and parietal cell
autoimmunity

AIG with impaired IF and gastric
acid secretion

Impaired gastric acid secretion

Non-Biermer—Addison’s gastritis Malabsorption of protein No AIG

bound VB12

Bariatric surgery and gastrectomies

Impaired IF and gastric acid secretion
Bacterial overgrowth

Pancreas imaging, lipasemia,

Pancreatic insufficiency Impaired degradation of HC steatorrhea
. . Impaired VB12 binding to IF . .
Obstructive Jaundice and uptake Imaging and biology
. S Villous atrophy with impaired . . . .
Tropical sprue and celiac disease VB12-IF uptake Anti-tranglutaminase auto-immunity
Blind loop syndrome Bacterial overgrowth Breath test

Parasitic infestations

Villous atrophy and

VBI12 consumption Stool analyses

Acid intestinal pH and Impaired

Zollinger-Ellison syndrome VBI2-IF uptake Imaging and gastrinemia

Inflammatory bowel diseases

Parietal injury with impaired

TF-B12 uptake Endoscopy, imaging

Chronic radiation enteritis of the Parietal injury with impaired Imaein
distal ileum IF-B12 uptake 518
Iatrogenic effects of drugs Impaired IF-B12 uptake

Mutations in proteins involved in B12 processing lead to B12 deficiency. These proteins
were found through genetic screens of patients with functional B12 deficiency. Historically,
these proteins were called mut and CbIN, where N designates a letter from A to G, ], or
X [53,54]. Mutations in these proteins lead to various phenotypes (Table 2) characterized by
methylmalonic acidemia, homocystinuria, or a combination of them from infancy and some-
times in adulthood. Methylmalonic acidemia is characterized by increased concentration of
methylmalonic acid in body fluids, and the symptoms include (but not limited to) vomiting,
weight loss, hypoglycaemia, neurological deterioration with hypotonia, irritability, lethargy,
and the inability to thrive. The biochemical markers include metabolic acidosis, ketosis,
hyperlactataemia, and hyperammonaemia [55].
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Table 2. Defects in Cbl-processing proteins. Summarized from [53,54].

Defect in Protein

Protein Function Phenotype

Loading of AdoCbl in MMUT and ejection

cblA (MMAA) of oxidized Cbl from MMUT Methylmalonic acidemia, acidotic crises
CbIB(MMAB) Chaperone for MMAA and MMUT Similar to CblA but more severe
Homocystinuria and methylmalonic
CblC (MMACHCQ) Decyanation, dealkylation of Cbl acidemia, hematological, neurological and
ophthalmic abnormalities
Adapter for MMACHC for transfer of Cbl Isolated methylmalonic acidemia or
CblD (MMADHC) p homocystinuria, or combined methylmalonic
to MS or MMAA - - o
acidemia and homocystinuria
CBIE (methionine Reduction in oxidized Cbl in MS Similar to CblG
synthase reductase)
cbIF (LMBD1) Escort of ABCD4 to lysosomes with Mild methylmalonic acidemia and
endocytosed VB12-TC homocystinuria, developmental delay
Methylation of homocysteine to form . .
CbIG (MS) methionine using MeCbl as the cofactor Highly variable
Cbl] (ABCD4) Transport of free Cbl from lysosomes to ~ Feeding d1ff1cu1t1<?s, macrocytic anemia, and
the cytosol congenital heart defects
- Similar to CblC, milder metabolic
Transcription coregulator representation but more severe
CbIX (HCFC1) HCFC1 controlling expression of P :
developmental delay, choreoathetosis, and
MMACHC . .
intractable epilepsy
mut L-methylmalonyl-CoA conversion Isolated methylmalonic acidemia

These proteins include not only proteins that are directly interact with B12 but also
proteins which ensure proper localization of such proteins. For example, endosomal
ABCD#4 transfers B12 from lysosome to the cytosol: mutations in LMBD1 protein, which
directs ABCD4 to lysosomes, leads to B12 deficiency with elevated Hcy and MMA [56].

In humans, mutations in the TCN2 and SLC46A1 genes, which encode TC and a folate
transporter, respectively, result in elevated levels of AhR (Aryl hydrocarbon Receptor)
transcriptional activation [46]. In contrast, mutations in the MTHFR and MTR genes,
responsible for encoding methylenetetrahydrofolate reductase and methionine synthase,
do not influence AhR transcriptional activity. This suggests that at least some symptoms
associated with vitamin B12 deficiency—such as anemia, fatty liver, and birth defects—are
primarily driven by AhR overactivation rather than defects in one-carbon metabolism [46].

3.2. B12 Associated Conditions

The severity and consequences of B12 deficiency vary depending on its extent and
duration, while the complex machinery of B12 transport and processing is susceptible
to dysfunction at various stages. Inherited diseases are rare, mostly diagnosed in early
infancy, and share common features like delayed development and inability to thrive;
however, functionally mild mutations in B12-processing proteins may have consequences in
adulthood. Consequences of severe B12 deficiency are mainly hematological (i.e., pernicious
anemia) and neurological (i.e., neuron demyelination) [57]. B12 is involved in inflammation
(reviewed elsewhere [4]).

Disrupted dTMP and DNA synthesis due to severe B12 and/or folate deficiency
primarily affects cells with rapid turnover, such as in hematological system [58,59]. A lack
of B12 arrests cell maturation caused by an elongation of the S phase of cell cycle [60]. This
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is caused by failed conversion of deoxyuridine to deoxythymidine and the subsequent
dUTP incorporation into DNA instead of dTTP. In bone marrow, this results in larger than
normal red cells and granulocyte precursors, among other morphological changes. Such
impaired megaloblastic hematopoiesis affects all blood cells but erythrocytes are the most
affected [58]. Symptoms of such anemias include weakness, lightheadedness, and shortage
of the breath [58]. A lemon-yellow color of skin is developed due to hemolysis.

B12 deficiency is linked to diabetic neuropathy, where supplementation improves
symptoms, particularly in patients on metformin, which can worsen B12 deficiency [61,62].
It alleviates symptoms of postherpetic and trigeminal neuralgia [63,64]. In the central
nervous system, B12 deficiency disrupts myelination by increasing myelinotoxic cytokines
and reducing myelinotrophic factors [65]. Supplementation is beneficial in conditions like
multiple sclerosis, degenerative cervical myelopathy, and hepatic encephalopathy [66-68].

B12 is essential for one-carbon metabolism, and its deficiency can impair SAM-
dependent monoamine biosynthesis, increasing the risk of mental disorders [69,70]. Hy-
pomethylation of the monoamine oxidase A gene may be linked to B12 deficiency and it
correlates with panic disorder and post-traumatic stress disorder [71,72]. B12 deficiency is
associated with depressive symptoms, autism, and schizophrenia, often due to elevated ho-
mocysteine and impaired MS activity [73,74]. Supplementation can alleviate hallucinations
and catatonia in psychiatric patients [75,76].

4. B12 Deficiency Treatments
4.1. Traditional Formulations

Current clinically approved approaches for B12 deficiency treatment include intramus-
cular injections, oral administration and nasal sprays [77]. Since injections may be painful
and require qualified personnel, oral administration has become a possible alternative.
Thus, Eligen® technology was successfully applied and demonstrated efficiency compara-
ble with intramuscular injections [78]. Nasal delivery of B12 became another alternative
released to the market [79].

B12 is notable for having the lowest recommended daily allowance [80] and an intricate
absorption and assimilation process, as highlighted in Section 2. Nonetheless, it is worth
highlighting that being extremely hydrophilic, B12 necessitates constant administration and
bioavailability, and for this reason, the development of B12 delivery strategies is extremely
relevant [81]. In this scenario, typical pharmaceutical formulations, such as emulsions
and tablets based on natural/approved products, are thoroughly investigated but are not
the main focus of this work. However, notable advances in the field are continuously
investigated and developed. For example, Karbalaei-Saleh et al. [82] optimized sunflower
oil-based nanoemulsions for improving the oral delivery of B12. The researchers developed
spontaneous emulsification and refined the concentrations of sunflower oil, Tween 80 sur-
factant, and vitamin B12 to create emulsions with maximum viscosity and entrapment
efficiency as well as minimum particle size, polydispersity index, and turbidity. Without
the use of high-energy treatment, these emulsions achieved an encapsulation efficiency of
approximately 50% and a particle size <400 nm. A mathematical model for the prediction of
the emulsions properties was also developed. Like for many other drugs, also for B12, oral
administration represents the ideal administration routes and different efforts developed
in this direction. In this scenario, B12 has been formulated into mucoadhesive tablets [83]
as an alternative to intramuscular injections. It was shown that hydroxypropyl methyl
cellulose/Carbopol 971P-based tablets placed in the buccal cavity of rabbits provided
2.7-fold better bioavailability of B12 compared to intramuscular injections.



Int. J. Mol. Sci. 2025, 26, 5119

9 of 25

4.1.1. Use of Colloidal Systems for Delivering B12

Encapsulating B12 is very important because of the sensitivity of this vitamin to light,
heat, and acidic conditions. To further increase B12 prolonged release and bioavailability,
different encapsulation strategies based on colloidal systems and nanoformulations have
been developed. Nanoemulsions, nanoparticles, liposomes, and polymeric carriers and
fibers [84] have been optimized to improve B12 bioavailability, stability, and targeted deliv-
ery, addressing limitations associated with B12’s hydrophilic nature and large molecular
size. For example, PLGA-based nanoparticles synthesized by Kuznetsova et al. [85] were
coated with poly(ethylenimine) for enhancing biological barriers’ crossing and with dextran
sulfate for improving their biocompatibility. In this case, B12 was successfully incorporated
into the polyelectrolyte coating of the nanoparticles, while the PLGA core allowed for
the loading of hydrophobic compounds. The authors also demonstrated a slow release
rate of B12 under normal environmental conditions, enabling the storage of the prepared
nanoparticles in suspension. Additionally, there was an increased release at the physiologi-
cal temperature due to the interactions between B12 and dextran sulfate. Encapsulation
of B12 was commonly tested also in multivitamin formulations. For achieving simultane-
ous delivery of B6 and B12, Karoshi et al. [86] encapsulated these vitamins in zein/gum
arabic nanocarriers. These carriers demonstrated high stability over 90 days and provided
improved uptake of vitamins in Caco-2 cells and increased bioavailability in rats. Encapsu-
lation efficiency of B12 in this material was found >50% for the majority of formulations.
Spray-drying is currently considered one of the best techniques to encapsulate sensitive
molecules like vitamins, sometimes enhancing their efficacy [87]. Bajaj et al. [87] optimized
the spray drying process for co-encapsulating B12 and D3 vitamins in gum acacia/modified
starch/maltodextrin particles. While the encapsulation efficiency for B12 was around 70%,
its bioavailability was 150% higher compared to oral administration. The fabrication of
B12-loaded zein microparticles and fibers, by using electrospray/electrospinning or spray
drying method, was optimized by Coelho et al. [88], reaching an encapsulation efficiency
of 71-95%. B12 encapsulated in nanovesicles such as liposomes and niosomes can be even-
tually lyophilized using maltodextrin as a cryoprotectant. This process helped preserve
the structural integrity of the vesicles and the stability of the loaded B12 during storage
and transportation. In this scenario, Marchiano et al. [89] synthesized B12-loaded vesicles
(Phospholipon 90G- or Span 60/ cholesterol-based) and demonstrated their long-term sta-
bility under storage thanks to their lyophilization. Lyophilized nanovesicles can be used
in various fields, including pharmaceuticals, cosmetics, and food industries, due to their
ability to carry both hydrophilic and lipophilic compounds.

4.1.2. Colloidal Systems Designed for B12 Delivery in the Nervous System

B12 is crucial for maintaining the health of the nervous system, and its deficiency can
lead to various neurological and cognitive disorders. Symptoms of B12 deficiency include
apathy, agitation, irritability, growth retardation, and delayed myelination or demyelination
of nerve fibers [90-93]. Severe consequences may include funicular myelosis, sensorimotor
polyneuropathy, optic neuropathy, and cognitive impairments [94]. Neuronal damage is
often linked to hyperhomocysteinemia and impaired MS activity, which can be mitigated
by hydroxocobalamin, betaine, and folate administration [95]. Hyperhomocysteinemia
exacerbates neuronal apoptosis and oxidative stress, which can be reduced by NMDA
and mGluR1 receptor antagonists [96]. Animal studies showed that B12 supplementation
reduced inflammation and apoptosis while restoring neurotrophic and synaptic plasticity
factors [97,98]. Maternal B12 deficiency during gestation can impair offspring learning
and memory due to increased apoptosis and hyperhomocysteinemia [99]. Supplementing
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B12 in the elderly is beneficial for delaying cognitive decline, especially in those with high
Hcy levels, as shown by clinical trials and meta-analyses [47].

Given its beneficial effects in the central nervous system, proper encapsulation de-
signs were developed to improve the ability of B12 to overcome the blood—brain barrier.
For example, Andrade et al. [100] prepared transferrin-functionalized liposomes loaded
with B12. Transferrin represents probably the most investigated surface functionalization
to enhance the passage through the brain-blood barrier and the targeting to neuronal
cells. In this case, the liposomes were <200 nm in size and demonstrated stability un-
der storage conditions for up to 2 months. Similarly, thanks to the ability of polymer
nanoparticles to penetrate blood—brain barrier, Guler et al. [101] synthesized B12-loaded
chitosan/tripolyphosphate/polyvinyl alcohol nanoparticles embedded in polyvinylpyrroli-
done (PVP) and polyvinylpyrrolidone/polycaprolactone (PVP/PCL) nanofibers for sub-
lingual and transdermal applications via pressurized gyration approach. Encapsulation
efficiency was found around 60-80% for the developed system. The PVP fibers showed
extreme biocompatibility with a complete dissolution occurring within 4 s, while PVP/PCL
nanofibers provided sustained drug release over 12 days. Additionally, both types of
nanofibers showed a notable anti-Alzheimer effect on Ap1-42-induced SH-SY5Y cells with
no significant cytotoxic effects observed.

4.1.3. Colloidal Systems Designed to Deliver B12 for Other Conditions

B12 supplementation in autoimmune rheumatic diseases alleviates symptoms, albeit
most likely in patients is B12 insufficiency rather than B12 deficiency (reviewed in [102]. In
the mice model of arthritis, hydroxycobalamin, a form of B12, ameliorated the severity of
arthritis and reduced citrullination, a common consequence of arthritis, due to inhibition of
the citrullination mediator, peptidylarginine deiminase isoform 4 [102]. Belal et al. [103]
proposed inorganic nanoparticles (zeolites and hydroxyapatite) as B12 carriers for arthritis
treatment [104]. This technology demonstrated anti-inflammatory and antioxidant activities
while reducing TGF-3 mRNA expression in the Complete Freund’s adjuvant-induced
arthritis rat model.

Associations between vitamin B12 and several pathological skin conditions such as
vitiligo, atopic dermatitis, and aphthous stomatitis were found [105]. Topical formulations
of B12 were proposed to treat skin conditions. B12 administration in the form of cream
demonstrated significant efficacy in preventing or ameliorating atopic dermatitis, eczema,
and psoriasis [106].

While passive diffusion through the skin is considered a safe and non-invasive admin-
istration route, it can be achieved only with molecules characterized by low polarity, an
intermediate partition coefficient, and a small molecular size (less than 500 Da) [107]. Un-
fortunately, B12, with a molecular weight of 1355 Da, does not meet these criteria, making it
poorly suited for passive diffusion; for this reason, this molecule needs particular drug de-
livery formulation. To overcome this limitation, Guillot et al. [108] prepared Phospholipon
90G-based vesicles with a maximum encapsulation efficiency of about 35%. Further in vitro
experiment demonstrated that B12 absorption could be improved by pre-treatment of skin
with microneedle arrays [109] to maximize B12 permeability in the stratum corneum [110],
the most superficial layer of the skin. Poly(vinyl alcohol)/poly(vinylpirrolidone) dis-
solving microneedle B12-loaded arrays were effective in decreasing the inflammation in
murine model.

B12 is also involved in wound healing via the production of SAM for epigenetic re-
programming of precursor cells and the reduction in homocysteine levels in plasma [36].
For this reason, Farzanfar et al. fabricated electrospun poly(caprolactone)/gelatin fibrous
scaffolds containing B12 as potential wound-healing materials [111]. B12-loaded scaffolds
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provided >90% wound closure in 14 days in the Wistar rat model. Bhattacharyya et al. [112]
engineered gelatin-based microspheres incorporating carbon dots and metal-organic frame-
works (MOFs). The synergistic action of 7Zn2* ions, imidazole groups, and carbon dots
endowed the microspheres with potent antibacterial activity against both Gram-negative
and Gram-positive bacteria. Additionally, integrating vitamin B12 into the MOFs facilitated
its rapid release in an acidic environment. In vitro wound healing assays demonstrated that
these synthesized microspheres significantly enhanced fibroblast proliferation, highlighting
their potential for therapeutic applications.

It was demonstrated that B12 can reduce oxidative stress and ocular surface disease
index [113], enhancing corneal re-epithelization and re-innervation [114] at the same time.
Thus, B12 became a promising component of eye drops for dry eye disease (DED) treatment.
Yang et al. proposed nebulized B12 saline solution for the treatment of DED [115]. In vivo
experiments demonstrated improved epithelial cell density and increased tear break-up
time for the group treated with B12. However, even commercially available eye drops
containing B12 demonstrate short protective effects [116]. Mohamad et al. proposed a
Pluronic-based hydrogel as a long-term action platform [117]. The authors demonstrated
B12 release for up to 12 days, which resulted in an improved tear flow. In conclusion,
the exploration of different B12 delivery strategies had and has significantly advanced
its therapeutic potential for ameliorating various diseases. The colloidal systems utilized
for B12 delivery as well as their applications and advantages are summarized in Table 3.
Figure 3 summarizes the major benefits of encapsulating B12 and some of their potential
applications.

Table 3. Colloidal formulations used for the delivery of B12.

Formulation Application Particle Size, nm Advantages Reference
Nanoemulsion Food enrichment with B12 329 £13 Simple, low-energy fabrication [82]
process
. Stable aqueous dispersion,
B12 delivery to bone 207 £ 100 which does not require [85]
marrow and nerve cells s
lyophiliation
Nanoparticles .4 enrichment with B12 ~170 Co-encapsulation of B2 [86]
and B6
Food enrichment with B12 260-1400 Co-encapsulation of B12 [87]
and D3
Food and nutraceutical Fabrication of microcapsules
Microcapsules applications ~10,000-15,000  with specific morphology and [88]
PP controlled release
Cosmetics, food, and
pharmaceutical ~30-100 N/A [89]
Liposomes applications
Alzheimer’s disease <200 Improved blood—bram barrier [100]
therapy permeation
Cosmetics, food, and Lower cost and easier
Niosomes pharmaceutical 57 + 18 functionalization compared to [89]
applications liposomes
Inorganic Arthritis treatment 420-640 High loading capacity [104]

nanoparticles Arthritis treatment ~310 High loading capacity [104]
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Figure 3. Different formulations of B12 delivery systems.

Recent studies have highlighted potential risks associated with vitamin B12 overdose.
High doses of cyanocobalamin can lead to various adverse effects, including anxiety and
insomnia [118]. In rare cases, B12 overdose may trigger neurological (i.e., bipolarism) [119]
and skin disorders like acne exacerbation and rosacea fulminant [120]. Additionally, ex-
cessive vitamin B12 supplementation can modify gut microbiota, potentially increasing
susceptibility to pathogens. In mice, elevated B12 intake facilitated Citrobacter rodentium
colonization and pathogenesis by impacting Lachnospiraceae populations and reducing
microbial diversity [121]. These findings suggest that while B12 supplementation is gener-
ally considered safe, excessive intake may have unexpected consequences on human health
and microbial ecology, emphasizing the importance of appropriate dosing and monitoring.

5. B12 to Improve Drug Delivery in Pathological Conditions: Focus on
Cancer and Other Diseases

Vitamin B12 showed interesting properties in the treatment of cancer due to its unique
ability to target rapidly proliferating cells. On the other hand, its effective absorption
and favorable physicochemical characteristics support the development of pharmaceutical
formulation designed for enteral administration. Vitamin B12 is water-soluble (10 mg/mL),
which is attributed to the presence of several polar functional groups [79]. It partitions
mainly into aqueous phases rather than organic solvents [122]. B12 is most stable under
neutral to slightly alkaline pH conditions at low temperatures, with a half-life ranging from
100 to 250 days. In contrast, at pH 2 and 37 °C, its half-life is approximately 8 days [122].
These characteristics enable B12 to function as a powerful targeting ligand for developing
novel drug delivery systems. By harnessing the natural uptake and trafficking mechanisms
of B12, researchers are developing innovative technologies that minimize off-target effects
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and optimize therapeutic outcomes. Consequently, in this separate section, we have
detailed B12’s impact on drug efficacy, safety, and pharmacokinetic properties with a
particular focus on cancer, considering the great effort performed in this direction. The last
section instead is dedicated to B12-based formulation of other drugs for the treatment of
infectious diseases and diabetes.

5.1. B12-Targeted Nanoparticles for Cancer

As aforementioned B12 is an essential nutrient for rapidly growing tissues and, for
this reason, its utilization in cancer therapy (i.e., in leukemia, lymphoma, melanoma, and
some solid tumors, overexpressing the receptor of transcobalamin-CD320, making this
vitamin an ideal targeting ligand [123]).

Gupta et al. [124] developed doxorubicin-loaded sterically stabilized liposomes conju-
gated with B12 for tumor targeting (SL-VB12). These liposomes demonstrated enhanced
cellular uptake and cytotoxicity against B16F10 melanoma cells compared to non-targeted
liposomes. SL-VB12 significantly increased tumor accumulation and prolonged survival
in tumor-bearing mice, highlighting the potential of B12 as a targeting ligand in cancer
therapy. Another study [125] highlighted the efficacy of B12-loaded solid lipid nanopar-
ticles (B12-SLNs), which exhibited higher cytotoxicity against H-Ras SRP7 cancer cells
compared to free B12, while showing minimal effects on NIH/3T3 fibroblasts. With an
average size of 200 nm, these nanoparticles provided sustained drug release and high
entrapment efficiency, making them suitable for controlled drug delivery.

A novel targeted drug delivery system combining B12 and cisplatin-loaded porous
silica nanoparticles via coordination bonds was developed [126]. The system leveraged
B12 as an active targeting unit to enhance its specificity for cancer cells, while the porous
silica nanoparticles supported controlled drug release. B12 also represented a gatekeeper
to prevent premature drug release, offering a promising approach to reduce side effects
and enhance the efficacy of cisplatin in cancer therapy.

Functionalization of B12 onto diatom microalgae surface was used to create a bio-
material for targeted drug delivery, enhancing the affinity of the drug-loaded particles to
colorectal (HT-29) and breast cancer (MCF-7) cell lines [127]. This formulation demonstrated
an increased uptake and retention of the anticancer agent in tumor tissues, particularly in
environments with high CD320 expression. The slow, targeted release of the ruthenium-
based anticancer agent from the B12-functionalized diatoms showed promising results for
improving the efficacy of cancer treatment while minimizing off-target effects.

Guo et al. [128] developed B12-conjugated sericin micelles loaded with paclitaxel
for targeted therapy of CD320-overexpressed gastric cancer. The micelles demonstrate
enhanced cellular uptake, improved drug delivery, and the ability to reverse drug resis-
tance both in vitro and in vivo, while maintaining good biocompatibility. Additionally,
B12-conjugated PLGA-PEG nanoparticles (PLGA-PEG-VB12 NPs) effectively delivered
microRNAs-532-3p to CD320-overexpressing gastric cancer cells, significantly reducing
the expression of the apoptosis repressor ARC. This led to mitochondrial damage, includ-
ing loss of membrane potential, increased reactive oxygen species, and activation of the
caspase-dependent apoptosis pathway, ultimately suppressing cancer cell proliferation
both in vitro and in vivo.

B12 has been incorporated into combination therapies to enhance the efficacy of
anticancer drugs while mitigating chemotherapy-related fatigue (CRF). For instance, multi-
vitamin (including vitamin B12, D3, and C) and cisplatin-loaded chitosan nanoparticles
(NCV) revealed the reduction in CRF without compromising the anticancer properties of
cisplatin [129] (Figure 4). NCV formulation modulated the expression of genes associated
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with cancer proliferation, such as DDX3X and Ki-67, in various cancer cell lines, suggesting
a synergistic effect of the vitamins and cisplatin in combating cancer.

@ e

Figure 4. Different formulations of chitosan nanoparticles (NCV): Transmission electron microscopy
(TEM) of (a) empty carriers, (b) vitamin (B12, C and D3)-loaded carriers, and (c) vitamins and
cysplatin-loaded carriers. Published with permission from Othayoth et al., 2023 [129].

5.2. B12—Drug Conjugates

Conjugating B12 with cytotoxic drugs or drug-polymer complexes, such as daunomycin-
pHPMA, has demonstrated enhanced tumor uptake and increased anticancer efficacy in
various murine cancer models [130]. This targeted approach leverages the natural uptake
mechanisms of B12, improving drug delivery to tumor cells while potentially reducing off-
target toxicity. Ruiz-Sanchez et al. [131] conjugated B12 with platinum-based drugs to form
B12-CN-PtII complexes, which act as prodrugs releasing cytotoxic PtIl agents intracellularly
after enzymatic reduction. These conjugates demonstrated selective uptake and cytotoxicity
in cancer cells, particularly when bound to TCII, enhancing their therapeutic potential.
Additionally, B12 derivative conjugated with a fluorophore (Bodipy650-cobalamin) demon-
strated selective accumulation in pancreatic adenocarcinoma (PDAC) tumors, both in flank
and orthotropic models, with minimal off-target effects. The cobalamin platform was
shown to release its cargo upon activation by both near-infrared (NIR) light and X-ray
radiation, making it a promising tool for spatiotemporally controlled drug delivery in
combination with radiotherapy. Mehder et al. [132] developed fluorescent vitamin B12-
platinum(II) derivatives to achieve tumor-targeted delivery of therapeutic agents. These
metal conjugates were engineered in the form [FLUO-B12-M], where vitamin B12 was
modified at the 5'-hydroxo group of the ribose with the fluorophore rhodamine 6G, a modi-
fication that did not interfere with the vitamin’s receptor interactions. The Co(Ill)-cyano
group was linked to a metal-based structure M, which included a Pt(II) substrate with
phenylamino-oxime ligands derived from either R- or S-limonene. These differences in
ligand composition influenced the derivatives’ biological activity, lipophilicity, and inter-
action with tumor cells, ultimately affecting their efficacy as potential metallotheranostic
agents. This approach followed a typical Trojan horse strategy, leveraging vitamin B12’s
intracellular transformation into its active forms, methylcobalamin and adenosylcobalamin,
through the reduction in Co(IlI) to Co(II) and the subsequent release of the cyano group.
This design facilitated preferential accumulation of the conjugates in cancer cells, resulting
in the intracellular release of the cytotoxic payload. Additionally, rhodamine 6G enabled
tracking and evaluation of therapeutic transport and distribution through fluorescence
spectroscopy. Confocal microscopy confirmed their internalization into cancer cells via
energy-dependent endocytosis, and preliminary evaluations indicated moderate binding
affinities to DNA, further supporting effective targeting. The dual functionality of vitamin
B12 as both a therapeutic carrier and imaging agent positions these derivatives as promising
candidates for cancer treatment and monitoring.
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5.3. B12 for Cancer Imaging

In modern medicine, vitamins are increasingly utilized in molecular imaging tech-
niques like Single Photon Emission Computed Tomography (SPECT) and Positron Emission
Tomography (PET) for cancer detection and monitoring [133]. These noninvasive methods
can rely on radiolabeled vitamin analogs to target tumor cells, enabling precise localization
and staging of malignancies [134,135]. Radiolabeled vitamins offer advantages such as
rapid clearance from blood and low immunogenicity, making them promising candidates
for imaging and therapeutic applications [136]. Transport mechanisms, including the over-
expression of specific carriers and receptors, facilitate vitamin delivery to malignant tissues,
enhancing tumor specificity [137]. Recent advancements focus on optimizing these radio-
pharmaceuticals for improved diagnostic accuracy and therapeutic outcomes, although
challenges like off-target uptake and radiation exposure remain [138]. Overall, integrating
vitamins into nuclear medicine exemplifies their role as innovative tools in combating
diseases like cancer. As mentioned before, B12 can bind to two main transport proteins,
including HC in the saliva and TC in the plasma, and onto cancer cell surface. B12-based
imaging technologies have been investigated in the last 30 years, and different studies have
shown strong binding to receptors like megalin in the kidneys and significant tumor uptake
with radiolabeled forms, such as [111In]In-DAC and [99mTc]Tc-DTPA-b-cyanocobalamin.
Clinical trials indicate that these radiotracers can effectively differentiate malignant tissues
from normal ones, particularly in breast cancer, suggesting further investigation into their
targeting capabilities is warranted. These efforts paved the way for clinical application,
including cancer screening based on tumor metabolic features like in the case of breast
cancer. In a recent study, Inl11-labeled B12 was utilized to detect breast tumors prior
to surgery in both human patients and mice. The radiolabeled B12 analog, [111In]AC,
showed significantly higher uptake in 18 tumors compared to normal breast tissue [133].
Aggressive triple-negative (TN) and HER2-positive tumors exhibited greater tumor-to-
background ratios than estrogen receptor (ER) and progesterone receptor (PR)-positive
tumors. Metastatic sites had higher ratios than primary tumors, particularly in patients
with elevated serum B12 levels, likely due to recent B12 or dexamethasone intake. The
study indicated that chronic B12 intake might contribute to higher tumor/background
ratios, as elevated B12 concentrations could reduce CD230 levels in normal tissues while
increasing them in tumors. Dexamethasone may have a similar effect by raising circulating
B12 levels. Tumor accumulation of B12 might occur via alternative pathways, including
megalin and cubam receptors and haptocorrin, which is overexpressed in some tumors.
Elevated levels of HC and TC receptors have been observed in 50-65% of breast cancer
patients, suggesting potential biomarkers. The findings recommend that clinical imaging
of B12 uptake in breast tumors should involve administering the vitamin before injecting
the radiolabeled analog to improve tumor detection sensitivity.

5.4. B12 as Anticancer Adjunctive Therapy

B12 can also be used to enhance the efficacy of different therapeutics directly or in-
directly by enhancing their pharmacokinetics properties. For example, it was recently
shown [139] that while B12 has mild effects on cancer cell proliferation, it can increase
the toxicity of the active form of vitamin D3 (1,25(0OH),Dj3) on different tumor cell lines
including HeLa, HL-60, and MCF-7, without affecting normal cells (MCF10A). The mech-
anism standing behind this synergistic activity was primarily apoptosis caspase 4- and
8-dependent, while exhibiting no release of cytochrome c from mitochondria, suggesting a
unique apoptotic pathway. Additionally, treated cells show reduced adhesion and altered
morphology, indicating disorganized actin cytoskeleton and decreased cell polarization.
This research is important in the field because it highlights the potential role of vitamin
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B12 in enhancing the efficacy of established anticancer agents as an adjunctive treatment
option for certain cancer types. A similar effect was demonstrated also by Solovieva
et al. [140], who demonstrated that B12 can synergistically enhance the anticancer effects of
diethyldithiocarbamate (DDC) against HEp-2 cells. In their work, the authors highlighted
the mechanisms underlying this interaction, demonstrating that B12b enhanced the toxicity
of DDC by catalyzing the formation of reactive disulfiram (DSF) derivatives, leading to
a unique cell death pathway distinct from apoptosis, autophagy, or necrosis. The study
revealed that this combination induced severe endoplasmic reticulum (ER) stress, nuclear
deformation, extensive vacuolization, and an increase in intracellular calcium levels, which
ultimately resulted in paraptosis-like cell death (Figure 5). The findings emphasize the po-
tential of vitamin B12b as a critical agent in enhancing the cytotoxicity of DDC, suggesting
its role in developing targeted cancer therapies.

_+-
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Et N)Eo #50 NEtZ T Massive ER Paraptosis-like
z * TI/ vacuolization cell DEATH

DSF oxi- derlvatlves Irreversible
ER stress & UPR cell damage

Time

Figure 5. Initiation of paraptosis in cancer cells mediated by the combination of B12 and DDC.
Published from Solovieva et al. [140].

B12 is necessary to sustain cellular high proliferation, and its deficiency is common in
cancer patients, often due to malabsorption or the cancer itself affecting the gastrointestinal
tract or bone marrow. Deficiency can cause hematological and neurological problems that
require treatment [141]. Epidemiological studies provide mixed results on the association
between dietary or supplemental vitamin B12 intake and cancer risk: while elevated plasma
B12 levels have been associated with increased solid cancer risk, particularly in metastatic
cases [142], the causal link between high B12 intake or plasma levels and cancer remains
uncertain [141].

Some studies indicate that high dietary or supplemental intake of B12, especially in
men and smokers, is associated with an increased risk of lung cancer [143]. The relationship
may depend on factors such as smoking status, sex, genetic background, and baseline
B12 levels, making it difficult to draw definitive conclusions. Overall, while elevated
B12 levels may serve as a potential cancer marker, more research is needed to establish
causality and determine optimal supplementation practices.

5.5. B12 Formulation to Improve Enteral Delivery of Antibiotics

Vitamin B12 can play a crucial role in enhancing the intestinal permeability of an-
timicrobial conjugates by acting as a targeting ligand that facilitates effective absorption
in the small intestine [144]. It has to be considered also that B12 has anti-inflammatory
properties. For example, along with other B vitamins, B12 showed immunomodulatory,
anti-inflammatory, and antioxidant properties in sepsis management [145].

In this context, a novel antibiotic formulation was developed by synthesizing conju-
gates of the peptide antibiotic colistin (CT) with the biocompatible glycopolymer poly(2-
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deoxy-2-methacrylamido-D-glucose) (PMAG), incorporating both deferoxamine (DFOA)
and vitamin B12 to improve bioavailability and reduce cytotoxicity. A complex drug for-
mulation for CT is recommended to mitigate potential side effects to the kidneys and the
nervous system as well as to improve its enteral absorption. They confirmed the structures
of different conjugates (with or without B12) through various physicochemical methods
and demonstrated that vitamin B12 significantly increased the permeability of the CT con-
jugates across the Caco-2 cell monolayer. Biological evaluations revealed that all conjugates
exhibited lower cytotoxicity compared to free CT, with antimicrobial efficacy varying based
on conjugate composition; those linked by hydrolyzable bonds showed enhanced activity,
while conjugates containing DFOA complexed with Fe3* exhibited superior antimicrobial
activity against Pseudomonas aeruginosa. The authors concluded that their PMAG-based
conjugates represent a promising strategy for targeted antibiotic delivery, addressing critical
challenges in antibiotic resistance and toxicity. A similar design and effect were proposed
by generating hyaluronic acid nanoparticles (size of 100 nm) loaded with CT and modified
with vitamin B12 (Succinyl cyanocobalamin), further confirming the role of this vitamin in
improving oral delivery [146]. Singh et al. [147] exploited the ability of B12 to be absorbed
in by the gastrointestinal tract to develop a new nanoformulation based on solid lipid
nanoparticles to deliver amphotericin B and improve current management of leishmaniosis.
In this case, vitamin B12 was used to decorate the particles.

Similarly, Sahadi et al. [148] highlighted the potential of B12 in improving the oral
administration of insulin. In particular, the authors encapsulated this hormone in pegylated
liposomes and functionalized their surface with vitamin B12. This technology was efficient
in vitro and in vivo to protect the biological payload while efficiently increasing the passage
through the intestinal tract and increasing the bioavailability of insulin. More importantly,
the system did not show any sign of toxicity both in vitro and in vivo. Maiorova et al. [149]
developed and characterized nanoparticles generated from a nucleotide-free analog of
vitamin B12, specifically heptamethyl cobyrinate (ACCby), encapsulated in bovine serum
albumin (BSA) nanocarriers. These nanoparticles exhibited significant neuroprotective
effects in vivo, particularly in a rat model of seizures induced by thiosemicarbazide. The en-
capsulation enhanced the stability and bioavailability of ACCby, allowing it to maintain its
neuroprotective properties without significant loss when administered in the encapsulated
form. The study demonstrated that BSA nanocarriers effectively retained the nucleotide-
free vitamin B12 analog, facilitating targeted delivery and improving therapeutic outcomes,
as evidenced by the survival rates of treated rats compared to controls. Given the impor-
tance of BSA nanoparticles in the field of nanomedicine [150], this paper highlights an easy
and cost-effective approach to deliver B12.

6. Conclusions

In conclusion, vitamin B12 serves not only as a vital nutrient but also as a promising
candidate for enhancing drug delivery systems. The complex mechanisms of B12 absorp-
tion and metabolism reveal significant opportunities for improving the oral bioavailability
of various therapeutics. Elderly patients with impaired gastrointestinal absorption would
especially benefit from nanoemulsions, nanoparticles, or microcapsules designed to en-
hance oral B12 bioavailability once these formulations become commercially available.
Given the high prevalence of B12 deficiency and its associated health risks, further re-
search into B12-based delivery systems, especially their effectiveness on the organismal
level, is warranted. Future studies should focus on in vivo studies in rodents or clinical
trials to validate the efficacy of formulations tested in cellular models and optimization of
B12 formulations’ administration protocols, thereby maximizing their therapeutic potential,
particularly within the context of nanomedicine. By leveraging the unique properties of
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B12, researchers can develop innovative strategies to address challenges in drug delivery
and improve patient outcomes, particularly in the advancement of cancer therapy. The over-
expression of TCII-R in cancer cells presents an opportunity to enhance targeting through
B12-conjugated drugs and nanoparticles, which can improve the specificity and efficacy of
therapeutic agents while minimizing systemic toxicity. Research using models more com-
plex than single-cell-line cultures is required, at least co-culture of healthy and tumor cells,
to estimate off-target effects of B12-drug conjugates for cancer treatment. These innovations
hold promise for enhancing the delivery of chemotherapeutic agents and other therapeutic
molecules, paving the way for more targeted and personalized cancer treatments.
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Abbreviations

The following abbreviations are used in this manuscript:

HC Haptocorrin
TC Transcobalamin
Cbl Cobalamin
methylTHF = Methyltetrahydrofolate
THF Tetrahydrofolate
MeCbl Methylcobalamin
AdoCbl Adenosylcobalamin
Hcy Homocysteine
SAM S-adenosylmethionine
SAH S-adenosylhomocysteine
MS Methionine syntase
MMUT Mitochondrial methylmalonyl-CoA mutase
CD320 Receptor of transcobalamin complex with B12
MMA Methylmalonic acid
TCA cycle Tricarboxylic acid cycle
AhR Aryl hydrocarbon receptor
HPLC High-performance liquid chromatography
CT Colistin
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