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Abstract

Vitamin-conjugated metallic nanoparticles (VC-MNPs) have emerged as a transformative platform
in nanomedicine, offering a dual advantage of targeted drug delivery and enhanced therapeutic
efficacy. This review highlights synthesis, characterization and recent advancements of VC-MNPs for
biomedical applications, with a focus on antimicrobial and anti-cancer therapies. Diverse synthesis
methods including chemical reduction, co-precipitation, sol-gel, and green approaches are evaluated,
along with the influence of synthesis parameters on nanoparticle performance. The mechanisms
underlying enhanced antimicrobial and anti-cancer efficacy are discussed, highlighting the
contributions of vitamin functionalization to cellular uptake and biocompatibility. The review
elucidates the mechanistic basis for improved antimicrobial and anticancer activity, particularly
focusing on how vitamin functionalization enhances cellular internalization and biocompatibility
profiles. Critical challenges in clinical translation are systematically assessed, including nanoparticle
stability under physiological conditions, potential toxicity concerns, regulatory approval pathways,
and manufacturing scalability requirements. Finally, the paper considers future perspectives,
focusing on synthesis innovations, novel therapeutic targets, interdisciplinary collaborations, and
pathways for clinical translation. Therefore, this review of recent advances promote vitamin
conjugated metallic nanoparticles as a potent platform for next-generation drug delivery systems in
medicine.

Keywords: targeted drug delivery; antimicrobial therapy; anticancer therapy; surface
functionalization; cellular uptake; drug resistance

1. Introduction
1.1. Overview of Nanotechnology and Its Significance in Drug Delivery

Recent advancements in nanotechnology have significantly influenced a broad spectrum of
scientific disciplines encompassing physics, materials science, chemistry, biology, computer science,
medicine, and engineering (Figure 1). Increasingly, research efforts are directed toward the precise
control of atomic and molecular arrangements at the nanoscale to engineer structures, devices, and
systems with novel functionalities and enhanced performance characteristics [1]. This broad impact
is perhaps most evident in medicine, where nanotechnology has emerged as a transformative
paradigm in drug delivery; revolutionizing how therapies are delivered at the cellular level [2,3].
Characterized by the manipulation of materials at the nanometer scale (1-100 nm), nanoparticles
possess distinctive physicochemical attributes such as elevated surface area-to-volume ratios,
customizable surface functionalities, and enhanced permeability that render them highly suitable for
targeted therapeutic interventions [4]. Consequently, these unique features enable nanoparticles to
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circumvent many of the inherent limitations associated with conventional drug delivery systems,
including poor solubility, limited bioavailability, and system toxicity [5].

Nanoparticles can be fabricated from a diverse array of materials, including organic polymers
such as chitosan and PLGA, lipids (e.g. phospholipids, PEG, and nucleic acids), metals like gold,
silver, iron, zinc, and copper, as well as silica. Each class of material offers distinct properties that are
particularly tailored to specific therapeutic and diagnostic applications. For example, lipid-based
nanoparticles are particularly effective at encapsulating hydrophobic drugs, enhancing their delivery
and bioavailability. In contrast, metallic nanoparticles (MNDPs) have gained significant attention in
biomedical fields due to their exceptional physicochemical properties These MNPs are exemplified
by metals such as gold and silver which are frequently utilized in imaging modalities and
photothermal therapies [6]. This is largely attributed to their high surface area-to-volume ratios,
which allow for greater interaction at the nanoscale, as well as their tunable surface chemistries that
enable precise functionalization. Furthermore, MNPs possess unique optical and magnetic properties
that make them highly versatile for a variety of biomedical applications [7]. Collectively, the choice
of nanoparticle material depends on the intended clinical use, leveraging specific advantages to
optimize therapeutic outcomes.
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Figure 1. Application of nanotechnology in different fields.

Effective drug delivery remains a cornerstone of modern therapeutics, ensuring optimal
pharmacological outcomes while minimizing adverse effects [8]. In this regard, nanoparticle-based
delivery systems have demonstrated considerable promise across various medical disciplines,
including oncology, neurology, infectious diseases, and cardiovascular medicine. In cancer studies,
nanoparticles facilitate the targeted delivery of chemotherapeutic agents directly to tumor sites,
thereby reducing systemic toxicity and enhancing therapeutic efficacy [9]. For example, lipid and
polymeric nanoparticles have been used to deliver agents such as doxorubicin and paclitaxel in breast
and lung cancers, enhancing drug accumulation in tumors and minimizing side effects such as
cardiotoxicity and system reactions [10,11]. Similarly, in neurodegenerative disorders such as
Alzheimer’s and Parkinson’s diseases, nanoparticles facilitate crossing the blood-brain barrier
allowing direct delivery of neurotherapeutic agents into the brain, a major obstacle for traditional
treatments [12]. These advancements naturally extend to cardiovascular medicine, where
nanoparticles have been developed to direct thrombolytic and anti-inflammatory agents to affected
sites, decreasing the risk of systemic complications such as bleeding [13]. Additionally, emerging
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research has also explored the development of exosome-derived nanoparticles and environmentally
benign synthesis methods to improve biocompatibility and reduce toxicity. These innovations are
paving the way for more sustainable and patient-centric therapeutic strategies [14].

Building on these applications, nanoparticle systems significantly improve the bioavailability of
therapeutic agents at pathological sites, by offering controlled release, reduced off-target effects, and
enhanced solubility and stability for the target compounds [15]. These advantages stem from the
intrinsic properties of nanocarriers, including their size, morphology, and material composition [16]
which can be further optimized through surface functionalization with ligands, antibodies, or
polymers to enhance their stability, biocompatibility, and targeting precision. Such functionalized
nanoparticles enable receptor-mediated endocytosis, promote selective uptake by diseased cells,
including malignant tissues. Moreover, these nanocarriers can be engineered to respond to specific
physiological stimuli such as pH, temperature, or redox gradients which allows for controlled and
site-specific drug release [17]. This technological sophistication contrasts with traditional drug
delivery methods, which often suffer from stability issues, limited absorption, rapid clearance, and
low specificity [18,19].

Targeted drug delivery refers to the strategic localization of therapeutic agents at the intended
site of action, thereby enhancing local drug concentrations and reducing systemic exposure without
compromising efficacy [20]. In line with this concept, one approach that has gained recent attention
is the use of passive nanoparticle delivery systems for small molecules including vitamins and
bioactive compounds, which traditionally face challenges related to poor absorption and degradation
during transit. Among such strategies, vitamin-conjugated nanoparticles have emerged as a
promising solution, wherein essential micronutrients serve dual roles: they act as therapeutic agents
and simultaneously function as biological ligands to facilitate cellular uptake. Owing to this dual
functionality, vitamin-conjugated nanoparticles have demonstrated improved bioavailability, more
precise targeted delivery, and a sustained release profile for encapsulated compounds [21]. Given
these advances, this review examines recent progress in the synthesis, characterization, and
application of vitamin-conjugated metallic nanoparticles, while highlighting their potential to
enhance therapeutic outcomes including mechanism of action.

1.2. Vitamin Conjugated Metallic Nanoparticles

Phytochemicals have emerged as key agents in the green synthesis of nanoparticles, owing
biocompatibility and wide spectrum of therapeutic benefits including antimicrobial and anticancer
activities [22]. Among these phytoconstituents, vitamins and essential micronutrients show defined
physiological roles and have gained high attention for their multiple therapeutic domains such as
antioxidant, anticancer, antimicrobial, and antidiabetic properties [23,24]. Despite these promising
attributes, their conventional administration as clinical utility is hindered by inherent challenges, of
chemical instability, rapid metabolic degradation, and limited bioavailability [25]. To address the
limitations, nanotechnology has promoted the transformative strategies in which vitamins are
conjugated with nanoparticles, to enhance pharmacokinetic profiles and enabling targeted delivery
[26]. Both hydrophilic and lipophilic vitamins possess electron rich functional groups capable of
coordinating with metal ions to facilitate the formation of stable metal-ligand complexes [27]. For
instance, biotin’s ureido group facilitates carboxylation reactions and nanoparticle functionalization,
its high affinity of conjugating with avidin has make it a better candidate for targeted cancer therapy
[28]. Similarly, preliminary studies on thiamine (B1) demonstrated its ability to stabilize metal
nanoparticles via heteroatom mediated coordination, whereas cobalamin (B12) exhibit structural
features conducive to metal ion coordination and reduction, when it undergoes oxidation from
cobalamin I to II it donates electrons to reduce metal ions and form nanoparticles [29]. Beyond
metallic nanoparticles, liposomal, lipid-based, and polymeric nanocarriers functionalized with
vitamins have been investigated and reports show their strong ability to enhance biocompatibility
and therapeutic efficacy outperforms the traditional formulations [30-33].
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2. Methods of Metal Nanoparticles Synthesis

Nanomaterial synthesis typically follows either a top-down approach: where bulk materials are
reduced to nanoscale via techniques such as milling, sputtering, grinding, and thermal treatment or
a bottom-up approach: which utilizes chemical and biological methods to assemble nanoparticles
atom by atom. This review emphasizes various solution-based synthesis strategies which promotes
functionalization and conjugation of biologically active molecules on to nanoparticles. These method
is carried out under mild, biocompatible and controllable conditions aimed to enhance targeting and
therapeutic efficacy of fabricated nanomaterials [34-36].

2.1. Chemical Approach

Chemical synthesis of metallic nanoparticles involves three primary components: metal salt
precursors, reducing agents, and capping/stabilizing agents to coat the surface and prevent
aggregation. Common chemical techniques include chemical reduction [37], co-precipitation [38],
and sol-gel methods [39]. Chemical reduction methods typically use agents such as borohydrides,
citric/oxalic acids, polyols, hydrogen peroxide, and sulfites to transfer electrons to metal ions, forming
free atoms. Stabilizing agents like trisodium citrate dihydrate, sulfur ligands (thiolates), phosphorus
ligands, polymers, and surfactants (e.g., cetyltrimethylammonium bromide, CTAB) are employed to
prevent nanoparticle aggregation. In some cases, the same molecule serves as both reducing and
stabilizing agent [40-42].

The co-precipitation method involves simultaneous precipitation of multiple metal ions using
agents such as NaOH and NH4OH to produce uniformly sized nanoparticles with controlled
composition and properties. Magnetite nanoparticles are commonly synthesized using this method.
Aqueous solutions of Fe (II) and Fe (III) are mixed with a base at ambient or elevated temperatures,
resulting in the formation of insoluble hydroxides that aggregate into nanoparticles. Surfactants
such as cetyltrimethylammonium bromide (CTAB), cetyltrimethylammonium chloride (CTAC),
sodium dodecyl sulfate (SDS), polyvinylpyrrolidone (PVP), or polyethylene glycol (PEG) are added
dropwise to prevent agglomeration and oxidation [43—45].

The sol-gel process encompasses hydrolysis, polymerization/condensation of monomers,
particle growth, and gel formation. It involves the phase transformation of a colloidal “sol” into a
solid “gel.” This method enables the production of glass and ceramic materials at low temperatures,
facilitating the incorporation of various organic and inorganic substances for applications such as
drug delivery. It allows precise control over oxide stoichiometry and yields high-purity, uniform,
and crystalline nanoparticles under mild conditions [46—49].

The chemical approach offers advantages such as enhanced reactivity, controlled nanoparticle
shape and size, cost-effectiveness, and reproducibility [50]. However, byproducts from chemical
reductants raise concerns regarding human health and environmental safety. Despite their benefits
such as rapid reaction kinetics at low temperature and pressure and good solubility in aqueous and
polar organic media; several drawbacks such as the impact of chemical reagents, high temperatures,
and harsh reaction conditions to the environmental and human health have been reported. For
example, the byproducts from NaBH4 and hydrazine are harmful to the respiratory system, and may
cause neurotoxicity and encephalopathy [50-53].

2.2. Greener Approach

Recently, environmentally sustained synthesis of nanomaterials shows strong increased trend
(Figure 2) and has gained significant attention due to its effectiveness, low cost, reduced failure rates,
and ease of characterization, which makes it preferable over conventional methods [54]. This
ecofriendly approach uses bioactive compounds from natural sources such as enzymes, vitamins,
carbohydrates, bacteria, fungi, yeast, algae, and plant secondary metabolites which act
simultaneously as capping and reducing agents. Such biologically synthesized nanoparticles exhibit
superior biocompatibility, nano-dimensions, and pharmacological properties, making them suitable
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for medical applications such as drug delivery, cancer therapy, antimicrobial treatments, and tissue
regeneration [55]. For example, vitamin conjugates including folic acid, riboflavin, thiamine, biotin,
and vitamins C and D have been shown to improve nanoparticle stability and therapeutic efficacy
which makes them the ideal candidates for therapeutic purpose including drug loading and delivery
(Table 1). Several studies have highlighted the influence of vitamin conjugated nanoparticles on drug
delivery, therapeutics and other applications. For instance, Singh et al. [56] prepared riboflavin and
thiamine functionalized multi-walled carbon nanotubes for cancer therapy, demonstrating
significant cytotoxicity against MCF-7 cancer cell lines. Subsequently, Chakraborty and Jana [57]
synthesized vitamin C-conjugated gold nanoparticles with enhanced chemical stability under
physiological conditions, according to their findings the conjugate has better reducing oxidative
stress ability compared to vitamin C alone. Similarly, Kader et al. [58] fabricated vitamin C-adduct-
conjugated zinc oxide nanoparticles for photocatalytic applications. Nah et al. [59] reported vitamin
D-conjugated gold nanoparticles for osteogenic differentiation of human adipose-derived stem cells
(hADSCs). In a recent study, Zamenraz et al. [60] confirmed that vitamin B5 (pantothenic acid)
bonded to 2,4,6-trichloro-1,3,5-triazine conjugated copper has potentially enhanced visible-light
photocatalytic activity of nanocrystalline TiOz. Furthermore, Anwar et al. [61] synthesized riboflavin-
conjugated silver nanoparticles (VC-AgNPs) with selective antimicrobial activity against gram-
positive bacteria. A common method for synthesizing vitamin-conjugated nanoparticles involves
mixing a metal precursor solution with a vitamin, where the vitamin’s functional groups act as
reducing and capping agents. Alternatively, nanoparticles are synthesized separately, dispersed in a
solvent, and then mixed with a vitamin solution at room temperature for approximately 24 hours;
optimization of nanoparticle size and morphology is achieved by adjusting temperature, pH, and
reaction time [62,63]. Despite its advantages, green synthesis faces limitations including variability in
source material availability due to geographic and seasonal factors, and challenges in scaling for
industrial production [64]. Therefore, elucidating the molecular mechanisms of biosynthesis, and
optimizing synthesis parameters to improve reproducibility will be crucial to fully harness the
potential of green nanotechnology in medicine and beyond.
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Figure 2. Trend analysis of synthesis techniques used for metallic nanoparticles from 2000 to min 2025.
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Table 1. Summary of metal nanoparticles with vitamins.
Metal NP + Synthesis Size & Characterization
Applicati Key Findi Ref.
SN Vitamin Method Morphology  Techniques pplications ey Findings ¢
Ag: ~200-800 ?:Sttl:;;t;:;:;t Strongest
Ag (Ag/Cu) + Chemical nm; Cu: ~160- . . .. bactericidal effect
1 - DLS, TEM B,
Ascorbic Acid reduction 630 nm UV=Vis, DLS, TEM Bacillus subtilis 05 .05 1]
spherical (Gram+) and E. mg/L)
P coli (Gram-). /)
. . Most effective:
ﬁ‘l‘:l‘::"‘scttz:l(}s >88% kill of E. coli
. . and ~83% of S.
coli, S. aureus, S. .
~6-40 nm enterica, S aureus under light
) Au + Vitamin C Green spherical UV-Vis, XRD, mutuns, C'pm dida (via ROS (91]
(with algal EPS)  biosynthesis P TEM, FTIR " generation), and
AuNPs spp.). Anticancer:
Tested against ~70% growth
CaCo-2 cells.
cells.
Antibacterial: Inhibit ~95.6% of
~21-28 nm .
Potent against ~ MRSA growth,
polyhedral;
MRSA. accelerated wound
. . Green one-pot  DLS s . .
3 CeO2 + Folic Acid . . XRD, TEM/SEM  Antioxidant/Anti-healing and [92]
precipitation (hydrodynamic . . -
inflammatory.  selective toxicity
~200 nm; 22 . .
mv) Anticancer toward bacteria
(MDA-MB-231). and cancer cells.
Cu-MOF + Folic Nanosheets ~ TEM/HRTEM,  Anticancer (PDT I?B‘?gzee;‘i}fnces
4 Acid (Cu-TCPP Chemical method~100-200 nm; XRD, XPS, FTIR, & hvpoxic [93]
MOF/Pt-FA) PtNPs ~2nm Zeta potential immunotherapy) yP .
conditions.
Broad-spectrum
bactericidal
ingle- ~8-1 ivity. MIC: ~2
Single-step cus ._8 hO n‘m,l. Antibacterial (S. aCtl/Vl?: 1}\3/[ CI.
L aqueous quasi-SPRETCAl v pry BTIR, aureus, E. coli, K. 8™ L (E- cold)
5 CuzS + Vitamin C  synthesis agglomerates . and 10 pg/mL [94]
X . TEM/SEM, EDS pneumoniae), .
(Chemical into 50-100 nm .. (other strains).
. Antioxidant
reduction) clusters Also scavenged
DPPH & NO
radicals.
Kills >90% of S.
FesOus + Riboflavin  Solvothermal ~200 nm XRD, >,(PS' Zeta. Antibacterial and aureus and ~88% of
6 . potential, UV-Vis, .. . [95]
(B2) method spherical Antioxidant E. coli at 0.5
Fluorescence
mg/mL.
~150-180 nm
FesOu + Folic Acid Double emulsion polymeric TEM, DLS, FTIR, . Induce. ~90% .cell
7 . . solvent spheres Anticancer death in ovarian [96]
(PLGA nanocarrier) . NMR, MRI
evaporation (PLGA); Fe3Os cancer.
cores ~8 nm
Produced
FesOu + Surface FesOx core ~5 Anticancer synergistic cancer
8 Folic/TNF/IEN/D Oxfunctlonahzatlon nm; cluste.rs ~50FTIR, DLS, UV-Vis (combined cell killing w1th.
& self-assembly nm spherical therapy) reduced systemic
toxicity.
Antibacterial & Reduced
9 Ag + Folic {Amd Blofgnctlonal ~10 nm AgNPs SEM, EDS, FTIR fmh— .calc1flcat10.n aI:ld (97]
(valve coating) coating inflammatory inflammation in
implant vivo.
Single folate-
~320-350 nm , , targeted
Biopolvmer- mixture of rod- Antibacterial, nanocapsule can
Ag/MOF + Folic polymer % XRD, FTIR, SEM,  antioxidant, ~deliver
10 . templated in situ like and . [98]
Acid (nanocapsule) . . TEM, BET targeted drug chemotherapeutics
MOF synthesis  spherical ; . .
. delivery while preventing
particles

infection &
oxidative damage.
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Potent bactericidal
Biogenic ~50nm TEM, DLS, XPS effects against
11 Gd20s+ Vitamin C genie amorphous ’ . ’ Antibacterial S 48 [99]
precipitation . ICP multiple
Gd20:s particles
pathogens.
Photodynamic ~ Vitamin Bz +
Photochemical AUNP ~20 nm antimicrobial AuNP create
12 Au +Riboflavin (Bz) surface- . ’ UV-Vis therapy (S. synergistic ROS + [100]
A spherical ° ;
modification aureus, P. Au* antibacterial
aeruginosa) effect.
Ag core ~20 TOS coating
Ag + a-Tocopherol Surface nm; . UV-Vis, FTIR, Anticancer (A549 enhar'.lce.d cancer
13 . . . . .. hydrodynamic . . selectivity & [101]
Succinate (Vit E)  functionalization DLS/Zeta potential lung carcinoma) ..
size ~25 nm therapeutic index
(TOS coating) of AgNPs.
~5-10 nm
hexagonal Enabled precise
Chemical phase; Photoluminescence NIR-triggered
14 Y203 +Folic Acid  synthesis/thermalaggregates into ‘Cancer imaging imaging & [102]
o TEM, FTIR, DLS .
decomposition  ~100 nm potential
clusters; folate- phototherapy.
PEG ~120 nm
Strong activity
against S. aureus;
15 Se + Vitamin C Chem{cal ~50—69 nm UV—VI.S, DLS, Zeta Antibacterial stablhzec'l Se-VitC (103]
reduction spherical potential, XPS NPs retained
activity 2-6
months.
Strong activity
Chemical against Gram+
16 Zn/Ag MOF + synthesis with ~100-200nm  XRD, TEM, SEM, Antibacterial and Gram-— [104]
Vitamin C yht .. polyhedral FTIR, BET bacteria common
functionalization .
in wound
infections.
Uniform ;Sz\:r;'?;;s)’éga Treatment of Rapid infection
17 FE.B/MOF + Hydrothermal polyhedral FTIR, SEM, EDS, bacterial keratitis Cle.:a%'ance with (105]
Riboflavin method . (S. aureus, P. minimal collateral
morphology ~ UV-Vis, Thermal .
. . aeruginosa) damage.
imaging
Effective at low
Ag NPs + Biotin, D- Chemical 0 UV-Vis, TEM, ff;‘z‘;’jg;‘gons
18 Pantothenic acid & reduction with spherical FTIR, DLS, TGA, Antimicrobial /mL) ) inst [106]
Nicotinicacid ~ NaBHs pherica FE-STEM Hg/m) aga
planktonic cells &
biofilms.

2.3. Influence of Synthesis Parameters

The physicochemical characteristics of materials, including their composition and morphology,
are profoundly influenced by various synthesis parameters. Among these pH, reactant concentration,
reaction duration, and temperature are the major factors, each of which can be strategically
manipulated to tailor material properties [65,66]. Specifically, temperature and pH play pivotal roles
in determining the size, shape, and formation rate of nanoparticles. Elevated pH levels have been
shown to enhance the nucleation process, thereby accelerating the reduction of metal ions into
metallic nanoparticles [67]. Building on this, Fernando and Zhou [68] evaluated the effect of pH on
physicochemical behavior of AgNPs, focusing on their stability, dissolution behavior, and
aggregation kinetics. Their findings revealed that pH significantly modulates the surface charge of
AgNPs, which in turn governs their tendency to aggregate and undergo oxidative dissolution.
Particularly, acidic and neutral conditions led to destabilization and increased aggregation, whereas
alkaline environments, enriched with hydroxyl ions, promoted re-stabilization and the formation of
more stable colloidal suspensions. This sensitivity to pH and temperature is not limited to synthesis
but extends to biomedical applications, where these parameters critically affect drug loading and
release in nanocarrier systems. Recently, pH-responsive nanodrug delivery platforms have garnered
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considerable interest for their ability to selectively deliver therapeutic and diagnostic agents to
diseased tissues. The pH of the target environment influences both the binding efficiency of
functional ligands on the nanoparticle surface and the release kinetics of the encapsulated drug.
Improper pH control may lead to off-target effects and toxicity in healthy tissues [69,70].

Further, Awadh et al. [71] have demonstrated that altering pH and temperature during ZnO
nanoparticle synthesis directly influence optical properties, with successful formation at pH 10 and
11 distinct absorption peaks at 366 and 364 nm. However, no such peaks were observed at pH 12 and
14, suggesting that excessively high pH levels accelerate nanoparticle aging. Similarly, temperature
also played a crucial role: higher synthesis temperatures (80-90 °C) facilitate the formation of smaller,
monodispersed nanoparticles with sharp surface plasmon resonance (SPR) features, whereas lower
temperatures fail to produce well-defined nanoparticles. However, these trends are not universal
[71,72]. For example, the stability of gold nanoparticles can decrease at elevated temperatures,
highlighting thermal stability and morphological development vary with material type and synthesis
pathway [73]. In addition to pH and temperature, both reactant concentration and reaction duration
are crucial in controlling size and growth of nanoparticles during synthesis. Experimental studies
show that increasing the concentration of reactants leads to a higher reaction speed, while lower
concentrations slow down the process due to reduced collision frequency between reactant molecules
[74]. Reaction time further influences nanoparticle properties as prolonged reaction times may result
in excessive particle growth, aggregation, or even aging effects, thereby altering optical, structural,
or functional properties [75]. For example, Dehsari et al. [76] evaluated the effect of precursor
concentration on the size of iron oxide nanoparticles, showing that modifying reactant concentration
can regulate particle size and distribution , however, the relationship is not always linear, as
excessive concentration can also narrow particle size due to changes in aggregation and nucleation
dynamics. Similarly, Yazdani et al. [77] reported that extended reaction times during the synthesis
of gold nanoparticles enhanced aggregation and polydispersity, ultimately leading to undesirable
size variations. Therefore, considering careful optimization of both reactant concentration and
reaction time is essential to achieve desired material properties and reproducibility in synthesis
protocols.

3. Characterization Techniques of Nanoparticles

Understanding nanoparticles (NPs) behavior in biomedical applications necessitates
comprehensive evaluation of their fundamental properties. Critical determinants such as particle
dimensionality, morphological architecture, surface electrostatics, porosity, polydispersity index,
and specific surface area significantly influence their interactive dynamics and efficacy in targeted
applications, encompassing drug delivery systems, catalytic processes, biomedical imaging, and
environmental detoxification [78,79]. Comprehensive and precise characterization of these
parameters is imperative for elucidating NPs behavior and refining synthesis methods to enhance
application-specific performance [80]. To achieve this, a multifaceted suite of analytical methods is
employed, each offering distinct and complementary insights into nanoparticle composition and
functionality. These techniques encompass Transmission Electron Microscopy (TEM), Scanning
Electron Microscopy (SEM), Ultraviolet-Visible (UV-Vis) Spectroscopy, Fourier Transform Infrared
(FTIR) Spectroscopy, X-ray Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), Dynamic
Light Scattering (DLS), Atomic Force Microscopy (AFM), Nuclear Magnetic Resonance (NMR)
Spectroscopy, and zeta potential analysis. Collectively, these tools facilitate a holistic understanding
of NPs physicochemical profiles (Table 1), thereby informing their rational design and application
[81].

Electron microscopy techniques, particularly TEM and SEM, serve as essential analytical tools
for nanoparticle structural characterization. TEM facilitates ultra-high-resolution imaging, enabling
the direct visualization of internal nanostructures and precise morphological delineation at the
atomic scale, which is critical for examining spatial distribution and interfacial architecture. In
parallel, SEM complements this analysis by generating three-dimensional surface topographies
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through secondary electron detection, thereby offering critical insights into surface morphology,
texture, and particulate arrangement [81]. Beyond morphological characterization, UV-Vis
spectroscopy introduces a rapid, non-invasive optical modality for monitoring nanoparticle synthesis
and colloidal stability. Particularly efficacious for metallic NPs due to their surface plasmon
resonance (SPR) phenomena, UV-Vis spectral profiles specifically the peak position and bandwidth
serve as proxies for particle size, dispersion uniformity, and aggregation dynamics, linking structural
and optical properties in real time [82]. To examine surface chemistry and functionalization, FTIR
spectroscopy identifies functional groups, and elucidate interactions at the nanoparticle interface,
which is particularly relevant in green synthesis approaches [83].

DLS serves as a pivotal analytical technique for characterizing colloidal systems by determining
the hydrodynamic diameter and polydispersity index, thereby offering insights into particle size
distribution and uniformity. When coupled with zeta potential analysis, DLS extends its utility to
evaluating the electrostatic potential at the nanoparticle interface, a critical parameter for assessing
colloidal stability. High absolute values of zeta potential regardless of polarity signify strong
interparticle repulsion, which effectively minimizes aggregation and enhances dispersion stability
under varying environmental conditions. This dual capability is instrumental in predicting
nanoparticle behavior in both biological and industrial contexts, particularly with respect to long-
term storage and functional performance. Moreover, DLS complements spectroscopic techniques
such as FTIR by bridging surface chemistry with physicochemical stability, thus providing a
comprehensive framework for nanoparticle evaluation [84,85].

XRD serves as a definitive tool for crystallographic analysis, offering quantitative data on lattice
parameters, crystallite dimensions, and phase composition. It is instrumental in confirming the
formation of specific crystalline phases and assessing structural integrity. When integrated with TEM
and DLS data, XRD provides a holistic understanding of nanoparticle architecture from atomic
arrangement to colloidal behavior [80,86].

AFM enriches surface characterization by delivering nanoscale three-dimensional imaging
without the prerequisite of conductive coatings. Through precision scanning of a sharp probe across
the sample surface, AFM captures topographical features such as surface roughness, particle height,
and mechanical heterogeneity, thereby complementing SEM and TEM with tactile resolution [87].

XPS introduces a surface-sensitive analytical dimension, capable of resolving elemental
composition and oxidation states within the top few nanometers of the nanoparticle surface. This
technique is critical for validating surface modifications, dopant incorporation, and functional group
presence, thereby linking surface chemistry to electronic structure and catalytic potential [88].

NMR spectroscopy culminates the analytical suite by offering molecular-level insights into the
electronic environment, bonding configurations, and ligand-nanoparticle interactions. It is
particularly efficient at elucidating surface chemistry, ligand density, and core composition, thereby
providing a comprehensive understanding of nanoparticle functionality and reactivity [89].

4. Applications
4.1. Antimicrobial Applications

The rise of multidrug-resistant (MDR) pathogens has intensified the search for alternative
antimicrobial strategies. Among metal nanoparticles such as silver, gold, zinc oxide, and copper have
shown potent antimicrobial properties. Functionalizing these nanoparticles with vitamins (Table 1)
further enhances their efficacy, selectivity, and safety profile and also improves their stability,
solubility, and bioavailability [107]. These nanoparticles exhibit strong efficacy against both bacterial
and fungal pathogens, often outperforming conventional antibiotics [108,109]. Importantly, vitamin
conjugated metallic nanoparticles have been reported to improve antimicrobial activity when
incorporated into drug delivery systems, resulting in enhanced pharmacokinetics, reduced dosage
requirements, and minimized toxicity [110]. These properties position them as promising candidates
for the treatment of persistent and resistant infections, with ongoing research demonstrating
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synergistic effects and broadened antimicrobial spectra when combined with commercial
antimicrobial agents [111,112]. Additionally, these nanoparticles are increasingly incorporated into
coatings for surgical instruments, wound dressings, and implantable devices to prevent microbial
colonization and biofilm formation, thereby reducing infection rates in clinical settings [113].

4.2. Anti-Cancer Applications

In oncology, vitamin-conjugated metal nanoparticles have been studied both as single agents
and in combination with traditional chemotherapeutics. Several case studies highlight that specific
nanoparticle formulations, such as gold or platinum conjugated with vitamins, can enhance
immunotherapeutic responses, promote targeted drug delivery, and induce tumor cell death through
mechanisms like immunogenic cell death and photothermal/photodynamic therapy [114,115].
Combination therapies that integrate these nanoparticles with existing treatments have shown
additive or even synergistic effects, often resulting in improved tumor suppression in preclinical
models. Some have advanced to early-phase clinical evaluation, where the focus has been on
enhancing efficacy while minimizing off-target toxicity [116-118]. For example, folate-conjugated
gold nanoparticles have been explored for use in computed tomography (CT) imaging, targeted
chemotherapy, radiation therapy, and hyperthermia, offering a multifunctional approach to cancer
treatment and diagnosis [119]. Additionally, gold nanoparticles conjugated with vitamin B complexes
have been proposed as multifunctional drug delivery systems, potentially exerting synergistic
therapeutic effects and improving drug targeting [120].

4.3. Other Emerging Applications

Beyond direct therapeutic uses, vitamin-conjugated metal nanoparticles are gaining traction in
diagnostic imaging and biosensor technologies. Their distinctive optical, electronic, and catalytic
properties enable highly sensitive detection of biomolecules, facilitating early disease diagnosis via
colorimetric changes or enhanced signal amplification [121,122]. In diagnostic imaging, vitamin
conjugated metallic nanoparticles (VC-MNPs) enhance the specificity and sensitivity of imaging
modalities such as MRI, CT, and PET by targeting overexpressed vitamin receptors on diseased cells
[123]. For instance, biotinylated nanoparticles are being explored in biosensors for their ability to
selectively bind to target biomolecules, enabling rapid and accurate detection of pathogens or disease
biomarkers [124]. Furthermore, vitamin D-conjugated gold nanoparticles have been shown to
enhance osteogenic differentiation in stem cells, indicating potential applications in bone
regeneration and tissue engineering [59].

In gene delivery systems, VMNPs offer a promising non-viral alternative for transporting
genetic material into cells. These platforms have demonstrated versatility in delivering a range of
genetic payloads, such as siRNA for gene silencing, plasmids for gene expression, and CRISPR-Cas9
components for genome editing, thereby enabling precise genetic modulation for various therapeutic
purposes [125,126]. As a result, their application extends to the treatment of inherited disorders,
cancer, and other diseases where targeted gene regulation is crucial [127,128]. Clinical translation
efforts are now focusing on the development and approval of non-viral gene therapy products, with
several clinical trials underway for conditions such as genetic disorders and cancers, highlighting the
growing recognition of VMNPs as safer and more versatile alternatives [129,130].

5. Mechanisms of Actions

Understanding the mechanisms through which pharmacological compounds exert their
therapeutic effects is crucial for advancing drug development and optimizing therapeutic
interventions. The mechanism of action refers to the specific biochemical interaction between a
pharmacological compound and its molecular target, typically involving high binding affinity to
structurally defined domains on proteins such as enzymes, ion channels, or membrane-bound
receptors. This fundamental understanding enables the rational design of more effective and targeted
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therapies while providing insights into potential adverse effects and drug interactions [131,132]. Drug
efficacy is frequently mediated through competitive inhibition, wherein the therapeutic agent
competes with endogenous substrates or ligands to modulate enzymatic activity or receptor-
mediated signaling pathways. Through this mechanism, drugs can either mimic the actions of natural
ligands as agonists or block receptor activation as antagonists, ultimately determining the cellular
response and therapeutic outcome [133]. In the context of oxidative stress, pharmacological agents
may exert their therapeutic effects through multiple molecular strategies that collectively restore
cellular redox homeostasis[134]. These include direct scavenging of reactive oxygen species (ROS)
[135], modulation of redox-sensitive intracellular signaling cascades, and upregulation of
endogenous antioxidant defense mechanisms such as superoxide dismutase, catalase, and
glutathione peroxidase [136-138]. Under physiological conditions, oxidative free radicals generated
by mitochondrial respiratory chains, endoplasmic reticulum, and NADPH oxidases are effectively
neutralized by NRF2-mediated antioxidant responses that elevate the synthesis of key protective
molecules. Disruption of this finely tuned equilibrium between oxidant generation and antioxidant
capacity is closely linked to the pathogenesis of numerous diseases, making redox regulation an
increasingly important therapeutic target [139,140]. Collectively, these interactions contribute to the
downstream regulation of cellular homeostasis and are integral to the therapeutic efficacy of both
natural and synthetic compounds [141]. The following sections discuss the effect of vitamin
functionalization on mechanism of action of antimicrobial and anticancer agents.

5.1. Antimicrobial Mechanisms
5.1.1. Inhibition of Bacterial Growth

Understanding antimicrobial mechanisms at the molecular and genetic level provides critical
insights into how vitamin-conjugated nanoparticles disrupt bacterial physiology and overcome
resistance mechanisms [142]. Vitamin conjugated nanoparticles demonstrate potent antimicrobial
activity through multiple interconnected mechanisms that synergistically inhibit bacterial growth
[143]. The fundamental basis of this unique physicochemical properties of nanoparticles, including
their high surface-to-volume ratio, enables enhanced interaction with bacterial cells [144,145]. The
small size of these nanoparticles, typically ranging from 1-100 nm, facilitates their penetration
through bacterial cell walls and membranes, allowing for more effective antimicrobial action
(Fernando et al., 2018; More et al., 2023). At the molecular level, the antimicrobial effects involve
comprehensive disruption of bacterial gene expression patterns and cellular processes.
Transcriptomic analyses have revealed that nanoparticle treatment alters fundamental bacterial
processes including protein translation, energy metabolism, and stress response pathways. These
broad transcriptional changes occur before bacterial population density changes, indicating that
nanoparticles directly interfere with essential gene regulatory networks rather than simply reducing
bacterial numbers [147].The antimicrobial activity of vitamin conjugated nanoparticles operates
through both contact killing and ion-mediated killing mechanisms. In contact killing, the
nanoparticles directly interact with bacterial cell surfaces through electrostatic attraction, van der
Waals forces, and hydrophobic interactions [148,149]. The negatively charged bacterial cell wall
components, particularly phosphorous and sulfur-containing molecules, readily bind to positively
charged nanoparticles, leading to membrane disruption [150]. Ion-mediated killing occurs through
the sustained release of metal ions from the nanoparticle matrix. For instance, vitamin B12-conjugated
nanoparticles containing silver demonstrate concentration-dependent bacterial growth inhibition,
with minimum inhibitory concentrations (MIC) as low as 5 uM against Escherichia coli (Marcin., 2019).
Similarly, selenium nanoparticles loaded with vitamin D3 showed remarkable inhibitory activity
against both E. coli and Staphylococcus aureus, with inhibition zones ranging from 8-30 mm depending
on concentration [151].

The mechanism of bacterial growth inhibition involves multiple cellular targets. Metal ions
released from vitamin conjugated nanoparticles bind to sulfhydryl groups in essential enzymes and
proteins, particularly those involved in transmembrane ATP generation and ion transport [152]. The
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metal ion binding forms stable complexes that result in protein deactivation and disruption of cellular
metabolism. Additionally, these nanoparticles uncouple respiratory electron transport from
oxidative phosphorylation, effectively limiting respiratory chain enzymes and obstructing
membrane permeability to protons and phosphate [145]. Furthermore, reactive oxygen species (ROS)
generation represents another critical mechanism of bacterial growth inhibition. Vitamin conjugated
nanoparticles induce oxidative stress within bacterial cells through the production of hydroxyl
radicals, superoxide anions, and hydrogen peroxide [153]. Such stress damages multiple cellular
components simultaneously, including lipids in the cell membrane, proteins, and nucleic acids
(Figure 3), leading to bacterial cell death [57,153]; The oxidative damage extends to bacterial DNA,
causing mutations and interfering with essential genetic processes such as replication and
transcription.[152].

Inhibition of Mechanisms of
Bacterial Growth Resistance Overcoming

]nhibiton of Protein Combination New antibiotic

Cell Wall Synthesis therapy Development
Synthesis ;
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Figure 3. A diagram showing antimicrobial mechanism of action.

5.1.2. Mechanisms of Resistance Overcoming

The emergence of antimicrobial resistance poses significant challenges to conventional antibiotic
therapy, making the development of resistance-overcoming strategies crucial from both phenotypic
and genetic perspectives. Vitamin conjugated nanoparticles offer several advantages in
circumventing bacterial resistance mechanisms through their multi-target approach and synergistic
effects [154]. Unlike conventional antibiotics that typically target a single cellular pathway, vitamin
conjugated nanoparticles simultaneously attack multiple bacterial targets, making it extremely
difficult for bacteria to develop comprehensive resistance [155]. The combination of vitamin-
mediated targeting with nanoparticle-induced damage creates a multi-pronged assault on bacterial
cells that overwhelms their adaptive mechanisms [150]. From a genetic standpoint, resistance
mechanisms in bacteria involve specific genes that encode proteins responsible for antibiotic
degradation, efflux pumps, and target modification. Key resistance genes such as trxA (thioredoxin
A), trxB (thioredoxin reductase), dItA (D-alanine incorporation), and various efflux pump genes
(mexA, mexB, mexC) are systematically disrupted by nanoparticle treatment. This genetic disruption
occurs through multiple mechanisms including direct binding to DNA, interference with
transcriptional machinery, and oxidative damage to genetic material [156,157].

Biofilm penetration represents a significant advantage of vitamin conjugated nanoparticles in
overcoming resistance [158]. Many antibiotic-resistant bacteria exist within biofilms that provide
protection against conventional treatments. The small size and surface properties of vitamin
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conjugated nanoparticles enable them to penetrate these biofilm matrices and reach embedded
bacterial cells [145,159]. Studies have demonstrated that organic-inorganic hybrid nanoparticles show
superior effectiveness against biofilm-associated bacteria compared to conventional treatments [159].
At the molecular level, biofilm-associated resistance involves complex gene regulatory networks
including quorum sensing systems (luxS, lasl, rhlR), adhesion genes (fimH, bap), and extracellular
polymeric substance production genes (psl, pel, icaA). Nanoparticles disrupt these genetic networks
by interfering with quorum sensing signaling, preventing proper biofilm formation, and
compromising the structural integrity of established biofilms [157,160].

Moreover, the vitamin targeting component provides specificity that helps overcome resistance
by exploiting bacterial vitamin requirements. Bacteria require various vitamins for essential
metabolic processes, and vitamin-conjugated nanoparticles can hijack these uptake pathways to
deliver antimicrobial agents directly into resistant bacterial cells. This targeted approach bypasses
many traditional resistance mechanisms that bacteria use to exclude antibiotics [151]. Synergistic
combinations with conventional antibiotics (Figure 3) represent another resistance-overcoming
strategy; occurs through simultaneous targeting of different genetic pathways, preventing bacteria
from utilizing their resistance genes effectively while compromising their overall cellular integrity
through multiple mechanisms of action [157]. Research has shown that combining vitamin
conjugated nanoparticles with traditional antibiotics can restore sensitivity in resistant bacterial
strains. For example, the combination of silver nanoparticles with vancomycin has demonstrated
enhanced efficacy against vancomycin-resistant bacterial strains, suggesting that nanoparticle-
antibiotic combinations can overcome established resistance mechanisms [154].

5.2. Anti-Cancer Mechanisms
5.2.1. Targeted Delivery to Tumors

Vitamin conjugated nanoparticles offer exceptional opportunities for targeted cancer therapy
through exploitation of the enhanced vitamin requirements of rapidly dividing cancer cells.
Malignant tumors exhibit increased demand for essential vitamins, resulting in overexpression of
vitamin receptors on cancer cell surfaces compared to normal cells. This differential expression
provides a molecular basis for selective targeting that can be exploited for therapeutic advantage.
Folate receptor targeting represents one of the most extensively studied vitamin-mediated targeting
approaches. Cancer cells, particularly those of epithelial origin, frequently overexpress folate
receptors to meet their increased metabolic demands. Folate-conjugated nanoparticles can
specifically bind to these overexpressed receptors, facilitating selective uptake by malignant cells
while sparing normal tissues with lower receptor expression of Vitamin B12-mediated targeting
exploits the high demand for cobalamin in rapidly dividing cells. Cancer cells upregulate trans-
cobalamin receptors and other B12 transport mechanisms to support increased DNA synthesis and
cellular proliferation. Vitamin B12-conjugated nanoparticles can exploit these transport pathways to
achieve selective accumulation in tumor tissues [161].

Vitamin D3 nanoparticle platforms have demonstrated remarkable versatility in cancer targeting
applications [162]. These biocompatible and biodegradable nanoparticles can be engineered to carry
multiple therapeutic agents while maintaining tumor selectivity. The vitamin D3 component not only
provides targeting specificity but also contributes intrinsic anti-cancer activity through modulation
of calcium homeostasis and cellular differentiation pathways [163]. The enhanced permeability and
retention effect works synergistically with vitamin-mediated targeting to improve tumor
accumulation [164]. The abnormal vasculature of solid tumors, characterized by larger pore sizes and
poor lymphatic drainage, allows preferential accumulation of nanoparticles within tumor tissues
[165]. When combined with vitamin receptor targeting, this passive targeting mechanism
significantly enhances the therapeutic index of vitamin conjugated nanoparticles pH-responsive drug
release represents an additional targeting mechanism that exploits the acidic tumor
microenvironment. Vitamin conjugated nanoparticles can be designed to remain stable in
physiological pH conditions but rapidly release their therapeutic cargo in the acidic conditions (pH
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5.5-6.5) found within tumor tissues and cellular compartments. This pH-triggered release ensures
that therapeutic agents are preferentially activated within the target tissue [166,167].

5.2.2. Induction of Apoptosis in Cancer Cells

Vitamin conjugated nanoparticles induce cancer cell death through multiple apoptotic
pathways, offering advantages over conventional chemotherapy approaches [168]. The multifaceted
mechanism of action involves both the intrinsic properties of the vitamin components and the
enhanced delivery of cytotoxic agents to intracellular targets, thereby amplifying their therapeutic
potential. DNA damage-induced apoptosis represents a primary mechanism through which vitamin
conjugated nanoparticles eliminate cancer cells [169]. Studies have demonstrated that dual drug-
loaded vitamin D3 nanoparticles containing PI103 and cisplatin induce significant DNA damage in
hepatocellular carcinoma cells, leading to apoptotic cell death within 24 hours. The nanoparticle
delivery system ensures sustained release of DNA-damaging agents directly within cancer cells,
maximizing therapeutic efficacy while minimizing systemic toxicity [166]. Multi-target apoptotic
signaling is achieved through the simultaneous delivery of multiple therapeutic agents. Vitamin D3
nanoparticles have been successfully engineered to carry rational combinations of drugs, such as
PI103 (a PI3 kinase inhibitor) with various cytotoxic agents including cisplatin, doxorubicin, and
proflavine This multi-drug approach activates multiple apoptotic pathways simultaneously,
overwhelming cancer cell survival mechanisms and inducing rapid cell death [170].

In addition to direct DN A-targeted mechanisms, mitochondrial pathway activation significantly
contributes to the pro-apoptotic effects of vitamin-conjugated nanoparticles. For example, vitamin C-
conjugated nanoparticles generate reactive oxygen species (ROS) and disrupt the redox balance of
cancer cells. Interestingly, these effects are concentration-dependent, such that low concentrations
exhibit protective antioxidant effects, while higher doses induce oxidative cell death. This selectivity
is particularly effective in tumor cells, which are inherently more vulnerable to oxidative stress due
to altered metabolic states [57]. Beyond mitochondrial disruption, lysosomal involvement has also
been reported. Cellular uptake studies confirm that vitamin-conjugated nanoparticles enter cells via
endocytosis and are localized within acidic lysosomal compartments, where the environment
facilitates drug release. Lysosomal membrane permeabilization further amplifies apoptosis by
releasing pro-apoptotic mediators into the cytoplasm, creating an additional layer of tumor-specific
cytotoxicity [171].

5.2.3. Mechanisms of Drug Resistance Modulation

Cancer drug resistance remains a major obstacle to successful chemotherapy, but vitamin
conjugated nanoparticles offer several mechanisms to overcome and modulate resistance in cancer
cells. MDR circumvention is achieved through nanoparticle-mediated drug delivery that bypasses
efflux pump mechanisms [172]. Traditional anticancer agents are rapidly expelled from tumor cells
via ATP-binding cassette (ABC) transporters, which are upregulated in MDR phenotypes, leading to
inadequate intracellular drug accumulation. In contrast, vitamin-modified nanoparticles can bypass
these transporter-mediated efflux mechanisms by entering cells through receptor-mediated
endocytosis, a route that avoids the classical efflux pumps [166]. Combination therapy approaches
using vitamin conjugated nanoparticles have demonstrated superior efficacy against drug-resistant
cancer cell lines such as HER2-positive breast cancer, non-small cell lung cancer, and ovarian cancer,
where synergistic effects with chemotherapeutics like paclitaxel, gemcitabine, and doxorubicin have
restored drug sensitivity and enhanced tumor suppression [173-175] Research has shown that
vitamin D3 nanoparticles loaded with combinations of PI103 and cisplatin maintain effectiveness
against cisplatin-resistant hepatocellular carcinoma cells (Hep3B-R) [166]. Furthermore, these dual
drug-loaded nanoparticles showed improved efficacy against 5-fluorouracil resistant cells, with
superior efficacy compared to 5-fluorouracil monotherapy [166]. Enhanced cellular uptake is a
notable advantage: vitamin D3-PI103-proflavine nanoparticles are internalized much faster (within 3
minutes) in drug-resistant cancer cells than in drug-sensitive ones, likely due to altered membrane
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properties and increased metabolic demands in resistant cells [166,170]. The sustained and controlled
release properties of vitamin D3-conjugated nanoparticles allow for prolonged therapeutic drug
concentrations within cancer cells (up to 72 hours), which may overwhelm resistance mechanisms
that depend on rapid drug elimination, ensuring that resistant cancer cells experience prolonged
cytotoxic pressure beyond their adaptive capacity. Crucially, synergistic interactions arising within
the nanoparticle platform enable multi pathway interference. Through concurrent delivery of
vitamin-receptor—targeted ligands and multiple chemotherapeutics, these systems simultaneously
inhibit survival pathways while enhancing drug accumulation, producing therapeutic outcomes
greater than the sum of individual drugs. Such multipronged interference both reduces the likelihood
of emergent resistance and enhances efficacy against already resistant populations. Finally, vitamin-
conjugated nanoparticles contribute to overcoming drug resistance by modulating the tumor
microenvironment, which plays a central role in resistance phenotypes. These nanoparticles can alter
local oxygen gradients by improving drug penetration and disrupting hypoxic niches, buffer
extracellular acidosis to normalize pH-dependent drug exclusion, and attenuate inflammation-
associated signaling (e.g., NF-kB and cytokine pathways) that otherwise sustain resistant phenotypes
[176,177]. Together, these microenvironment-level modifications not only sensitize resistant cells to
therapy but also suppress protective signaling that underpins their drug-tolerant state [178].

5.3. Influence of Vitamin Functionalization

Functionalizing metallic nanoparticles (MNPs) with vitamins has emerged as a promising
strategy to enhance performance in biomedical applications. This approach leverages the natural
affinity of vitamins for specific cellular receptors, improving both targeting efficiency and safety
profiles of nanoparticle-based systems. By integrating vitamins into nanocarrier platforms,
researchers have achieved significant advances in controlled delivery, biocompatibility, and
therapeutic performance [179,180].

5.3.1. Enhanced Cellular Uptake

Vitamin functionalization, particularly through nanoengineering and encapsulation strategies,
has significantly enhanced the cellular uptake of vitamins. By modifying vitamins as part of
nanocarrier systems such as nanoparticles, micelles, or nanoliposomes their stability and solubility
are improved, which allows for more efficient transport across cell membranes and targeted delivery
within biological systems [30,181]. For example, nanoparticles functionalized with vitamin B12
exploit the well-characterized B12 uptake pathway, resulting in energy-dependent, clathrin-
mediated internalization and improved oral bioavailability, even bypassing efflux mechanisms that
typically limit absorption [182]. Similarly, vitamin A-modified polymer micelles demonstrate
targeted uptake by hepatic stellate cells, enhancing delivery specificity and cellular internalization in
liver tissue [183]. Chitosan-coated nanoparticles encapsulating vitamin B2 also show significantly
higher uptake in intestinal epithelial cells, indicating improved transport across biological barriers
[184]. Additionally, the presence of lysophosphatidylcholine can further boost the cellular uptake of
vitamin D variants by disrupting intercellular barriers, suggesting that co-formulation strategies can
synergistically enhance vitamin delivery [185]. Techniques that incorporate vitamins into organic
nanocarriers not only facilitate their entry into cells but also help achieve higher intracellular
concentrations, leading to enhanced therapeutic results [30].

5.3.2. Improved Biocompatibility and Efficacy

Targeted delivery combined with reduced toxicity results in better therapeutic outcomes.
Magnetic nanoparticles functionalized with vitamins have demonstrated significant potential across
various biomedical fields, such as drug delivery, photothermal therapy, and gene transfection [186].
Their capability to accumulate selectively in diseased tissues enables higher concentrations of
therapeutics locally while limiting systemic side effects [117,187]. In therapies like photothermal and
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photodynamic treatment, these vitamin-coated nanoparticles improve energy absorption and
conversion efficiency, leading to more effective destruction of tumors [188,189]. Moreover, in gene
therapy applications, vitamin-functionalized magnetic nanoparticles aid in efficient delivery of
nucleic acids, minimizing immune system activation [190]. Vitamin functionalization greatly
improves the biomedical applicability of metallic nanoparticles by enhancing cellular uptake,
lowering toxicity, and boosting therapeutic effects. For example, Vitamin B12-functionalized
nanoparticles exhibit high cytocompatibility, supporting cell proliferation and membrane integrity,
which is crucial for clinical translation [191,192]. Similarly, vitamin A-modified micelles show
excellent biocompatibility, eliciting no inflammatory response in vivo, and effectively inhibit fibrotic
markers in liver disease models [172]. In addition to surface modification, encapsulating vitamins
within biocompatible carriers, such as chitosan-coated nanoparticles, enhances stability, prolongs
release, and protects against degradation, leading to more effective supplementation and therapeutic
efficacy. These strategies collectively demonstrate that vitamin functionalization can optimize both
the safety and performance of drug delivery systems, making them more suitable for clinical and
nutraceutical applications [193]. Ongoing studies into vitamin-nanoparticle conjugates are expected
to uncover innovative nanomedicine strategies with strong clinical potential [194].

6. Challenges and Limitations

Vitamin conjugated metal nanoparticles represent a promising approach for enhancing
bioavailability and therapeutic efficacy, yet several significant challenges impede their clinical
translation. These limitations span stability concerns, toxicity issues, regulatory hurdles, and
manufacturing scalability, each requiring careful consideration for successful development and
implementation. Among these challenges, stability is particularly critical, as the interaction of
vitamin-functionalized metallic nanoparticles with complex biological environments introduces
multiple barriers that can undermine their performance [195]. One of the primary concerns is the
formation of a protein corona: a dynamic layer of biomolecules that adsorb onto the nanoparticle
surface upon contact with biological fluids. This phenomenon can obscure vitamin moieties, thereby
diminishing their targeting specificity and altering the nanoparticles’ pharmacokinetics [196].
Additionally, fluctuations in pH and ionic strength across different physiological compartments can
induce nanoparticle aggregation or premature degradation, while enzymatic activity can cleave
vitamin-nanoparticle linkages, leading to uncontrolled release or loss of functionality [109,197].
Taken together, these factors underscore the complexity of achieving stable, reliable, and clinically
translatable vitamin-conjugated metal nanoparticle systems.

Despite their biomedical promise in improving site-specific delivery and therapeutic efficacy,
vitamin-conjugated metallic nanoparticles (VC-MNPs) raise substantial concerns regarding
biocompatibility and systemic safety. While surface functionalization with vitamins is intended to
enhance cellular uptake and targeting, the intrinsic properties of certain metallic cores such as silver
or cadmium pose risks due to ion leaching, which can trigger oxidative stress, mitochondrial
dysfunction [198], and inflammatory responses in host tissues [199,200]. Furthermore, the long-term
accumulation of non-biodegradable nanoparticles in clearance organs such as the liver, spleen, and
kidneys exacerbate the potential for chronic toxicity, thereby undermining the advantages of targeted
delivery [201-203]. Immunogenicity is another critical issue, as surface modifications may
inadvertently activate immune pathways, leading to hypersensitivity or off-target effects [204].

The clinical translation of VC-MNPs is impeded by a lack of standardized protocols for
synthesis, characterization, and quality control. Regulatory agencies such as the US Food and Drug
Administration (FDA), and the European Medicine Agency (EMA) require comprehensive data on
pharmacodynamics, toxicology, and long-term safety, which are often difficult to obtain due to the
complex and heterogeneous nature of nanoparticle formulations. Furthermore, the ambiguous
classification of VC-MNPs straddling the domains of pharmaceuticals, biologics, and medical devices
complicates the regulatory approval process and necessitates multidisciplinary evaluation
frameworks [205]. Generally, lack of standardized guidelines in the area of nanomedicine [206],
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requirement of extensive safety studies [207], and limited clinical translation success [116] are the
significant regulatory barriers.

Scaling up the production of VC-MNPs from laboratory to industrial levels presents formidable
technical and economic challenges. Reproducibility is a major concern, as maintaining uniformity in
particle size, surface charge, and ligand density is difficult under large-scale synthesis conditions.
While green and biologically inspired synthesis methods offer environmental advantages, they often
lack the precision and throughput required for commercial manufacturing. Additionally,
downstream purification processes to remove unbound ligands, reaction byproducts, and residual
solvents are labor-intensive and may compromise nanoparticle stability or functionality [208,209].

7. Future Perspectives

The future trajectory of vitamin-conjugated nanoparticles is expected to be shaped by significant
advancements in synthesis methodologies, particularly through the creation of innovative conjugates
that utilize bio-responsive linkers and precision-controlled fabrication techniques. These
developments are enhancing the structural uniformity and functional specificity of nanoparticles at
the atomic scale [35]. Beyond structural considerations, deeper understanding of underlying
mechanisms at molecular and genomic levels is becoming increasingly important. Studies focusing
on nanoparticle-induced modulation of gene expression, signaling pathways, and protein
interactions will provide critical insights into how vitamin conjugation can regulate cellular
metabolism, oxidative stress responses, and immune system activation, thereby refining their
therapeutic specificity and safety [210,211]. In addition to their well-established roles in antimicrobial
and anticancer therapies, emerging research is expanding their application to include neurological
disorders, metabolic diseases, and immunological conditions, thereby broadening their therapeutic
landscape [212]. More recently, advanced applications in food safety have garnered attention, where
vitamin-functionalized metallic nanoparticles show potential in pathogen detection, shelf-life
extension, and real-time biosensing to ensure food quality and traceability. These strategies could
significantly strengthen global food security by preventing microbial contamination and reducing
foodborne illnesses. Despite these advances, several limitations remain to be addressed. Concerns
regarding nanoparticle stability in complex biological and food matrices, potential off-target genetic
or molecular effects, long-term toxicity, and environmental accumulation require careful evaluation.
Furthermore, challenges in large-scale production, regulatory approval, and standardization of
safety assessments continue to hinder their clinical and industrial translation [213]. Nevertheless, this
progress is being accelerated by interdisciplinary collaborations that bridge chemistry, biology, and
clinical sciences, fostering a systems-level approach to nanoparticle design and deployment [214]. As
these technologies evolve, increasing attention is being directed toward their clinical translation, with
a focus on scalable production, regulatory alignment, and validation through clinical trials-key steps
toward achieving commercial viability and integration into routine medical practice [215,216].

8. Conclusions

Vitamin conjugated metallic nanoparticles have emerged as a powerful class of nanocarriers that
integrate the therapeutic potential of vitamins with the structural and functional versatility of metal
nanoparticles. They offer significant promise in overcoming limitations of current antimicrobial and
anti-cancer therapies by enabling targeted, efficient, and biocompatible drug delivery. These hybrid
systems provide enhanced cellular uptake, improved biocompatibility, and targeted delivery
capabilities, making them particularly effective in combating microbial infections and cancer. Key
insights from recent studies highlight their ability to overcome drug resistance, reduce systemic
toxicity, and synergize with existing therapies. Despite considerable progress, challenges such as
stability in biological environments, safety profiles, regulatory approval, and large-scale production
must be addressed for successful clinical translation. Moreover, the lack of standardized synthesis
protocols and limited scalability hinder their clinical translation. Future research should focus on
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developing robust, reproducible synthesis methods, exploring novel vitamin-metal combinations,
and conducting comprehensive in vivo studies to evaluate safety and efficacy. Interdisciplinary
collaboration will be essential to bridge the gap between laboratory innovation and clinical
application. Ultimately, VC-MNPs hold transformative potential in precision medicine, offering a
pathway toward more effective, personalized, and less invasive therapeutic strategies.
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