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Surface functionalization of nanoparticles applies to the use of covalent and non-covalent bonds—such as

hydrogen bonds, electrostatic force, and the van der Waals interactions—to integrate diverse organic and inorganic

molecules at the nanoscale. Typically, multiple linker molecules are used to form covalent bonds between ligands

and the surfaces of nanoparticles (NPs).
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1. Nanoparticles and Surface Functionalization

Recently, the level of nanoparticles (NPs) has been considered the most advanced, whether in scientific research

or in commercial applications. A nanoparticle size is significant in its physiological and biochemical properties and

diverse formats such as fullerenes, metal NPs, ceramic NPs, and polymeric NPs. Their nanoscale size and high

surface area give NPs unique physical and chemical properties. NPs’ shape and structure affect their reactivity and

toughness, their size affects other properties as well . Surface recognition by NPs provides a possible tool to

control the cellular and extracellular processes for various biological applications such as enzymatic inhibition,

delivery, sensing, and transcription regulation (Figure 1). Depending on the core material, NP cores can be altered

from more minor to larger sizes, giving an appropriate platform for the NP interactions with proteins and other

biomolecules .
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Figure 1. Schematic illustration showing the broad array of bio-applications of surface-functionalized nanoparticles.

Fabrication could be defined as the creation of complicated biological goods utilizing living tissue, molecules,

extracellular arrays, and designed biomaterials based on these variables. However, this limits fabricated goods to

living organs and tissues , but still suggests that natural resources have to include living or bio-inspired content,

constituent procedures should be biology-based, and byproducts must be complex living cells . On the contrary,

according to a more comprehensive definition, bio fabrication includes a diverse set of physical, chemical,

biological, and/or technological aspects with a variety of applications in biological sciences, including environmental

and bioprocess monitoring, food quality control, agriculture, bioterrorism, and medical biosensor systems (Figure

1).

1.1. Interactions Involved in Surface Functionalization

Surface functionalization of nanoparticles applies to the use of covalent and non-covalent bonds—such as

hydrogen bonds, electrostatic force, and the van der Waals interactions—to integrate diverse organic and inorganic

molecules at the nanoscale . Typically, multiple linker molecules are used to form covalent bonds between
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ligands and the surfaces of NPs. Pagels et al.  reported that PEG can be produced with specified functional

groups at the terminals and employed as heterobifunctional linkers to execute a variety of functionalization

activities. Non-covalent interactions have the advantage of simplicity and not influencing the structure of the

molecules utilized or their interactions with target biological materials. However, the different factors—such as pH

and ionic strength—can easily influence non-covalent changes . Different types of nanostructures have distinct

chemical characteristics and functional groups coated on their surfaces that can be employed in the early stages of

surface functionalization. In general, the very first step of surface modification involves the use of homo- or hetero-

bifunctional cross linkers with the goal of adding an organic functional group (R–NH2, RCOOH) and many more for

binding biological molecules. There are three major aspects behind the surface functionalization of nanoparticles,

including: firstly, the stabilization of nanoparticles against agglomeration and oxidation processes ; secondly, to

make them compatible with a subsequent phase, i.e., when suitable ligands are linked to metal particles, they can

be made water soluble ; thirdly, to help them organize themselves . The surface alteration enhances the

mechanical characteristics of the nanocomposite by avoiding homogeneity and compatibility issues between the

two phases .

1.2. General Protocols and Material Required for Surface Functionalization

As it was known the size, shape, morphology, and dispersibility of nanoparticles can all have a significant impact

on their biological applications. As a result, scientists are concentrating their efforts on surface modification of

nanoparticles using various approaches to regulate their size, shape, and morphology while retaining variable and

beneficial features. A number of synthesis approaches have been explored and reported to prepare the magnetic

nanostructures such as chemical vapor deposition , flash nanoprecipitation , hydrothermal , thermal

decomposition , electrochemical deposition , laser pyrolysis , microemulsion , solvothermal methods

, sonochemical methods , the microwave-assisted method , aerosol pyrolysis , and UV aerosol

synthesis  (Figure 2).
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Figure 2. General methods of surface functionalization of magnetic nanoparticles (MNPs).

2. Mechanism of Surface Functionalization of NPs

Bioorganic and bioinorganic chemistry also provides a basis to join biotechnology with the advanced materials

science. For example, bioorganic model systems give tools for probing the mechanisms of biological principles and

developing chemical methods to manage natural components. Organic ligands and inorganic nanoparticle surface

interaction facilitates coupling the biomolecular recognition systems in order to create novel materials (Figure 2).

The formed multilayered laminate properties may be controlled in several ways, involving changing the adsorbing

substances in the dipping solutions. The driving force for substance adsorption also depends on the nature of both

the surface and adsorbing substance. Therefore, organic and inorganic compounds both significantly play a key

role in the stabilization of newly synthesized nanoparticles through surface functionalization.

2.1. Surface Modification with Organic Molecules

Because of their simple structure, organic molecular agents can only be used in one way (ligand exchange or

ligand adsorption) and monodentate ligands are commonly employed in ligand exchanges due to their ease of

synthesis, simple structure, and other benefits. Recently, the organic materials have included citrates, phosphates,

amines, thiols and various polymers (chitosan, dextran, PEG, polyvinyl alcohol (PVA), poly(lactic-co-glycolic acid)

(PLGA), alginate, ployacrylic acid, pollunan and so on). Polymer-coated IONPs have received much attention in the

past few years because of their variety of uses in numerous research fields, including nanomedicine. Two typical

methods for making polymer coated IONPs are in situ and post-annealing coating . Ali et al.  used an[25] [26]
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emulsion polymerization process to create Janus-like MNPs by modifying poly(methylmethacrylate-acrylic acid-

divinylbenzene). The synthesized Janus-like MNPs ranged in size from 200 to 250 nm in diameter. The main

advantage of MNPs with small molecular coatings is that large hydrodynamic sizes (>50 nm) may be addressed.

MNPs can be successfully fabricated with specific groups—such as –COOH, –NH2, –OH, and –SH—which can be

further manipulated with various bioactive molecule connections. Dheyab et al. recently used a quick and simple

one-step co-participation technique to successfully construct highly magnetic and 19 nm-sized citric-acid-

functionalized MNPs. The results showed a magnetic saturation of 54.8 emug  . Chitosan is a nontoxic,

alkaline, biocompatible, biodegradable, and hydrophilic polymer. To make a ferrofluid, Lee et al.  produced

spherical MNPs and implanted them in chitosan. They discovered in vitro that MNP-chitosan nanoparticles

enhanced MR image contrast significantly as compared to ferrofluids.

2.2. Surface Modification with Inorganic Molecules

Inorganic molecules consisting of silica, metals, and metal oxides  are in use. Magnetic nanoparticles

(MNPs) surfaces modified with organic molecules have strong biocompatibility and biodegradability, in addition to

the basic magnetic properties. For example, various organic compounds—including oleic acid, 1-octadecene, 1-

tetradecene, and oleylamine—are typically added to the chemical reaction as stabilizers to obtain narrow size

distribution iron oxide nanoparticles (IONPs). The well-known Stöber method is the most popular method for

producing MNP@SiO2 nanomaterials . In situ, SiO2 is produced through hydrolysis and condensation of a sol–

gel precursor. The Stöber method is a versatile technique that can be utilized in both aqueous and organic

conditions.

Surface coating of IONPs with metallic elements as an inorganic compound is also employed to improve their

stability, biocompatibility, and disperstivity. The noble metal gold is the most widely utilized for surface coating.

Generally, there are two ways to get a gold-shell coating on the surface of magnetic IONPs: direct and indirect .

When gold is covered with a strong sulfur conjugation, it delivers tremendous benefits. The chemical inertness of

gold allows gold-coated MNPs to be perfectly stable. Wang et al.  used gold precursors to reduce iron oxide

nanoparticles of various sizes as seeds to synthesize gold-coated iron oxide nanoparticles.

2.3. Stabilization of Nanoparticles

The stabilizing slows the nucleation activity and influences the adsorption of modifiers on nuclei and developing

nanocrystals, potentially inhibiting IONP growth and favoring the development of micro IONPs. When compared to

naked MNPs, nanocomposites functionalized with inorganic substances can have significantly improved

antioxidant activities. The inorganic molecules—including silica, metals, metal oxides, nonmetals, and sulfides—

are mainly exposed to atom surfaces. Surface modification of MNPs with silica (SiO2), gold (Au), and silver (Ag) is

prevalent, producing core–shell patterns and ensuring nanoparticle integrity in solution. They also aid in the binding

of numerous biological substances and medicines to the MNPs’ surface via appropriate functional moieties 

 (Figure 3).
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Figure 3. Scheme illustration for materials commonly used for nanoparticle (NP) functionalization.

The surface functionalization of nanoparticles can be achieved through two modes: (i) In situ modification, a single

step method which involves the synthesis and surface functionalization simultaneously; (ii) Post-synthesis

modification, a two-step procedure in which synthesis of NPs is followed by the modification of surface. The coating

procedure is determined by the coating compounds’ properties as well as the desired application. Generally, ligand

addition, ligand exchange, or encapsulation are used to modify the surface of NPs .[40][41][42]
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2.4. Ligand Addition

It is the process of adding a ligand to the exterior surface of produced NPs without removing any previously

attached ligands (Figure 4A). The following strategies are required for ligand addition to NPs’ surface viz., (1) The

ligand used is prepared with no capping agent; (2) Indirect addition of ligand, the formation of an inorganic layer on

the surface of NPs followed by the direct adsorption of a ligand via ionic or other non-specific interactions; (3)

Using the ‘hydrophobic attractive interaction’ to easily integrate hydrophobic molecules into NP’s hydrocarbon shell

capped by desired ligands; and (4) A covalent connection is formed between the present ligand and the

approaching ligand.

Figure 4. Common mechanisms involved in surface modification of NPs (A) ligand addition, (B) ligand exchange,

and (C) encapsulation.

2.5. Ligand Exchange

This process involves changing a hydrophobic ligand into a hydrophilic one. These ligands are typically made up of

hydrophilic and binding groups. The binding groups can attach to the NPs’ surface, exposing the hydrophilic groups

to the external environment and enabling them to completely dissolve in the aqueous solution (Figure 4B).

2.6. Encapsulation
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During the encapsulation procedure, NPs covered with hydrophobic ligands are coated with amphiphilic

compounds. The hydrophobic component of materials is intercalated with the initial ligand on the surface of the

MNPs, resulting in the hydrophilic portion facing the solution (Figure 4C). The head groups within the hydrophilic

region of the substances allow MNPs to become water-compatible.

3. A Brief Note on the Unique Properties and Importance of
Some Nanoparticles

3.1. Iron Oxide Nanoparticles (IONPs)

Iron oxide is the comprehensively investigated compound in biomedical techniques as it is characterized by high

biocompatibility in relation to other magnetic resources, based on both the oxides and pure metal. Even though

there are various forms of iron oxides that occur in the environment and they may be synthesized in the lab, only

maghemite (γ-Fe2O3) and magnetite (Fe3O4) can meet the standards for biological applications. These

parameters involve chemical stability, high magnetic moments, and low toxicity. In addition, there a simple and

economical procedures to prepare these materials . The efficacy of nanoparticles in diagnostic or therapeutic

approaches is based upon a number of criteria, including the quantity of atomic order in iron oxide, crystallinity, and

dispersity in regards to NP size and shape . Furthermore, iron oxide NPs are nonporous. This helps to prevent

delay caused by diffusion, so equilibrium is reached quickly and a quick response is possible. The drawback here

is their self-condensation response, which results in multiple layer structure or accumulative deposition on surface

layer. Phosphates, on the other hand, do not go through self-condensation interactions. These agents form a stable

Fe–O–P structure by combining with surface-OH groups .

The inherent aggregation behavior of iron oxide NPs happens due to a high surfac- area-to-volume ratio and the

attraction forces among magnetite, an important and a limiting component that diminishes intrinsic super

paramagnetic properties , and activates opsonization procedure . Hence, reducing aggregation is essential to

engineering iron oxide NPs’ surface in order to prevent the particles’ aggregation in biological solution to achieve

more effective stabilization . The used approaches are grafting or coating to organic compounds, such as silica,

metal or non-metal elementary content, metal oxide, or metal sulphide. Basically, defending shells could be used to

normalize magnetic oxide NPs and improve NPs’ effectiveness as aptamers in sensing and (bio)chemical

laboratory tests . Silica is frequently used as a coating material over the surface of NPs as it is chemically

inactive and encourages NP dispersion.

Use of nanoscale materials in combination with biomolecules has resulted in development of novel breed of hybrid

modified electrodes to improve charge transfer as well as bioactivity retention .

3.2. Gold Nanoparticles (AuNPs)

The capability of gold NPs (AuNPs) to interact with cells and to enter them has helped the researchers to attach

different biological macromolecules and compounds to gold. Because they tend to respond and clump with other
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NPs, gold NPs are available in various sizes and shapes . AuNPs are typically made up of a thin gold shell

encasing a dielectric core (an insulating material such as silica), which is referred to as nano-shells or AuNPs

(typically spherical) with a size range of 0.8 to 250 nm. They are also distinguished by high absorption coefficients

. The optical properties of AuNPs are determined by their size and shape. The optical resonance of gold may be

altered and moved as far as the mid-infrared region by changing the width of the core and outer shell of AuNPs .

Functionalization of nanoparticles is necessary for their stability, functionality, and biocompatibility. The main goal in

functionalization is to preserve properties of both the AuNPs and the bound biological molecule. Surface-

functionalization of AuNPs is critical in biological devices, diseased areas to interact selectively with cells, or

biological molecules .

In general, the functionalization of AuNPs can be achieved by either using chemical functional groups or biological

molecules. AuNPs with diameters just under 10 nm exhibit a variety of physiochemical and thermodynamic

applications due to their increased surface-area-to-volume ratio. Ligands have thiol groups which bind covalently to

Au atoms during the reduction of the HAuCl4 and assemble into an outer layer on the Au crystals . For NPs with

a 2 nm gold core, the covalently attached ligands are tightly packed and organized into structures similar to lattices

in crystals. The choice of ligands and their organization will bear their biological properties and NP interaction with

macromolecules in solutions and on target cells. Because of their long-term stabilization; ease in controlling size

distribution; and good compatibility with biomolecules such as antibodies, antigens, proteins, DNA, and RNA,

AuNPs have been commonly used in numerous immunoassay techniques in recent years . Gold nanoparticles

(AuNPs) are primarily suitable for advancement of quick tests. Photothermal AuNPs are being used in medical

applications such as cancer treatment . The surface of AuNPs could be handled to improve their stability and

specificity, as well as to decrease accumulation. Functionalized AuNPs are being used for gene transfection and

silencing, focused drug or gene delivery, intracellular recognition, bioimaging, cancer care, and as biosensors 

.

3.3. Platinum Nanoparticles (PtNPs)

Platinum nanoparticles (PtNPs) are extremely important due to its exceptional catalytic properties, that is

influenced by ligands on their outer side. PtNPs can have a variety of surface functional groups that are

hydrophilic, lipophilic, and chemically reactive . Some platinum compounds are utilized as anticancer drugs

because they are highly effective. This feature is related to DNA replication inhibition by adding PtNPs to DNA

strands . On the other hand, Hikosaka et al.  showed that PtNPs have a nicotinamide adenine dinucleotide

(NADH) ubiquinone oxidoreductase-like activity. This finding suggests that PtNPs could be applied to ameliorate

oxidative stress conditions defined by a lowered mitochondrial complex I . Due to their affinity for DNA strands,

PtNPs can be more effective as carriers for carrying drugs into bacteria. It is also a crucial element of fuel cells,

where platinum acts as the very efficient electrocatalyst for oxygen reduction reaction (ORR) and fuel (which

includes hydrogen, methanol, ethanol, and formic acid) oxidation reaction . PtNPs catalytic activities mainly

depend on their sizes, shapes, and structures .
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Nowadays, there are various valid approaches to assembling nano-building materials, which include the use of

preformed building blocks to construct NPs with high-ordered architecture. The methods of making well-organized

NPs are categorized into biological and non-biological assemblies. These are utilized to produce complex hybrid

nanomaterials containing unique biological or microbial compounds such as antigens and antibodies , glucose

oxidase , DNA , and bacteria . Ahmad et al.  reported a rapid detection of bacteria using antibody

immunoglobulin G (h-IgG) to fabricate the platinum nanoparticle. The aggregation of NPs, particularly platinum,

stimulated by immunoreactions provides a unique immunoassay process that uses light scattering identification to

reach great sensitivity . It was explained a potentially fast and effective immunoassay that used antibody-

platinum NP adducts as a message particle . This technology has many benefits: (a) easy to execute, (b) tiny

quantity of reagent is being used, (c) provides a faster response, and (d) provides an effective and low-cost

identification.

3.4. Silver Nanoparticles (AgNPs)

A distinctive emergent silver-based material has been shown to offer a lasting antimicrobial advantage that can

offer environmental control of pathogenic bacteria on treated surfaces. Silver NPs (AgNPs) are handy labels. They

have huge optical cross-sections with excellent photostabilities . They are also responsive to multimodal imaging

including optical, electron, and X-ray. Silver has been explained as a bulk material that is efficient against a wide

range of pathogens . Silver NPs have been examined and found to be highly attractive for use in several

applications such as wound dressings, coatings for medical devices, and textile fabrics impregnation . In spite of

these benefits, it is challenging to prepare antibody functionalized AgNPs of a size that can generates sufficient

signal for high temporal resolution optical imaging (20–40 nm) and remains stable in physiological buffers. Under

these situations, screening the stabilizing charge of the NPs may lead to aggregation, and AgNPs can undergo

oxidative corrosion . Some improvement was achieved in synthesizing stable silver–DNA conjugates . The

direct method to biofunctionalized noble metal NPs is by using electrostatic attraction to have a non-covalent

attachment of antibodies to the metal surface. The surface charge of AuNP complexes implies conformation of

biomolecules on NPs and influences particle–biomolecule interactions, in addition to ensuring the stability of

nanoconjugates . Thiolation by organic thiol compounds is also a method of metal-surface functionalization.

Under moderate circumstances, thiols generate stable metal–sulfur bonds using surface atoms in noble metals.

Other thiol compounds immobilized on silver are 3-mercaptopropionic acid , 2-mercaptoethanol, 2-

aminoethanethiol, and 2-mercaptoethanesulfonic acid sodium salt . Functionalization of AgNP surfaces highly

affects their characteristics. The optical properties of silver nanoparticles were altered after they were

functionalized with alkanethiols. For each carbon atom in the alkane chain, the maximum of the local surface

plasmon resonance spectra shifts linearly to the red by 3 nm. In contrast, only 60,000 alkanethiol molecules per

nanoparticle cause spectral large shifts of up to 40 nm.

3.5. Silica-Coated Nanoparticle

Utilizing thin silica coating techniques, a variety of water-soluble, functionalized NPs can be synthesized . Thin

silica coating in the toluene stage was conducted utilizing triethoxysilane or trihydroxysilane, which takes the
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benefit of avoiding silica polymerization thus restricting the texture of silica shell, preventing particle–particle cross-

linking, and generating narrower water-soluble NPs . The thin silica coating was highly reproducible that can be

used in a variety of hydrophobic NPs, including Au, Ag, Fe3O4, and quantum dots (QDs). The silanized granules

that resulted were monodispersed, with high water solubility and colloidal consistency. PEG silane-coated NPs

have recently been developed as contrast agents for magnetic resonance imaging (MRI) visualization of tumors

. It was reported that the functionalized thin silica-coated NPs with aptamers and antibodies and used them in

biological applications . Koole et al.  outlined an evolutionary approach for coating silica particles with a

closely packed monolayer of lipids without the use of coupling agents in two steps. Step one involved integrating

strongly monodisperse silica particles with a single thread QD in their center and making diethylene triamine penta-

acetic acid (DTPA) bistearyl amide (DSA) in hydrophobic lipid coating . They were made target-specific by

multiple Rvβ3-integrin specific RGD conjugation (arginine glycine–aspartic acid) peptides to enable their

recognition with both fluorescence techniques and MRI. Using imaging technology, it was discovered that lipid

coating improved bio-applicability and pharmacokinetics . A fluorescent contrast material was used to

functionalize silica-coated granules in a sequential manner. The drug image sensitizer palladium–porphyrin

payload has been used for therapeutic treatment, and biomolecular ligands c(RGDyK) peptides on outermost

exterior were used to target cancer cells’ Rv-3 integrins . A membrane which consists of bis-

sorbylphosphatidylcholine, has been used to enhance both the coating environmental and chemical stabilities .

This system decreased nonspecific interactions and allowed the functionalization of the particles. A novel delivery

system termed a ‘nano-shuttle’ was described with a nano scale PEGylated-phospholipid coating and a 13-

(chlorodimethylsilylmethyl) heptacosane-derived mesoporous silica NP .
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