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Abstract

This review gives a short overview on the widespread use of nanostructured and nanocomposite 

materials for disease diagnostics, drug delivery, imaging and biomedical sensing applications. 

Nanoparticle interaction with a biological matrix/entity is greatly influenced by its morphology, 

crystal phase, surface chemistry, functionalization, physicochemical and electronic properties of 

the particle. Various nanoparticle synthesis routes, characteristization, and functionalization 

methodologies to be used for biomedical applications ranging from drug delivery to molecular 

probing of underlying mechanisms and concepts are described with several examples (150 

references).
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 1. INTRODUCTION

Growing interest in the field of nano-biotechnology research has attracted significant 

attention, mainly due to the expanding potential of drug delivery approaches, imaging 

techniques and sensor technology, where nanoparticles are deliberately placed inside the 

body. Particles of 1 to 100 nm have unique physicochemical characteristics, which makes 

them advantageous as drug molecule carriers, therapeutic and deep tissue image contrast 

agents and sensitive probes. In this article, we consider the role of various interdisciplinary 

domains of biomedical engineering and nanoparticle technology in improving current 

pharmaceutical design, delivery and imaging processes. In section 2, nanoparticles of 

biomedical importance, more particularly for multimodal disease diagnostics, imaging and 

sensing, are given. In this section, nanoparticles and their importance are discussed 

independently of their synthesis process. In section 3, current nanoparticle synthesis 

methods, with a specific focus on aerosol routes, are presented. Section 4 focuses on the 

characterization of the nanoscale phenomenon of these particles and their clinical 

importance. Section 5 reviews the surface modification of synthesized nanomaterials, which 
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makes them useful for diagnostic purposes by enhancing cellular internalization, acceptance, 

circulation time in the bio-matrix and minimizing the risk of the toxicological sign.

 2. NANOPARTICLES OF BIOMEDICAL IMPORTANCE

Due to their unique physical, chemical and electronic characteristics, nanoscale engineered 

particles find broad application for energy, environmental, and, more recently, biomedical 

applications [2–6]. There are some reports that claim the nanoscale form of metallic gold 

was used for medicinal purposes as early as 2500 B.C. by civilizations in India, China, and 

Egypt [7, 8]. However, recently there has been a mushrooming of applications in the 

biomedical arena due to advances in the science of synthesis and characterization. Tunable 

geometric, optical, and surface properties of organic and inorganic nanomaterials enables 

engineering for a number of applications, such as drug delivery, controlled release, deep 

tissue imaging and sensing of cellular behavior. In the following section we discuss the use 

of various nanoparticles for drug delivery, diagnostics, imaging and sensor applications.

 2.1. Drug delivery and diagnostics

Both, inorganic (metal and metal oxide) and organic (lipid, protein, DNA, carbon) 

nanoparticles can be used to target specific organ sites in the animal body. Understanding of 

colloidal interface science for nanoparticle–bio-matrix interaction depends primarily on 

particle size and surface properties. Factors affecting cellular internalization and 

biocompatibility are discussed in the later section. Nanotechnology-based novel drug 

delivery approaches address issues associated with the current pharmaceutical approach by 

enhancing shelf-life and acceptability either by uptake efficacy or patient compliance [9–11]. 

Nanoparticles can be delivered by various entry routes, including oral administration [12, 

13], vaccination [14] and aerosol-based drug delivery [15–17], depending on the therapeutic 

requirement. The selection of the drug administration approach is based principally on the 

target localization, drug retention time, physiological barriers and pathobiology of the target 

disease [18].

Despite the potential risk of spreading infectious diseases, the invasive technique of 

vaccination is still an important instrument to deliver drugs to animals and humans. For 

instance, Jung et al., [19] established a methodology for topical vaccination using nanosized 

liposomes in the hair follicle. Liposomes penetrate deeper into hair follicles than a standard 

formulation, leading to an increased trans-follicular drug uptake. The uptake of liposome 

further depends on surface charge [17, 20]. Alternative, non-invasive approaches, such as 

nasal-based mucosal and oral administration of drugs, has become more popular but 

widespread use is constrained due to drug insolubility problems [21]. Another noninvasive 

approach of pulmonary drug delivery based on aerosol science and technology is used for 

the treatment of respiratory disorders such as asthma, cystic fibrosis, respiratory infection 

and lung cancer [22–25].

An aerosol based target delivery to the affected pulmonary tissue may improve therapeutic 

efficiency and minimize unwanted side effects [26–28]. Dames et al., [15] performed 

computer-aided simulations, along with experimental tests on mice, for the targeted delivery 

of aerosolized droplets containing iron oxide nanoparticles to the lung. Targeted aerosol 
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delivery may be used to treat localized pulmonary infection with bacterial species and 

viruses. Chattopadhyay [17] summarized the use of nanoscale liposomes for pulmonary drug 

delivery, including different atomization techniques, with an emphasis on aerosol particle 

deposition and absorption on the lung surface. Recent advancement in multifunctional nano 

therapeutics with a suitable optimally engineered carrier and drug delivery system may 

revolutionize the clinical impact and practices in the near future.

 2.1.1. Nanoparticle/drug carrier fate after administration—The crucial steps of 

nanoparticle uptake are surface recognition and transport by a physiological cellular 

membrane. To facilitate the uptake and targeted delivery, nanoparticle/nano-drug carriers can 

be functionalized with various hydrophobic/hydrophilic molecules. Once nanoparticles are 

internalized (either active or passive administration) by the cell, diverse phisico-chemical 

and biological events occurs in blood/cytoplasm. As soon as nanoparticles/nano-based drug 

carriers come in contact with constituents such as amino acids, bioenergetics molecules and 

peptides in a biological matrix, it leads to the formation of a protein corona as a result of 

conditioning by plasma/cytoplasmic glycoproteins and peptides [29].

The alteration of nanoparticle surfaces can facilitate the immunological actions and defense 

mechanism of the cell to release either the drug from the nano-carrier or the individual 

nanoparticles [29–31]. The release mechanism of nanoparticles/ drugs from nanocarriers 

includes: various digestive enzymes (hydrolases, phosphatase, esterase, peptidase, lipase, 

and collagenase), hydrolysis by changing pH, ionic strength, thermolysis, or enzymatic 

reduction [1]. The released nanoparticles/drug molecules either reach the target site by an 

enhanced permeation and retention effect (passive targeting) or receptor recognition, binding 

and uptake (active targeting). A schematic for nanotechnology based cell-targeted delivery 

of therapeutic agents is illustrated in Figure 1.

 2.1.2. Imaging—Nanoparticle features, such as multi-functionality of the surface, 

multivalence, and the ability to carry large payloads have made them the subject of disease 

diagnostic, drug delivery, probe sensing and imaging research. Engineered particles of 1–

100 nm size have emerged as a versatile tool for bio and molecular imaging due to their 

unique surface phenomenon and tunable absorption and emission properties [32, 33]. The 

preparation of nanoparticles for bioimaging applications include a variety of steps such as 

synthesis, coating, and surface functionalization (discussed in the later section of this 

article). Surface engineering of nanoparticles exhibit highly selective binding, making them 

useful for fluorescence imaging, magnetic resonance imaging (MRI), positron emission 

tomography (PET) imaging, and multimodal imaging [34, 35]. The literature is brimming 

with multi-functional metal (Au, Ag)/metal oxide (Fe3O4), semiconductor nanocrystal 

(quantum dots), carbon, polymer, and lipid nanoparticles that have been proposed for 

biomedical imaging, some of which are discussed here.

Super-paramagnetic nanoparticles (SPIO) are a major class of nanoscale materials with the 

potential to revolutionize the current noninvasive deep tissue magnetic resonance imaging 

(MRI) through their application as contrast agents capable of providing high resolution 

anatomical images [36]. Nanoscale SPIO have increased surface-to-volume ratios resulting 

in pronounced surface effects, such as noncollinear spins, spin canting, and spin-glass-like 
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behavior, which can significantly enhance their magnetization [37]. Iron oxide nanoparticles 

catalyzed the growth of heterostructures complexes with near-infrared fluorescent single-

walled carbon nanotubes utilized as multimodal imaging agents [38]. A recent compressive 

review by Sharifi et al., [39] summarizes the SPIO application for in vitro and in vivo 
noninvasive imaging. Nanoparticles having surface plasmon resonance (SPR,) properties 

have been harnessed extensively for bioimaging. SPR is a phenomenon where free electrons 

oscillate at the interface of a metal and surrounding medium in resonance with applied 

external electromagnetic field [40]. SPR and strong surface-enhanced Raman scattering 

characteristics of noble metal nanostructures, such as gold spheres, rods, shells, and cages 

can be easily tuned by changing the size, shape and surface properties, which has great 

interest for imaging and photothermal therapy [6, 41–43]. In addition to SPIO and gold 

nanostructures, several other nanoparticles such as conjugated polymer nanoparticles [44], 

quantum dots of various materials such as graphene [45], magnetic nanoparticles [46], 

semiconductor core-shell nanoparticles [47], nucleic acid functionalized and aptamers [48, 

49] are used for imaging purposes. Challenges such as long-term storage stability and 

toxicological impact of nanostructure enabled novel imaging is still in its early phase of 

clinical translation.

 2.1.3. Sensor—The development of sensors that respond rapidly, reversibly, and 

specifically to the concentration of a biologically important analyte is a vital and active area 

of research in both academia and industry. These sensors have application in a broad 

spectrum of areas including clinical evaluation, on-line bioprocess control, and 

manufacturing quality assurance [50]. Recent advances in the ability to engineer 

nanomaterials, including precise control over size, morphology, and composition, have 

greatly improved the analytical capacity of these sensors. Sensor detection mechanisms 

include electrochemical, thermal, gravimetric, and optical. The focus of this section will be 

on advances in electrochemical systems, where aerosol-based routes for material synthesis 

show great promise. Chemiresistor gas sensors have been studied extensively since their 

introduction in 1962 to detect gasses through the change in electrical resistance of a 

semiconducting material as a function of the surrounding atmosphere [51, 52]. Metal oxide 

semiconductors are already a pervasive tool in some industries where the monitoring of 

gasses or volatiles are important, including environmental monitoring, domestic safety, and 

industrial processing. The morphology and composition of the semiconductor material plays 

an integral role in the receptor function (ability of the oxide surface to interact with the 

target gas), transducer function (ability to convert the chemical signal into an electrical 

signal), and utility factor (accessibility of inner oxide grains to the target gas), all of which 

dictate sensor performance [53, 54]. More recently, aerosol-based nanostructured materials 

have been designed for use in this emerging field. The aerosol assisted chemical vapor 

deposition (AACVD) technique has been used to produce Au-and Pt-nanoparticle-

functionalized tungsten oxide nanoneedles and Au-nanoparticle-functionalized WO3 

nanoneedles for ethanol gas sensing [55, 56]. Flame spray pyrolysis (FSP) was used to 

produce acetone gas sensors through the single-step deposition of pure and SiO2-doped 

WO3 nanoparticle layers on Al2O3 substrates [57–59], which showed good agreement with 

PTR-MS results when tested on human breath [60]. Spray pyrolysis was used to prepare 

CuO-loaded SnO2 hollow spheres for real-time diagnosis of halitosis [61]. Also, 
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nanotechnology-based techniques can be used to decorate films [62] to enhance the 

sensitivity and selectivity of materials synthesized through alternative routes. Materials 

being explored for non-enzymatic amperometric sensors include metals, metal oxides, 

complexes, and carbon nanomaterials [63]. Kim et al. explored the role of graphene and 

reviewed its application as a glucose biosensor [64]. More recently, the same group 

synthesized silver-graphene-titanium dioxide nanocomposites used as a glucose biosensor 

[65]. Upon a review of the literature, the synthesis of metal oxide nanostructures for 

application in amperometric glucose sensors is limited but offers great potential, specifically 

as nonenzymatic sensors become more prevalent.

 3. SYNTHESIS OF NANOPARTICLES

Precise control over nanoparticle morphology, chemical composition, and crystal phases 

enables the engineering of their properites, such as solubility, payload, optical, electronic, 

mechanical, chemical, magnetic and surface chemistry, a specific biomedical use. The 

modification of these nanoparticle properties is required to enhance their performance, 

sensitivity, selectivity and biocompatibility. Numerous methods have been developed in the 

past two decades to synthesize nanoparticle with controlled characteristics. Table 1 

summarizes the major synthesis routes for nanoparticles/nanocomposites, which are 

discussed in detail here.

 3.1. Aerosol route for nanoparticle synthesis

An aerosol is a suspension of solid or liquid particles in a gas [66]. Aerosols may be 

inadvertently released which can have negative impacts on human health and the 

environment or can be engineered to be useful for specific applications. Engineered aerosol 

may be put to several use such as energy, environmental and therapeutic applications, 

whereas, inadvertently produced aerosols are pollutant particles generated as a result of 

various combustion process as well as tiny biological organism such as harmful viruses, 

bacteria also known as bio-aerosol [67]. In recent decades, administration of medicine and 

diagnosis of health conditions through aerosol-based (pulmonary) delivery has become an 

increasingly important field due to effective aerosol doses, rapid onset drug action, and 

targeted and systematic delivery [68]. Here, we will discuss various aerosol routes to 

synthesise nanoparticles and nanocarriers used for payloading the drug/biomolecules, 

bioimaging and sensor applications. Aerosol-based methods for nanomaterial synthesis are 

advantageous in their scalability, simplicity, and flexibility for the deposition of tailored 

nanomaterials [69]. These industrially relevant processes allow direct deposition of 

nanoparticles as thin (granular, smooth, columnar) films [70] or collection as powdered 

particles [71], which can then be suspended in a desired matrix for the use as sensor 

technology and pharmaceutical drugs, respectively. Aerosol synthesis of nanoparticles is 

accomplished by various techniques such as flame, furnace, chemical vapor deposition, 

atomization and electrospray [72]. The basic steps in all the gas/vapor phase nanoparticle 

synthesis are nucleation and condensation of gases and vapor molecules of the precursor, 

followed by cluster formation and coagulation leading to the formation of primary particles 

which may further grow into aggregates by sintering, agglomeration and aggregation [72–

74]. Various inorganic and organic base nanoparticles including, but not limited to, 
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magnetite, silica, graphene, lipid and titanium dioxide, are used widely as MRI contrast 

agents, coatings, drug carriers, sensors and coloring agents, as discussed in the previous 

section, has been reported to be synthesized by flame [75–79], furnace [80], aerosol 

chemical vapor deposition [81, 82] and electrospray [17, 20, 83, 84]. A typical process of 

aerosol based nanoparticles and nanostructure synthesis of nanoparticle can be seen in 

Figure 2. Aerosol routes for nanomaterial synthesis is becoming increasingly important for 

biomedical engineering because a) pristine nanoparticles and composites can be synthesized 

without any trace contamination, b) multicomponent materials with desired chemical 

composition, c) better process and product in terms of strictly controlled physicochemical 

and crystal characteristics d) passivation of the surface e) monodispersity, and d) large scale 

and continue synthesis..

 3.2. Other approaches

In addition to aerosol approaches, chemical synthesis of noble metal nanoparticles, 

particularly gold nanostructures [85–87], core-shell structures [88], quantum dots [89] and 

luminescent particles [90] are used for deep tissue bio-imaging and thermal therapy. In spite 

of several advantages, including simple approaches for surface and morphological tuning, 

functionalization, and monodispersity, the major concerns of chemical synthesis techqniues 

are stability (high agglomeration rate), undesired chemical coating (due to a part of synthesis 

procedure) and batch synthesis, which either limits their use or requires addition work to 

make them biocompatible [91]. Similarly, physical routes, such as the grinding and heating 

of precursor salts to make nanoparticles, are a more popular industrial large scale synthesis 

pathway to be used for engineering and environmental application [92–94]. A wide particle 

size distribution, low rate of solubility, and mixed-phase crystalline nature limits the wider 

application of nanoparticles synthesized by physical approaches. In the last decade, green 

synthesis of nanoparticles has become prevalent as the origin and coating of natural source 

material is believed to enhance biocompatibility [95]. A literature review of the field 

revealed that microbial (yeast, fungi, bacteria) strains, plant extract and animal tissue lysate 

have been used to synthesize gold [96, 97], silver [98], iron oxide [99], phosphorous [100], 

ZnO [95], TiO2 [101] and MgO [102], could be used for biomedical applications. However, 

large-scale production and control over various physical and chemical characteristics is still 

challenging.

 4. MORPHOLOGICAL AND PHYSICOCHEMICAL CHARACTERIZATION

Nanoparticle properties and behavior in biological media depend on the shape, size, surface 

charge, and chemical and crystal phase of existence. The goal is to develop drug or drug 

delivery vehicles with the ability to efficiently cross physiological barriers and reach to the 

desired locations for disease containment and control. Different nanoscale morphologies 

allow precise delivery of not only small-molecule drugs but also the delivery of nucleic acids 

and proteins that reduce systemic side effects [4, 103]. Surface of nanoparticles could be 

meso-porous, have tiny pores of 2–50 nm over the surface or non-porous, have plane 

surfaces that theoretically contain no pores [104]. As a versatile material, silica 

nanoparticles, with both meso and non-porous surface properties, are used in nanomedicine 

because of their proven biocompatibility [105]. Meso-porous silica is used widely for 
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delivery of active drug molecules based on physical or chemical adsorption. The small pores 

greatly enhance the capacity of drug loading [106]. In contrast, non-porous particles deliver 

molecules through encapsulation or conjugation. The interaction with the carrier molecules 

and silica nanoparticles is weak, although it can be engineered and tuned according to the 

cellular environment. Similarly, metal nanoparticle gold nanostructures (sphere, rod, shell, 

cage, cube, star) used extensively for photo-thermal therapy for selective killing of cancer 

cure due to its tunable SPR behavior [107], which can be controlled by the particle 

morphology [42, 43]. The SPR peaks of gold nanostructures can be tuned from the visible to 

the near-infrared region by controlling the shape and structure [43]. In addition to inorganic 

nanoparticles, carbon-based nanomaterials, such as graphene and its derivatives, peptides, 

and lipid nanoparticles are extensively used for drug delivery applications [5, 11, 108].

Nanoparticle behavior (toxic or compatible) in the biological matrix depends not only on the 

type of nanoparticles, but also on the size, shape, crystal phase, surface charge, chemical 

composition, and agglomeration state [20, 84, 109–111]. Jiang et al., [110] studied reactive 

oxygen species (ROS) generation capacity of TiO2 nanoparticles, independent of size range 

(4–195 nm) and crystal phase (anatase, rutile, amorphous, and mixed phase). The highest 

ROS activity per unit area was observed for 30 nm TiO2 particles, whereas, the trend for 

crystal phase was amorphous followed by anatase, anatase-rutile mixture and rutile. Similar 

observations of crystal phase, chemical composition and size were also reported by other 

research groups [112–114]. To minimize the toxicity of nanoparticles, either biocompatible 

base materials or surface modification by several surface coating agents must be used and 

are discussed in the following section of this article. Therefore, nanomaterial synthesis and 

independent characteristics play a vital role to determine the biomedical application. Some 

techniques are developed to characterize nanoparticles in the biological matrix as well as in 

native or aerosol form. Table 2 summarizes the various characterization techniques 

developed so far and their importance.

 5. FUNCTIONALIZATION AND SURFACE MODIFICATION OF 

NANOPARTICLES

The active surface of nanoparticles and nanocomposites needs to be carefully designed 

before being applied to biomedical applications. The altering of surfaces can enable the use 

of material for: a) targeted drug delivery, b) selective binding to desired epitope, c) 

controlled drug release, d) facilitation of cellular internalization, e) biodistribution f) 

enhances circulation in bio-fluid, and g) colloidal aggregation stability. Nanoparticles 

synthesized by aerosol routes are used as pharmacological drug or drug carriers in an 

emulsifying/colloidal solution. The stability of colloidal suspensions depends on the 

equilibrium between attractive and repulsive forces by various weak interactions among 

molecules [115–118]. The theoretical description of these two forces on nanoparticle 

surfaces can be understood by the Derjaguin-Landau-Verwey-Overbeek theory [109, 119–

121]. To engineer nanoparticle surfaces for a desired application, various biocompatible 

stabilizing agents are used (Figure 2). They are categorized primarily as a) monomeric 

stabilizers, eg., Thiol group, b) inorganic materials, eg., Silica, gold, and c) organic polymer 

such as PEG, PVA, DNA molecules, peptides, polysaccharides [117, 122, 123]. Details of 
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nanoparticle stabilizers in colloidal suspension and surface modifiers, based on their 

properties and corresponding biological applications, are outlined in Table 3. The principle 

of surface functionalization is mimicking cellular surface compatibility. In spite of 

functionalization, the cellular reach out of nanomaterials further depends on active 

morphology, surface zeta potential, surface energy, oxidation state, pH of the dispersion 

medium, surface and number concentration, aggregation kinetics, deposition rate and 

exposure duration [122, 124–128]. Instead of direct functionalization, other strategies such 

as core-shell nanoparticle synthesis or use of polymeric matrix can be applied, however, they 

limit the potential application and drug release rate.

 6. FUTURE OUTLOOK

Advancements in the field of nanotechnology and the increasing control over nanoparticle 

structure and composition has unmasked the potential of the use of nanoparticles for drug 

delivery, imaging and sensing. Smart nanomaterials, seen as the future of nanomedicine of 

are further advancing the role of nanotechnology in improving human health. These smart 

nanomaterials are “stimuli responsive” allowing their functionality to be controlled by 

internal or external stimuli. These stimuli maybe light magnetic field, pH, or heat. These 

smart materials find tremendous application in targeted drug delivery, controlled release 

drug delivery, medical implants, tissue scaffolding and wound dressing.

Growing use of nanomaterials and their application directly to human systems has 

tremendous benefits but has also raised concerns over the unknown detrimental effects of 

these materials. Toxicity of nanomaterials has been a growing area of research and concern. 

Possible routes for drug delivery are also possible routes for entry of toxic nanomaterials 

into the human body. For example, inhalation based drug delivery is very promising and has 

been used extensively for direct delivery of drugs to the blood stream due to its non-invasive 

nature but the same route is seen as the most susceptible to toxic nanoparticles. The delivery 

of drugs via the olfactory system is being seen as an extremely attractive approach to direct 

delivery to the brain bypassing the blood brain barrier. However, this has also brought 

forward the issue of nanoparticle toxicity via the olfactory system which has far reaching 

toxicological implications. Thus, while research advances are made on nanoparticle for 

biomedical applications, their potential inadvertent impact on human health need also to be 

considered by the same research.

 7. CONCLUSIONS

Nanomaterials are being extensively researched for use as therapeutic agents and other 

nanomedicine applications. Engineered organic and inorganic nanoparticles are currently 

being used mainly for deep tissue non-invasive imaging using superparamagnetic 

nanoparticles and quantum dots as image contrast agents. Aerosol-based pulmonary drug 

delivery for quick measurable response, principally by atomization is being used and 

explored for several applications. Photo-thermal therapy for cancer treatment using gold 

nanostructured materials is being explored. Porous silica nanoparticles as a drug carrier, 

lipid nanoparticles for targeted gene and drug delivery and aerosol assisted thin film 

structure for sensor applications are other methodologies being researched. Both the 
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synthesis route and surface functionalization play an important role in nanoparticle 

biocompatibility. However, long-term stability, toxicological impact, site-specific 

internalization and metabolism of nanotechnology-based drug/drug carrying vehicles is still 

an open question and more extensive research is needed.
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Figure 1. 
Schematic diagram for cell targeted delivery of therapeutic agents carried by a nanoparticle. 

The process is comprised of three sequential steps: (i) nanoparticle binding to target cells via 

multivalent receptor–ligand interactions, (ii) intracellular uptake of the nanoparticle via 

receptor-mediated endocytosis, and (iii) intracellular drug release or action [1].

Abbrevation: AuNP: Gold nanoparticle;IONP: Iron Oxide nanoparticle; QD: Quantum dots; 

FA:folic acid; MTX: methotrexate; RF: riboflavin; EGF: epidermal growth factor; RGD: 

Arg-Gly-Asp; FAR: folate receptor; RFR:riboflavin receptor; EGFR: epidermal growth 

factor receptor; PSMA: prostate-specific membrane antigen
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Figure 2. 
A typical steps for an aerosol synthesis of nanoparticles and application (a) Schematic of 

aerosol-based routes for material synthesis. The two major synthesis routes are vapor-to-

particle formation and droplet-to-particle formation. In droplet-to-particle formation, a 

precursor solution is atomized to form small droplets, which evaporate until the solute 

precipitates and homogenous reaction takes place on the surface of the droplet to form a 

particle. In vapor-to-particle formation, the precursor takes the form of a vapor, which can 

undergo either homogenous gas-phase reaction to form molecules of the desired material 

that then nucleate and grow through coagulation or sintering or heterogeneous reaction on 

the substrate surface to form thin films of the desired material. (b) Schematic of aerosol-

based routes for drug delivery. Traditional drug delivery routes are through the respiratory 

system; however, more recent advances are focused on delivery directly to the brain, through 

the blood-brain barrier and axonal transport.
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Table 1

Nanoparticles/nanocomposite synthesis approach

Features Aerosol Biological Chemical Physical

Size and Size 
Distribution

<100 nm <100 nm <100 nm 15–100 nm

Advantages • Good control 
over particle 
size and shape

• Synthesis of 
controlled 
nanocomposite

• Monodispersity 
within a few 
percent

• Passivation of 
the surface

• Environmentally 
benign

• Surface coating 
with natural 
macro and 
micro 
biomolecules

• Biocompatible

• Precisely 
control over 
morphology 
of metal NPs

• Rapid 
and 
scale up 
synthesis

Disadvantages • Large 
aggregates are 
formed

• Rate of particle 
synthesis is low

• Need natural 
resources

• Broad PSD and 
poly shape

• Surface 
coating with 
harmful 
chemicals

• Comparatively 
lesser bio-
compatibility

Broad PSD and poly shape
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Table 2

Technical approach for characterization of nanoparticles

Nanoparticle properties Microscopy and 
related 
techniques

Centrifugation 
and filtration 
techniques

Spectroscopic and related 
techniques

Techniques Other

Aggregation STEM, TEM, 
SEM, AFM, STM

ANUC XRD, SANS Zeta potential

Chemical composition AEM, CFM NMR, XPS, Auger AES, AAS, 
ICP-MS/OES, XRD, EBSD

Mass concentration AEM, CFM Gravimetry, thermal analysis

Particle number concentration Particle counter, CPC

Shape STEM, TEM, 
SEM, AFM, STM

UC

Size STEM, TEM, 
SEM, AFM, STM

DMA

Size distribution STEM, TEM, 
SEM, AFM, STM

CFF, UC, CFUF SPMS. SAXS UCPC, SMPS

Dissolution Dialysis, CFUF Voltammetry,

Speciation Structure STEM, TEM, 
SEM, AFM, STM

XAFS, XRD, ANS

Surface area (& porosity) BET

Surface charge Zeta Potential, in-flight DMA/
SMPS

Surface Chemistry AEM, CFM FTIR, Raman Spectroscopy

Abbreviations- STEM: scanning transmission electron microscope; TEM: transmission electron microscopy; SEM: scanning electron microscope; 
AFM: Atomic Force Microscope; STM: Scanning Tunneling Microscope; AEM: analytical electron microscopy; CFM: chemical force microscopy; 
ANUC: analytical ultracentrifuge; UC: ultracentrifuge; CFF: cross-flow filtration; CFUF: Cross-flow ultrafiltration; XRD: X-ray diffraction; 
SANS: small-angle neutron scattering; NMR: nuclear magnetic resonance; XPS: X-ray photoelectron spectroscopy; AES: Auger electron 
spectroscopy; AAS: atomic absorption spectroscopy; ICP-MS/OES: inductively coupled plasma mass / optical emission spectrometry; EBSD: 
Electron backscatter diffraction; SPMS: Solid Phase Molecular Spectroscopy; SAXS: Small angle x-ray scattering spectroscopy; XAFS: X-ray 
absorption fine structure; CPC: Condensation particle counter; DMA: differential mobility analyzer; UCPC: ultrafine condensation particle counter; 
SMPS: Scanning mobility particle sizer; BET: Brunauer–Emmett–Teller, NMs: Nanomaterials; DMA: Differential Mobility Analyzer; SMPS: 
Scanning Mobility Particle Sizer; FTIR: Fourior Transform Infra-red
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Table 3

Nanoparticles surface modifying agent/(bio) molecules used for stabilization and biocompatibility

Surface modifying agent Properties Advantages/applications References

Polyethylene Glycol (PEG) Hydrophilic, water-soluble, Increase the biocompatibility, internalization 
efficiency, dispersions and circulation times [127, 129–131]

Polyvinylpyrrolidone (PVP) Water-soluble polymer made from the 
monomer N-vinylpyrrolidone

Enhances the blood circulation time and stabilizes 
the colloidal solution, used as binder [132]

Polyvinyl Alcohol (PVA) Hydrophilic linear polymer that forms 
copolymers

Biocompatible, PVA coating onto the particle 
surface prevents their agglomeration, giving rise to 
monodisperse particles

Chitosan An alkaline, non-toxic, hydrophilic Biocompatible and biodegradable [133–135]

Alginate Electrolytic polysaccharide with 
carboxyl groups Stability and functionalization [136–139]

Cellulose Hydrophilic polymer
Entrap hydrophilic drugs, impart stealth character 
to nanocarriers, controlled drug release, and 
increase half-life

[126, 138, 140]

Gelatin Gelling agent, hydrophilic Emulsifier, biocompatible, natural polymer [3, 141]

Polypeptides Selectivity for hydrophilicity and 
hydrophobicity

Increase nanoparticle binding ability to the ligand 
and cellular internalization, target drug delivery [125, 142, 143]

Fatty acids Carboxylic acid with a long aliphatic 
tail

Colloidal stability, terminal functionalization using 
carboxyl groups [144, 145]

Dextran α-linked D-glucopyranosyl repeating 
units

Enhances the blood circulation time, stabilizes the 
colloidal solution [146, 147]

Silica Oxide of silicon, Commonly found in 
nature

Prevent aggregation, improve chemical stability, 
biocompatible [148]

Nucleic acid Easy to absorb on the nanoparticle 
surface

Surface functionalization, Gene delivery, 
regulation of gene expression [149]

Thiol Functional group of amino acid Surface functionalization, target drug delivery [2, 150]

Curr Pharm Des. Author manuscript; available in PMC 2016 November 01.


	Abstract
	1. INTRODUCTION
	2. NANOPARTICLES OF BIOMEDICAL IMPORTANCE
	2.1. Drug delivery and diagnostics
	2.1.1. Nanoparticle/drug carrier fate after administration
	2.1.2. Imaging
	2.1.3. Sensor


	3. SYNTHESIS OF NANOPARTICLES
	3.1. Aerosol route for nanoparticle synthesis
	3.2. Other approaches

	4. MORPHOLOGICAL AND PHYSICOCHEMICAL CHARACTERIZATION
	5. FUNCTIONALIZATION AND SURFACE MODIFICATION OF NANOPARTICLES
	6. FUTURE OUTLOOK
	7. CONCLUSIONS
	References
	Figure 1
	Figure 2
	Table 1
	Table 2
	Table 3

