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Abstract: On the cusp of widespread permeation of nanomedicine, academia, industry, and 

government have invested substantial financial resources in developing new ways to better treat 

diseases. Materials have unique physical and chemical properties at the nanoscale compared with 

their bulk or small-molecule analogs. These unique properties have been greatly advantageous 

in providing innovative solutions for medical treatments at the bench level. However, nano-

medicine research has not yet fully permeated the clinical setting because of several limitations. 

Among these limitations are the lack of universal standards for characterizing nanomaterials 

and the limited knowledge that we possess regarding the interactions between nanomaterials 

and biological entities such as proteins. In this review, we report on recent developments in 

the characterization of nanomaterials as well as the newest information about the interactions 

between nanomaterials and proteins in the human body. We propose a standard set of techniques 

for universal characterization of nanomaterials. We also address relevant regulatory issues 

involved in the translational process for the development of drug molecules and drug delivery 

systems. Adherence and refinement of a universal standard in nanomaterial characterization 

as well as the acquisition of a deeper understanding of nanomaterials and proteins will likely 

accelerate the use of nanomedicine in common practice to a great extent. 
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Introduction
There is a prevailing consensus in the scientific literature that nanotechnology has 

already permeated a variety of applications ranging from medicine to energy to 

electronics.1 Nanomaterials certainly present unique solutions to medical problems 

due to their unique nanoscale size. However, biomedical research in general and 

nanomedicine in particular are limited by a translational gap between experimental 

work and practical applications, thus hindering the expected nanomedicine boom.

The US government believes that nanotechnology will shape the economic 

development of the country because of its impact in the key areas of medicine, energy, 

and electronics. As such, the US National Nanotechnology Initiative, which includes 

a number of government departments working together to invest in nanotechnol-

ogy research, has a 2015 proposed annual budget of $1.54 billion.1 The National 

Science Foundation provides $412.4 million of funding in this area, and the US Food 

and Drug Administration (FDA) proposed $17.0 million in its FY2015 budget as a 

part of the National Nanotechnology Initiative.1 Similar programs in the European 

Union, Japan, the People’s Republic of China, Taiwan, and Korea spent a total of 

$3.5 billion annually.2 This spending reflects the governments’ recognition of the need 
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to further understand the safe and effective use of nanoma-

terials, but does not directly address improving the process 

by which nanoproducts are developed and brought to com-

mercial therapeutic use. Nanomaterials must be able to fully 

comply with the rigorous standards required by regulatory 

agencies in order to transition into everyday use. 

Some commonly approved types of materials employed 

in nanomedicine research include polymeric and metallic 

nanoparticles, which are the favorite candidates for research 

and industry studies because of their potential utility to 

improve medical treatments in a wide range of diseases. 

Metallic particles are widely proposed for use as diagnostic 

tools because they provide unique contrast with the mostly 

organic matter in biological systems. As the diagnostic indus-

try rapidly increases, more and more opportunities arise for 

using metallic nanoparticles to develop methods that are more 

sensitive and specific for biomarker detection in different 

body fluids, thereby bridging the translational gap. However, 

as metallic, polymeric, and other types of nanoparticles with 

increasing complexity and functionality are developed, it 

becomes very important to have precise control of the func-

tionality, uniformity, and dispersion of these nanomaterials. 

Traditional means used for physicochemical characterization 

with small-molecule or bulk systems are often hampered 

by the unique constraints of the nanoscale, which makes it 

difficult to universally characterize different nanoparticle 

systems. Therefore, it is important to develop standardized 

processes and techniques for nanoparticle characterization in 

order to overcome the translational gap, and nanomaterials 

must be consistently and verifiably manufactured in order to 

ensure quality and effectiveness. A number of characteriza-

tion methods, including the newest innovations to common 

techniques, will be addressed in this review. We also include 

a suggested standard set of characterization techniques. 

Beyond consistency in synthesis, nanomaterials must be 

safe for use in common medical routes of administration. 

Intravenous administration is a preferred route for polymeric 

particles, and most of the nanoproducts under development 

are intended to be administered intravenously. In the case of 

tumors, when nanoparticles are administered in this fashion, 

they can easily act upon the tumors via the passive or active 

enhanced permeability and retention effect, in which the 

nanocarrier reaches the tumor because of the leaky tumor 

vasculature.3 Intravenous administration also ensures that the 

therapeutic effect can be induced faster than other administra-

tion routes. If the nanocarrier is administered intravenously, 

the immunotoxicity of the nanocarrier must be addressed in 

depth. Given the therapeutic and translational importance of 

this administration route, the immunocompatibility aspects 

of nanocarriers will be addressed in this review, emphasizing 

the interaction between nanomaterials and proteins. 

Smarter characterization 
of nanomaterials
Limitations on current physicochemical 
characterization techniques and recent 
developments in this subfield
Nanomaterials can present heterogeneous physicochemi-

cal properties (such as size, weight, surface area, surface 

chemistry) to a much greater extent than small-molecule 

compounds. As aggregates of smaller materials, it is difficult 

to precisely control the exact dimensions of the particles due 

to limitations in synthetic methods. Aside from higher-cost 

synthetic routes that allow for precise control of the surface 

chemistry of the particle, like photolithography, many syn-

thetic methods rely on the physicochemical characteristics of 

the parent compounds and affiliated reagents in order to attain 

a particular physicochemical state. Polymers in particular 

have inherent molecular weight polydispersity that likely 

transfers its properties to the nanocarrier.4 Therefore, it is 

clear that characterization of the physicochemical features of 

a nanomaterial is essential to validate its medical performance. 

Physicochemical characterization includes physical, chemi-

cal, composition, identification, quality, purity, and stability 

analyses of the nanomaterial.5 Although today there are no 

standards formally established in the scientific community for 

physicochemical characterization of a nanomaterial, there is 

an informal scientific consensus that nanomaterials should be 

characterized in terms of their size distribution, zeta potential, 

targeting/drug/imaging quantification, purity, stability, and 

batch-to-batch consistency before conducting in vitro experi-

ments that involve biological entities. 

Physicochemical characterization of a nanomaterial can 

be conducted using a wide range of techniques including 

dynamic light scattering (DLS), microscopy, spectros-

copy, chromatography, and electrochemistry.5 The size 

of a nanocarrier is one of the most important physical 

characteristics of a nanomaterial, so should be carefully and 

appropriately measured. The appropriate instruments and 

methods designed to measure the size of the nanocarrier 

will depend heavily on its function. DLS has been con-

sidered to be the most suitable method for measuring the 

size of a nanocarrier because it allows us to measure the 

hydrodynamic diameter of the particle. Other instruments, 

such as the transmission electron microscope (TEM), have 
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been used to measure nanoparticle size; however, the size 

of the nanocarrier obtained by TEM is not accurate, given 

that it should be measured in aqueous solution, ie, the 

physiological environment in which the nanocarrier will 

perform its function. 

DLS-derived particle counts, representing the statistical 

polydispersity of synthetic nanomaterials, can be quantified 

in various ways, eg, averaging the size of the particle based 

on intensity, volume, or z-number. A chapter in a recent book 

published by the National Characterization Laboratory dis-

cusses different aspects of nanoparticle characterization.5 It 

recommends that the intensity-weighted distribution should be 

used for reporting size because volume-weighted or number-

weighted distributions are prone to presenting the data dif-

ferently. Number-weighted distributions are much narrower, 

while volume distributions are much wider than intensity-based 

distribution.5 In addition to the DLS method, the small angle 

X-ray scattering (SAXS) technique has recently been used to 

measure particle size as well as to elucidate particle shape.6

Another important characteristic of the nanocarrier that 

must be carefully measured is the zeta potential. The zeta 

potential is defined as the potential difference between the 

bulk solution (dispersing medium) and the surface of hydro-

dynamic shear (slipping plane).5 Although many research 

laboratories determine the zeta potential of the nanocarrier 

using a zetasizer, the parameters used to make zeta potential 

measurements vary from laboratory to laboratory and are often 

not reported in research papers. Revealing these parameters is 

crucial to improve the characterization process of nanomateri-

als because it will help us to compare results from laboratory 

to laboratory and from sample to sample. Full disclosure of 

such parameters would allow researchers to start creating a 

database that can be used later to identify the best param-

eters to use when taking the zeta potential of a nanocarrier. 

While taking zeta potential measurements, it is important to 

remember that an applied voltage can potentially degrade 

the nanoparticles being measured, so care needs to be taken 

when characterizing the materials with other physicochemical 

characterization methods before and after zetasizer measure-

ment. The accuracy of zeta potential measurements depends 

on the sample preparation and measurement procedures used.5 

Guidelines on these important issues are described in detail 

in the second chapter of the “Handbook of Immunological 

Properties of Engineered Nanomaterials”.5

The size and zeta potential of the nanocarrier determine 

its specific biodistribution profile. Almost all administration 

routes available for nanocarriers require them to be in 

aqueous solution; hence, it is imperative to determine the 

hydrodynamic size of a nanocarrier, which changes once it 

is in the bloodstream due to the phenomenon of adsorption 

and desorption of proteins.7 Consequently, physicochemical 

characterization of the nanocarrier before, during, and after 

administration is essential. A summary of the key physico-

chemical characterization parameters of nanomaterials that 

interact with the immune system is also given in the second 

chapter of the “Handbook of Immunological Properties of 

Engineered Nanomaterials”.5

Quantification of the targeting moiety is another 

important nanomaterial property that needs to be addressed 

carefully before conducting in vitro and in vivo studies. 

Despite its importance for biological interpretation, there 

is not as yet much information on this topic. Attempts have 

been made to optimize ligand homogeneity as the surfaces 

of nanomaterials become increasingly complex in order to 

be used for biomedical applications. Many conventional 

chemical methods, such as nuclear magnetic resonance 

(NMR), absorption, and fluorescence spectroscopy, along 

with various chromatographic methods are useful in quanti-

fying or at least confirming the presence of certain chemical 

groups on or in the surface of a nanomaterial, but they are 

unable to discern chemical differences between different 

loci on multiphasic nanomaterials. Other space-resolving 

characterization methods (such as energy dispersive X-ray 

spectroscopy) do not have the resolution to distinguish 

between small ligands, such as carboxyls, maleimides, and 

amines, which are commonly employed as reactive function-

alities for future cross-linking reactions.8 

The distribution of targeting moieties on the surface of a 

carrier is as relevant as their quantification because this will 

partially determine the final surface chemistry of the nanocar-

rier, which plays a key role in the carrier’s biodistribution, 

pharmacokinetics, and toxicity. Patchy polymeric particles are 

clear examples of the unique distribution of targeting moieties 

that can be observed on the carrier surface.9–11 For these 

reasons, it is important to characterize the three-dimensional 

distribution of target moieties. Few endeavors have been 

made in this regard due to the lower resolution available when 

using the more standard physicochemical techniques. Hetero-

geneity on a nanomaterial surface can potentially impact its 

performance in vivo, which makes it increasingly important 

to improve the experimental and analytical methods in this 

field, for which there is not an abundance of information.12 

Other methods exist to quantify target moieties for particular 

types or aspects of nanomaterials in more general terms. For 

example, thermogravimetric analysis (TGA) is often used to 

quantify the thermal degradation of moieties. TGA lacks the 
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ability to discern the spatial arrangement of these moieties in 

comparison with other methods, but it is a well established 

technique that is fairly straightforward and reproducible.13 

TGA is limited by the degradation characteristics of the nano-

material; easily degradable materials, such as biodegradable 

polymers, will be more difficult to quantify using TGA than 

inorganic nanomaterials because they contain common TGA 

leaving groups such as carboxyls. Hybrid electron microscopy 

techniques, such as scanning electron microscopy (SEM)-

Raman and energy-filtered TEM, discussed in the following 

section, may be employed to overcome some of the limita-

tions of TGA and yield three-dimensional spatial details with 

sufficient sample processing time.14,15 In order to reconcile 

spatial selectivity with higher throughput, we recommend a 

combination of standard spectroscopic and chromatographic 

techniques and more modern nanometrology techniques to 

characterize nanocarriers more fully. 

Ultraviolet–visible spectroscopy and fluorescence 

spectroscopy are fairly standard, low-cost, straightforward 

instrumental techniques for chemical analysis. Some nano-

materials have optical characteristics that hinder their analysis 

with ultraviolet–visible or fluorescence spectroscopy. Certain 

materials are transparent or refractive in the ultraviolet–

visible region and require additional functionalization in 

order for their moieties to be quantified via ultraviolet–visible 

or fluorescence spectroscopy.16 For example, Janus particles 

can induce refractions that distort the analysis of adjacent 

particles.16 In other experiments, only the fluorescently-

labeled part of the particle is excited during analysis.17 This 

process has often been accomplished via conjugation of fluo-

rescent moieties (such as the Alexa Fluor line of fluorescent 

probes) to functional groups.9,12,18–20 When using this method, 

it is important to carefully select the fluorophores or chro-

matophores to avoid overlapping fluorescent wavelengths. 

Correct scientific interpretation will depend on the correct 

technical performance of the experiment. 

Fourier transform infrared (FT-IR) spectroscopy is par-

ticularly useful for identifying the chemical nature (ie, the 

chemical “fingerprint”) of a specific moiety present in the 

surface of the nanomaterial. FT-IR can also be used as a titra-

tion technique to detect relative amounts of different function-

alities, but generally is not a quantitative tool.13,21 Attenuated 

total reflectance is a direct sample analysis technique that has 

been used for FT-IR analysis, and is particularly helpful for 

analyzing the chemical fingerprint of a nanomaterial without 

excessive sample preparation. Samples that are sensitive to 

the solvents or pressure required to prepare a typical FT-IR 

sample have been analyzed with this technique because 

FT-IR spectra can be obtained from pure bulk materials on 

the attenuated total reflectance probe.22–25 NMR, especially 

solid state NMR, could potentially also be used to quantify 

amounts and locations of specific functional groups. NMR is 

more specific than FT-IR in that it can be used to target select 

nuclei. Hydrogen, carbon, and phosphorus compounds are 

commonly and routinely analyzed with NMR (as well as other 

nuclei, depending on their spin state and availability).12,20,26–28 

NMR is also more qualitative than quantitative; it provides 

the chemical environment of the nucleus under analysis, and 

is not frequently employed (unless in titration) to quantify 

target moieties. 

A number of elemental analytical techniques, including 

mass spectrometry and atomic emission spectrometry, are 

particularly advantageous for quantifying the physico-

chemical characteristics of nanomaterials. For example, 

matrix-assisted laser desorption ionization time-of-flight 

mass spectrometry has been used to quantify the size 

of inorganic nanoparticles, and has also been used to 

quantify organic polymeric nanomaterials.29,30 Inorganic 

particles have been ionized with inductively-coupled 

plasma (ICP) down to particle-scale resolution for analy-

sis with ICP-mass spectrometry or ICP-atomic emission 

spectroscopy.31 

Various liquid chromatography techniques can also be 

helpful for quantifying the targeting moieties on the nano-

particle’s surface because they allow us to distinguish the 

heterogeneous ligand distribution in nanomaterial systems. 

Surface distribution of target moieties is directly related to 

the solubility behavior of the particles, and therefore chemical 

separations based on size and suspensibility are particularly 

useful for determining target moiety quantities.12 Related 

to these properties, pH and electrochemical titrations have 

also been employed to determine the binding efficiency of 

targeting moieties, but unlike chromatographic separation, 

titrations cannot be used to distinguish the effects of the 

three-dimensional arrangement of moieties.5,32 These elec-

trochemical and chromatographic techniques are particularly 

useful for documenting and simulating the effects of chemical 

moieties on the surface of the nanomaterial if direct visual-

ization is not possible. 

With SEM hybrid techniques, nanomaterials can be 

directly imaged, and a targeting moiety present on the 

nanomaterial’s surface can be specifically selected to 

obtain elemental information. An example of these SEM 

hybrid techniques is energy dispersive X-ray spectroscopy. 

Although this technique is highly effective in revealing the 

elemental composition of the target moieties, the resolution 
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of the X-ray beam can span several microns, and therefore 

it is not the ideal instrument for identifying target moieties 

that are present on the nanomaterial’s surface in less than 

0.5 weight percent. In spite of their limitations, these stan-

dard characterization techniques are widely available and 

well understood. Still, as the surfaces of nanomaterials 

become more complex, the need to perform nanomaterial 

characterization with more powerful instruments and hybrid 

techniques increases. 

Recent developments 
in characterization techniques
Until now the characterization of nanomaterials, particularly 

in the case of monophasic multifunctional polymeric nano-

particles, has been limited to measuring the size and surface 

charge of the nanocarrier. However, due to the diversity 

of numerous novel nanomaterials with intended uses in 

medical settings, metrology must be customized in order 

to characterize new nanomaterials appropriately. There are 

other limitations in the way we are presently characterizing 

nanomaterials. For example, the surface chemistry analysis 

of a nanocarrier that will be administered intravenously is 

poorly addressed. Also, the interplay between nanomaterial 

structure and function is often overlooked in the study of 

effects and toxicology of nanoscale structures. We believe 

that size, morphology (ie, external and internal), and surface 

chemistry are vital parameters that must be included in the 

characterization of a nanocarrier. 

New developments in electron microscopy, materi-

als science, and chemistry have provided several surface 

analysis techniques that can be very helpful in obtaining 

three-dimensional information about the surface and 

internal structure of a nanocarrier. A detailed surface and 

internal analysis of a nanocarrier will be extremely use-

ful for achieving better control of the interaction between 

the nanocarrier, drug, and immune system. A wide range 

of microscopy instruments and techniques are available 

for this purpose, and include atomic force microscopy 

(AFM) with automated ultramicrotomy, scanning tunnel-

ing microscopy (STM), environmental SEM, electron loss 

microscopy, Z-contrast TEM, and low voltage electron 

microscopy.8,33 

AFM provides “z-directional” resolution, mapping the 

topography of a material, and is a nondestructive technique 

that allows for further physicochemical characterization 

methods to be performed on the sample. AFM operates by 

measuring the atomic force of a cantilever probe impinging 

on an atomic surface, and the resulting signal is interpreted 

as the depth profile of the material, with resolution as low as 

the atomic scale.8,34 In-process control of particle formation, 

size measurements, stability, release, and degradation 

characteristics, as well as surface modifications can all be 

conducted via atomic force.35 Such precise detail on the 

nanomaterial surface is key to understanding the potential 

physical interactions between the surface of the drug delivery 

system (DDS) and the surrounding environment. Very few 

other methods are available that can resolve such small details 

for such a wide variety of sample types. In fact, AFM has 

been labeled as “nanoscopy” rather than microscopy with 

regard to emphasizing the level of detail achievable using 

this instrument.8

Automated ultramicrotomy and focused ion beam 

(FIB) are two new cross-sectioning techniques that are 

very useful for obtaining thin and reproducible slices of 

a particle’s core. These two techniques are particularly 

relevant to illustrate the internal structure of polymeric 

nanoparticles. Automated ultramicrotomy is preferred for 

samples that could be damaged by the ion beam, but it is not 

a standardized, widely commercially available technique. 

Cross-sections of a set thickness are automatically cut and 

analyzed sequentially with AFM.33 In contrast, FIB allows 

for “real-time” slicing to take place. FIB cross-sections 

can be targeted at a particular location or for a particular 

depth for the nanomaterial.33 Of the many papers in the 

drug delivery field that report the use of conventional and 

new nanocarriers to deliver a specific cargo to the targeted 

organ, only a few papers report the internal structure of these 

nanocarriers.36,37 The development of robust nanocarriers 

for drug delivery purposes will require detailed internal 

characterization of these new carriers. It is essential to know 

whether the polymeric core is solid or hollow because the 

function of the particle’s core depends on both internal and 

external physicochemical features. For example, internal 

structures might be formed within the polymeric core that 

can potentially interact with the payload and therefore 

influence the kinetics of drug release. In addition, charac-

terization of the internal structure of polymeric particles is 

important because each chemical method used to synthesize 

polymeric particles might render particles with different 

internal structures. The drug delivery abilities of the nano-

carrier are key for its therapeutic performance.

If automated ultramicrotomy or FIB are not feasible 

or available, TEM tomography is another powerful tech-

nique that can be employed to give internal and surface 

three-dimensional information about the nanomaterial. 

TEM typically gives a two-dimensional projection of a 
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material’s three-dimensional volume, and effectively serves 

as a single cross-sectional view of that material. Several 

different methods exist to generate cross-sectional images 

of nanomaterials using different TEM modalities and com-

putational analysis. One such method involves tilting the 

axis of the sample and acquiring multiple images and then 

reconstructing the orthogonal projections in the tilt series 

into a three-dimensional image.38 Another method involves 

energy-filtered TEM, in which the elemental composition 

and distribution along three dimensions can be acquired by 

combining two-dimensional, energy-filtered TEM images 

with tomographic approaches. With nanometer-scale resolu-

tion, distribution of moieties on a surface can be determined 

accurately, along with the morphological characteristics of 

the host nanomaterial.14 These surface aspects mediate the 

direct interaction between the nanomaterial and the biological 

system. 

The STM is an instrument that renders information about 

the surface chemistry of the nanomaterial for electrically 

conductive samples, providing topographical information 

similar to that obtained from AFM.8 STM gives atomic-scale 

details in various media, and these images can be compiled 

over time to visualize chemical processes at the atomic 

level. The atomic “movies” produced by STM illustrate and 

animate shifting atomic impurities and defects at the mate-

rial’s surface. Atomic movement on the surface could then 

be compared and interpreted with respect to the interactions 

between the nanomaterial and the biological system. Further, 

STM can be used for direct manipulation of atoms and 

molecules, inducing a chemical reaction, or even building 

a molecule by lateral or horizontal manipulations of atoms 

via the tunneling force.8 STM yields the atomic structure of 

the nanomaterial over time, allowing for a detailed under-

standing of its behavior and interaction with other atoms 

and molecules. 

X-ray methods can yield more three-dimensional struc-

tural information regarding the degree of crystallinity, 

electronic band structure, and film thickness for the studied 

materials. For example, X-ray photoelectron spectroscopy is 

used to determine the elemental composition and electrical 

properties of materials. X-ray photoelectron spectroscopy has 

also been enhanced to map the three-dimensional structure 

of a 10 nm area at the surface of a material. Although X-ray 

photoelectron spectroscopy provides much useful data about 

the materials in question, it has extremely low resolution 

compared with more modern methods, and therefore typically 

needs to be combined with other methods to be relevant in a 

surface chemical analysis.8 

X-ray diffraction is another important X-ray method 

that is typically employed to determine crystal structure 

in three dimensions for inorganic compounds. Beyond the 

simple crystal lattice structure of a material (or lack thereof 

in amorphous compounds), X-ray diffraction can also be 

utilized to map electron density on its surface.39 Nanoscale 

materials have distinct crystallinity compared with their 

larger-scale analogs, which gives them unique mechanical, 

optical, and electrical characteristics that will influence 

their interactions in the human body.39 X-ray diffraction 

distinguishes between amorphous phases as well, and can dis-

tinguish the crystal structure of proteins and other biological 

macromolecules, revealing the specific interactions that take 

place at the nanomaterial-biological interface.27,34,39

The X-ray diffraction phenomenon can be manipulated to 

generate further details about a sample. For example, SAXS 

and wide angle X-ray scattering (WAXS) are synchrotron 

radiation-based techniques that give different structural data. 

SAXS can be used to analyze powders, films, or suspensions, 

while WAXS can yield other structural information about 

nanomaterials.8,40 Grazing interface-SAXS is employed for 

analyzing d-spacing of thin films.40,41 These techniques may 

also give information about porosity and accessibility of 

nanomaterials by determination of correlation lengths and 

radii of gyration.6 SAXS and WAXS are particularly useful 

for characterizing the surface of lipid-polymeric particles 

because many monophasic and hybrid nanoparticles are 

synthesized with lipids or lipid-PEGylated functional groups 

(LPFGs). The distribution and position of such lipids on 

the particle’s surface is rarely mentioned in publications 

that use these particles as DDS. A detailed surface analysis 

of such types of particles is critical to ensure the delivery 

performance of these nanocarriers. 

Raman spectroscopy can be used to monitor processes 

within nanomaterials over time (in solution, for example). 

Raman spectroscopy measures the inelastic scattering of a 

light source by a compound that occurs as a result of low-

energy, symmetrical vibrational and rotational modes of the 

compound, and can be performed on aqueous samples as an 

alternative to FT-IR.42,43 In contrast with electron microscopy, 

Raman spectroscopy relies on light and is not limited by the 

environmental conditions of an electron beam. This tech-

nique is typically used to analyze small-molecule moieties, 

but at the nanoscale, phonons induced by the incident 

optical field are confined by the spatial dimensions of the 

particle being analyzed, yielding unique Raman spectra for 

nanomaterials attributed to their size, allowing this technique 

to be applied for both molecular characterization and 
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full-particle characterization.42,44,45 Raman spectroscopy, in 

combination with microscopy, can prove particularly useful 

for characterization of nanomaterials that have heterogeneous 

surfaces.46–50 WITec, a German company, has recently 

launched the first commercially available SEM-Raman 

instrument.15 

The general assumption with conventional Raman spec-

troscopy is that first-order scattering occurs at the “Brillouin 

zone”, where the wave vector is zero. In essence, energetic 

waves are allowed to propagate freely in a particular direction 

because the phonon loses momentum as it traverses the 

dimensions of the material. At the nanoscale, however, back-

scattering occurs at the edge of the material (changing the 

phonon wave vector) such that uncertainty is induced into the 

measurement.44,45 Size, morphological symmetry, and other 

physical attributes of a particular nanosystem thereby induce 

calculable differences in the Raman spectrum.44 Raman 

spectroscopy can also be a very powerful technique to detect 

surface boundary characteristics for composite materials, 

which is important because nanomaterials have a very high 

ratio of surface area to particle mass. Considering the role the 

crystal lattice plays in propagating the phonons upon electro-

magnetic excitation, Raman scattering is analogous to X-ray 

diffraction in its relationship to the crystal structure, and can 

be used to characterize the relative amounts of crystalline 

and amorphous phase in the compound.44 

Of the innovative characterization techniques described 

above, it is no accident that many of these methods combine 

two or more well-known methodologies. Certainly, an 

innovative researcher could develop a cornucopia of more 

modern techniques to meet the challenge of characterizing 

increasingly complex nanomaterials. Once a full under-

standing of the chemistry behind a nanostructure has been 

achieved, the logical next step is to determine the fate of the 

nanocarrier in vivo. 

Immunocompatibility of polymeric 
particles
PEG chain density
Poly(ethylene glycol) (PEG) is a hydrophilic and flexible 

polymer that has been extensively used in the drug delivery 

field to provide the following nanocarrier properties: good 

suspensibility, a prolonged circulation half-life, an improved 

biodistribution profile, and an ability to bypass activation of 

the complement system. Although there are other polymers 

that can be used for these purposes, including dextran, PEG 

has been commonly used to coat a number of types of nano-

carriers, including liposomes,51–53 polymeric nanoparticles,54 

metallic organic particles,55–57 micelles,58–63 and carbon 

nanotubes.64–68 The preferential use of PEG for the synthesis 

of DDS over other polymers is mainly due to the fact that 

it can be further functionalized with both organic and inor-

ganic moieties. In particular, functionalization of PEG with 

organic molecules such as enzymes, antibodies, and proteins 

is greatly advantageous because PEG does not markedly 

decrease the biological activity of these biomolecules.69 

Incorporation of PEG on the surface of the particle can 

diminish activation of the complement system by preventing 

protein adsorption.70 Therefore, PEG plays a key role in deter-

mining the surface chemistry of the nanocarrier. Although 

PEG has been extensively used in the drug delivery field for 

the aforementioned reasons, the polymer chemistry aspect of 

PEG has not been fully investigated as yet. New knowledge 

on this aspect of PEG can help us to expand its functions as 

a key component in a DDS. It is well documented that PEG 

in aqueous solution displays two different configurations, 

ie, the mushroom and brush configurations.71 Depending on 

the PEG configuration and molecular weight, protein adsorp-

tion can be greatly diminished. However, to date, there is no 

rule of thumb about which configuration is the most suitable 

for a DDS. Selection of the PEG configuration for a DDS 

will mainly depend on its intended medical use. 

We believe that investigating the polymer chemistry 

of PEG in depth could help us to design superior DDS. 

Contrasting small-molecule compounds, PEG and other poly-

mers do not have a homogeneous molecular weight. Polymer 

molecules can be assumed to have a degree of polydispersity 

in molar mass. The stated molecular weight for synthetic 

polymers is simply an average of the molecular weights 

present in a polymer sample, and chemists may define this 

in terms of number-average, weight-average, viscosity-

average, or z-average.4 The polydispersity index, which is 

equal to the weight-average molecular weight divided by 

the number-average molecular weight, will vary depending 

on the purity of the starting compounds, the effectiveness of 

the catalysts employed, and the method and mechanisms of 

polymerization. There is some debate as to the most effec-

tive method to quantify polydispersity. Multiple methods 

exist, including gel permeation chromatography, DLS, and 

viscometry, each of which present unique benefits and limita-

tions regarding reproducibility and accuracy.4 Manufacturers 

may or may not report the polydispersity of their samples, 

and in our experience they differ on what type of molecular 

weight range they report for their products. This is not a 

major concern with macroscale polymer applications for 

which the bulk properties of the polymers in question are 

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2014:9submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

5736

Khorasani et al

more significant, but in the nanoscale drug delivery field, a 

difference of a few monomer units could potentially have a 

dramatic effect on drug binding and dispersal efficacy. For 

example, knowing that PEG with high molecular weight  

prevents protein adsorption more effectively than one with 

low molecular weight, because PEG with high molecular 

weight binds more water molecules, it allows for more 

rational DDS design, rather than trial and error. Differential 

scanning calorimetry thermographs show that PEG with 

different molecular weights have different glass transition 

temperatures, which reflect different thermodynamic behav-

ior, and several distinct molecular weights.72 The desired 

properties of the particular PEGylated molecule could be 

affected by this unknown and unregulated polydispersity, 

so this polymeric property must not be overlooked in the 

development process for a DDS.26,73 

Conformation of PEG
The orientation of PEG in aqueous solution will depend on 

the physicochemical properties of the molecule to which it 

is attached. PEG is synthesized with two different structures, 

ie, linear and branched. PEG that has a branched structure 

absorbs more water molecules than PEG with a linear 

configuration as shown by differential scanning calorimetry 

studies.69

Researchers have also found that the molecular weight of 

PEG has a strong influence on its thermodynamic behavior. 

PEG is a semicrystalline polymer and has a melting point 

below 67°C, proportional to its molecular weight.74 PEG also 

exhibits a glass transition temperature at which monomers 

begin to show segmental motion, and therefore is related to 

the chain length of each PEG molecule. Since PEGs of low 

molecular weight can be extremely polydispersed, they have 

multiple glass transitions in their differential scanning calo-

rimetry thermograms at a wide range of temperatures. The 

presence of multiple T
g
 values is a sign of polydispersity.72 

The thermodynamic behavior of PEG is likely to influence the 

thermodynamic behavior of the entire polymer blend when 

PEG is one of the main polymers in the mixture, because PEG 

composites often feature direct surface-to-surface contact 

between different polymer groups. 

A clear example of this phenomenon is the behavior 

of LPFGs. Such molecules are formed by a phospholipid-

polymer conjugate (DSPE-PEG) and an end-terminal func-

tional group (R), and are commonly used in the synthesis 

of different DDSs for several reasons.54 LPFGs allow us 

to functionalize PEG with a wide range of inorganic and 

organic molecules through the reactivity of the end-terminal 

functional group. Various functional groups are commer-

cially available, enabling a number of different reactions 

and target moieties to be utilized.75 Just as polymer–solvent 

interactions determine the solubility of a polymer in a given 

solvent, polymer–polymer interactions between the various 

monomer units of different polymers can induce a certain 

degree of mixing (or lack thereof) which can be harnessed 

for biomedical applications.76 Characterization of PEG and 

DSPE-PEG-R by gel permeation chromatography is essential 

before synthesis of a DDS. Gel permeation chromatography 

is a technique that provides the number-average molecular 

weight and weight-average molecular weight. The degree 

of polymerization and polydispersity can vary from batch to 

batch.4 Commercial sources that manufacture and sell LPFGs 

provide neither molecular weight nor polydispersity data, and 

simply test for the presence of certain functional groups. 

The solvent used for the synthesis and manipulation of 

the polymer also affects the chemical properties of PEG. 

The solubility of polymers is commonly estimated using 

either Hildebrand’s or Hansen’s solubility parameters. These 

estimations reveal how well a monomer interacts with a 

solvent or another monomer based on the principle of “like 

dissolves like”. Depending on dispersion forces, the inher-

ent polarization of the bonds of the molecule, and hydrogen 

bonding, a particular solvent may dissolve the compound 

more preferentially.76 This can directly affect the behavior 

of the DDS, in that a “good” solvent, for which the solubil-

ity parameters of the monomers and the solvent are closely 

matched, will yield a perturbed polymer for which the 

solvent molecules are distributed evenly around the entire 

polymer chain. A “bad” solvent will not perturb the poly-

mer chains, and will be distributed around a tightly-coiled, 

self-interacting polymer.77 In DDS applications, for which 

nanocarriers are often suspended in buffers containing vari-

ous salt concentrations, the nanocarrier–solvent interactions 

may vary. It is easily conceivable that the various cations 

and anions present in common buffers, such as phosphate-

buffered saline or 2-(N-morpholino)ethanesulfonic acid 

(MES), may also alter the solubility properties of the 

nanocarriers; if nothing else, limiting the amount of water 

molecules that are available to surround the PEG. Perturbed 

and unperturbed PEGs could each have potential benefits for 

particular medical applications, and a transition from one 

state to another when the drug is administered intravenously 

would allow for kinetic-based applications.

LPFGs have been used extensively in the synthesis 

of polymeric particles. Some recent examples include 

pH-sensitive poly(histidine)-PEG/DSPE-PEG copolymer 
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micelles for cytosolic drug delivery,28 poly(lactic-co-glycolic 

acid) (PLGA)-lecithin-PEG core-shell nanoparticles for 

cancer-targeted delivery,78 lipid-polymer hybrid particles,79 

folate-targeted biodegradable polymersomes loaded with 

paclitaxel,80 particles with multiple functionalized surface 

domains for controlled and sustained drug release,81 

and fluorescent photoswitchable conjugated polymer 

nanoparticles.82

Considering this abundance of research, it makes sense 

to discuss in depth the role of LPFGs in formation of the 

particles. Two years ago, our research group found that when 

particles were synthesized with PLGA and two different 

LPFGs, particles with segregated regions were observed.9 

Each segregated region was formed by the presence of a dif-

ferent LPFG. This unexpected experimental finding indicates 

that the behavior of PEG can be influenced by molecules 

such as lipids and functional groups that are attached to it. 

Based on this experimental observation, it is important to 

pay attention to the behavior of PEG because PEG deter-

mines the surface chemistry of the DDS and ultimately its 

therapeutic performance. Particles with one or two surface 

domains render particles with different surface morphologies, 

which in turn can activate the complement system at  a high, 

average, or low level. Further, it is important to study the 

arrangement of LPFGs in the patch when one, two, or more 

LPFGs are involved in particle synthesis. Small angle neutron 

scattering is a technique that might be useful to elucidate the 

arrangement of LPFGs in the patch.83 The charge of R and 

DSPE could potentially be stronger than the PEG contribu-

tion when solubility parameters are taken into consideration, 

in spite of the fact that PEG in the LPFG molecule occupies 

the highest volume in comparison with the DSPE fragment 

and the R
 
terminal. As a result, the charge contribution of 

the end-terminal and the attached molecules might lead to 

movement of the whole molecule and determine its final 

arrangement. In addition, the interaction of the end-terminal 

functional groups and the solvent system is another important 

parameter that must be considered in particle synthesis. Such 

interactions might also play a key role in the final morphol-

ogy of the particle. Understanding the behavior of PEG and 

PEG-R is essential to understand the protein–corona interac-

tion that takes place in a DDS.

Protein adsorption
Protein adsorption is a very important topic that must be 

considered when we are designing a polymeric DDS. Under-

standing the protein adsorption phenomenon in depth will 

help us to accelerate the translational process. As mentioned 

before, PEG is the polymer most commonly used to prevent 

protein adsorption. The density and configuration of PEG 

have been considered to be parameters that prevent protein 

adsorption. There are some hypotheses stating that when 

PEG has a low molecular weight, only tightly-bound water 

is associated with the PEG chain.72 However, the mechanism 

by which PEG prevents protein adsorption is not completely 

understood. 

As its molecular weight increases, the PEG chain begins 

to fold in on itself, forming segment–segment interactions 

as it traps additional, more loosely bound water between the 

segments. This water functions to bind together the polymer 

coil, making it difficult for proteins to interact with it. Thus, 

chain coiling and water hydration interactions provide the 

common link connecting a number of molecular weight-

dependent properties of PEG. 

Several theories have been proposed to explain the low 

protein affinity of PEG both in surfaces and in solution.72 

These include rapid mobility of the hydrated PEG chains, 

the large excluded volume of the PEG molecules, a repulsive 

force that results from a loss of configurational entropy when 

a protein approaches a PEG molecule, and the low interfacial 

free energy of the PEG–water interface and lack of protein 

binding sites (ionic and hydrophobic) on PEG. Many of 

these theories may be related to the unique properties of 

PEG molecules in aqueous solution. PEG is soluble in water 

at room temperature for a wide range of molecular weights, 

while related polymers such as poly(methylene oxide) and 

poly(propylene oxide) are water-insoluble at most molecular 

weights. Studies of PEG in aqueous systems suggest that a 

minimum of two and often three hydrogen-bonded water 

molecules are needed to satisfy the basic hydration of each 

ether unit of PEG.72 

Studies on the kinetics of protein adsorption allow 

us to obtain better insights into the protein adsorption 

phenomenon.32 Protein adsorption onto polymers results in 

a hard corona effect due to the polymer-protein chain inter-

mingling that is effectively permanent. Subsequent layers of 

protein corona may form, but ultimately there are two kinetic 

rates involved in protein adsorption when permanent coronae 

are present, ie, formation of the first layer and formation of 

subsequent layers. Proteins in subsequent layers are relatively 

free to attach and detach from the corona.32,84 However, the 

complement protein C3 was found to bind covalently to 

other serum proteins only after they had formed a primary 

adsorption layer.85,86 It was not established whether comple-

ment acts as a permanent corona, but certainly proteins that 

are not covalently bound do not have this behavior. For 
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nonpolymeric nanoparticles in which the molecular unit is not 

chain-like, chain intermingling does not occur, so the initial 

protein corona and associated kinetics are not present.32

Continued scientific investigation of the protein 

adsorption phenomenon has recently revealed more intricate 

details.84 Milani et al reported their experimental observation 

of the formation of two types of coronas on the particle core. 

One is a “hard” corona, which is irreversible, and the other 

one is a “soft” corona, which is reversible. Using fluorescence 

correlation spectroscopy, transferrin-binding kinetics were 

found to contain two distinct steps. First, the hard corona 

forms, which is irreversibly bound to the particles. This 

is followed by the formation of a soft corona, which binds 

reversibly to the hard corona, forming a second layer. The 

time scale of protein adsorption and desorption for the soft 

corona was a number of minutes, whereas desorption of the 

hard corona took longer than the several hours in which the 

authors performed their analysis. This clearly delineates 

the corona formation phenomenon as two distinct steps. For 

soft corona formation, the kinetics of third-level, fourth-level, 

and higher-level corona formation appear to be in the same 

general time scale as second-level corona formation.84 

Irreversible binding was found to act as a “memory func-

tion” in the nanoparticle. The specific proteins that form the 

primary coronal layer depend heavily on the physicochemical 

characteristics of the nanoparticle, and the binding of 

subsequent layers is dependent on the physicochemical 

characteristics of the first layer, which forms binding pockets 

with affinities for particular biological interactions.84 There-

fore, it is possible that these in vitro and in silico protein 

adsorption studies could be used to predict the behavior of 

the nanomaterial once it becomes a biomaterial complex. 

This irreversible binding, and the kinetics associated with it, 

implies a conformational change in proteins exposed to the 

nanoparticles, which the authors describe as a “fingerprint” 

or “memory function”. This presents a unique and interest-

ing perspective regarding these particles, ie, the inner corona 

effectively has a memory storage function on a biochemi-

cal level, which indicates the specific order of binding of 

proteins to the surface. The authors note that studying the 

memory function phenomenon may prove very useful in 

nanomedical drug research because it indicates protein–drug 

interactions.84 

Another interesting recent discovery regarding protein 

adsorption was reported by Zeng et al.87 Using computational 

approaches and in vitro studies, the authors concluded that 

even with small changes in the surface chemistry of the 

materials, a significant change in protein binding affinity 

and protein–nanomaterial interactions was possible. Their 

computational studies revealed a binding pocket phenomenon 

in which small-scale domains of the head group of the 

capping material fit structurally into binding pockets of the 

protein to influence the interactions. The authors suggested 

using these methods to determine the interaction between 

nanomaterials and biological systems in drug discovery, 

because they allow for rapid assessment of particle surface 

properties, even if their elemental constituents are effectively 

the same.87

There has been much debate in the scientific literature 

regarding the occurrence and significance of the “Vroman 

effect”, which postulates that proteins at lower concentra-

tions in serum replace proteins at higher concentrations over 

time.7,84,88,89 If this effect is indeed present with nanomaterials, 

it seems that the rate of desorption and adsorption is very 

fast, and beyond the detection limit of many of the kinetic 

experiments that have been performed. Newer nanoma-

terials with complex morphologies and physicochemical 

characteristics are rapidly being synthesized, so it is more 

relevant to consider the nanocarrier–protein interactions than 

to confirm the extent to which the Vroman effect is taking 

place. With the increase in knowledge about proteomics in 

recent years, the literature describing and attempting to prove 

or disprove the Vroman effect has largely been replaced by 

more practical kinetic studies of protein adsorption.32 The 

physicochemical properties of the protein molecules must 

be contemplated as well. 

A wide range of serum proteins adsorb spontaneously and 

nonspecifically on the surface of nanoparticles.90 The proteins 

themselves have unique surface chemistry and charge density 

that affect their adsorption behavior. For example, human 

serum albumin has the approximate geometry of a triangular 

prism with distinct positively charged patches that cause the 

protein to adsorb in a particular orientation.88 Succinylation 

or amination of lysine residues on human serum albumin, 

which alter the charge profile of this protein, significantly 

affected the adsorption behavior of these modified proteins 

on nanoparticles.88 Varying the pH or increasing the electro-

lyte concentration generally promotes coagulation of protein 

colloids, causing them to coalesce more favorably.91,92 These 

parameters must be taken into consideration when studying 

protein–nanoparticle interactions. 

Surface-sensitive techniques, such as surface plasmon 

resonance (SPR) and quartz crystal microbalance with dis-

solution monitoring (QCM-D) have been utilized in recent 

years to study protein adsorption. Both of these techniques 

monitor the resonant frequencies of substrates on a surface. 
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QCM-D detects the change in resonance frequency of a 

quartz crystal upon adsorption, whereas SPR detects changes 

in refractive index on adsorption sites on a chip.86,93 QCM-D 

has been used to detect protein adsorption on nanopatterned 

surfaces as well as to monitor complement adsorption onto 

the primary protein corona.86,94 SPR can monitor the protein 

adsorption phenomenon with extreme precision, and has the 

ability to detect attomolar concentrations on a nanoparticle 

surface.93–95 SPR allows for monitoring of the kinetics of 

protein adsorption, allowing us to calculate binding rate 

constants directly and to examine the exact nature of the 

protein binding phenomenon.32 For example, SPR was 

coupled with isothermal titration calorimetry to quantify 

exchange rates and affinities of specific types of proteins 

on nanoparticle surfaces.32 Coupling these surface-sensitive 

techniques with more common electrophoretic techniques 

allows for clear, precise monitoring of protein adsorption 

on nanomaterials. 

New research approaches to drug 
delivery and particle synthesis that 
can potentially help to close the 
translational gap
Current research approaches have been suggested to con-

trol the pharmacokinetic aspects of nanoparticles. For 

example, Moghimi et al suggest an integrated analysis 

approach that can help to reach clinical settings faster and 

more effectively.96 There is extensive research addressing  

important aspects of a DDS including characterization and 

pharmacokinetics. Nevertheless, independent studies in these 

areas without a connection between them will not help us 

to close the translational gap. The goal of this new research 

approach is to identify and establish the interdependency 

of size, shape, and surface characteristics of nanoparticles 

in relation to biodistribution, controlled drug release, and 

excretion.96 Within this umbrella research approach, three 

important aspects of DDS must be carefully addressed: 

the role of blood proteins in clearance kinetics; the role of 

geometric factors of DDS in relation to blood proteins; and 

bioavailability and repeated dosing. Each of these aspects is 

discussed briefly below. 

A number of proteins are involved in the opsonization 

process in blood. The most prominent group of proteins in 

this process is the complement family, which have been found 

in a number of different studies to adsorb to nanomaterials 

that have not been properly coated with PEG to repel protein 

interactions.54,70,85,86,97 Although many proteins are actively 

involved in the clearance process in blood, if the nanocarrier 

has a neutral charge it might bypass activation of the comple-

ment system.89 Recently, it was found that denatured albumin, 

which forms a hard corona on nanomaterials, is directly 

involved in clearance of nanomaterials from the blood.98 

Denatured albumin undergoes enhanced uptake by class A 

scavenger receptors on cells in the mononuclear phagocyte 

system, whereas native-state albumin does not interact with 

that system.98 Denaturation of this protein caused it to trig-

ger an immune response that it would not normally elicit. 

If other proteins underwent similar structural changes upon 

adsorption to nanoparticles, they may also behave differently 

and cause different immune responses, different release 

kinetics, and different protein interactions than the naturally 

folded proteins.

The protein–particle interaction is certainly influenced 

by the geometry of the nanoparticle, including its overall 

three-dimensional shape as well as its surface topology. 

A number of studies have been done to determine the role of 

the nanocarrier surface and its internal geometry in the inter-

action between a DDS and blood proteins.99–101 For example, 

gold nanoparticles are often prepared as rods or spheres, 

and it was found that spheres 50 nm in diameter without 

PEG had higher uptake than the other particle types studied. 

The net surface charge of the particles also differed with 

variations in particle geometry: PEGylated gold nanorods 

had a greater net positive charge than spherical particles, 

and these differences affected particle uptake by prostate 

cancer cells.99 In another set of studies, surface roughness 

and porosity were modulated via variations in the voltage 

used in synthesis.91 The different surface topographies 

demonstrated different protein adsorption initially, but this 

was not found to have a profound effect on the biological 

fate of the nanoparticle.100,101 On the contrary, it was found 

that changes in the nanocarrier’s shape  (ie, sphere versus 

rod) have a pronounced effect on the fate of the nanocarrier. 

Thus, it seems that major variations in the shape of the DDS 

can have pronounced effects on the fate of the nanocarrier. 

Minor variations in carrier surface topography have a less 

pronounced effect. 

Polymer chains, depending on their physicochemical 

properties, can be oriented in a variety of conformations at 

the surface of a DDS. It has been discussed repeatedly that 

PEG brush or mushroom configurations have a considerable 

effect on the surface chemistry of nanoparticles. Generally 

speaking, in the brush configuration, the density of PEG mol-

ecules must be very high in order to repel proteins, but using 

other polymers as patches in combination with hydrophilic 
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polymers can also successfully reduce protein adsorption.102 

The exact ratios of brush to patch must be tailored to opti-

mize the protein-repelling effect, and consequently tailoring 

polymer geometry can yield specific effects and interactions 

with serum components. The size of the polymer brush can 

also greatly affect the formation of a protein corona, even 

with hydrophobic polymers.103 Certainly, the geometry of 

the nanoparticle must be taken into consideration when 

determining the bioactivity and bioavailability of these novel 

materials in medical applications. 

Previous research has focused on reducing protein adsorp-

tion on different types of nanoparticles with dissimilar surface 

features.104–107 Various models exist to characterize the mecha-

nism of formation of a protein corona. It is largely assumed that 

proteins bind to nonpolar surfaces because it is entropically 

favorable to do so. Surface adhesion of nonpolar proteins 

results from both an interaction between different nonpolar 

groups and destruction of the water clathrate that forms around 

the protein.7,106 Many peer-reviewed papers have discussed a 

change in the conformation of proteins as they undergo this 

adhesion process, which fundamentally affects their function 

in the blood.84,98,108 Two studies were conducted using five 

types of latex particles with different surface chemistries, 

and found that each different arrangement of ionic charges or 

hydroxyl groups on the surface of the particle induced different 

types of protein adsorption.105,107 These adsorption phenomena 

were compared using two-dimensional polyacrylamide gel 

electrophoresis to generate a protein pattern and compare it to 

the protein pattern of serum, which was not exposed to latex 

particles. The resulting protein pattern in the two-dimensional 

gel contained proteins similar to those found in the experiments 

using untreated serum, but at vastly different concentrations 

depending on the surface chemistry of the nanoparticles.109–112 

The surface chemistry of the DDS plays a key role in the 

protein adsorption response, thereby mediating the pharma-

cological fate of the nanocarrier and its payload. 

Nanocarriers have been shown to enhance the bioavailability 

of a number of payloads, achieving upwards of a 100-fold 

increase in bioavailability.113 A variety of administration routes 

can be utilized for nanomaterials, each of which present spe-

cific challenges depending on the physiological nature of the 

chosen mode of drug delivery. For example, in order for intra-

venously administered DDS to be biocompatible with blood, 

they must bypass the immune system to reach their target, so 

must repel proteins that could tag the DDS for removal.90,114 

Attempts have been made to either functionalize the termi-

nal ends of PEG or to add functional patches to PEGylated 

nanomaterials in order to make them biochemically reactive, 

with varying degrees of success.9,102 These considerations can 

be expanded to non-PEGylated nanocarriers, such as lipodot 

nanocarriers that were synthesized to image tumor cells; in 

contrast with PEGylated nanocarriers, lipidots were shown to 

be distributed in liver, adrenal glands, and ovaries rather than 

the heart, muscle, kidney, and brain.115 

Nanomaterial DDSs are engineered to optimize the phar-

macokinetics of a specific drug, allowing for more precisely 

targeted pharmaceutical treatments and less frequent repeat 

dosing. Reduction of injurious side effects of drug payloads 

is preferred. Liposomes and polymeric DDS, among the most 

well-established nanomaterials in wide use in the market, 

have been shown to have minimal deleterious effects after 

repeated dosing over several weeks.96 These systems can 

be used to enable sustained drug treatment without causing 

the complications associated with repeated dosing of their 

non-nanomaterial counterparts. For many DDSs, it has yet 

to be established whether the nanomaterial DDS produces 

quite the same physiological effect as its non-nanomaterial 

analog; indeed, the reduction in complications may be asso-

ciated with a reduction in effective treatment. Engineered 

DDSs have been found to have novel toxicological effects 

as well, ranging from cardiotoxicity and neutropenia to 

palmar-plantar erythrodysesthesia.96 Between the benefits 

of enhanced bioavailability and reduction of complications 

associated with repeated dosing and the toxicological risks 

associated with DDS, a balance must be found in order to 

optimize DDS for translation.116 

Standards for the dose concept of nanomaterials are 

largely absent in the scientific literature, which is likely a 

result of the intended specificity for medical applications of 

nanomaterials.117 Attempts have been made to characterize 

and regulate dosing in terms of residence time, surface area, 

and other biological interactions.117,118 Due to the interactions 

between nanomaterials and the human body and their influ-

ence on bioavailability as discussed above, appropriate dosing 

is not entirely straightforward for nanomaterials. Repeated 

dosing can be observed in vivo, in vitro, or ex vivo, with 

varying degrees of precision and reproducibility, in order to 

determine whether long-term exposure to a DDS may cause 

deleterious effects.119 Care must be taken to assess the dosing 

required to effectively elicit a biological reaction.120 The lack 

of standards in dose metrics makes it even more important 

for scientists to postulate and establish the biologically 

effective dose in order to accelerate the translation process. 

Dose metrics will vary depending on the disease state and 

treatment plan, and ignoring this aspect of the nanocarrier 

will render it useless for medical application. 
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The biological fate along with the physicochemical 

characteristics of new nanocarriers must be ascertained 

through focused and directed study in order to translate 

nanomaterials from bench to bedside. Comprehensive 

characterization, in light of recent research on these topics, 

must include the most cutting-edge techniques in order to 

ensure an effective nanocarrier has been produced. 

Suggested standardized 
characterization techniques
To summarize the most important characterization tech-

niques to conduct a physicochemical analysis of a DDS as 

well as to carry out protein adsorption studies on the same 

DDS, we have selected a few important characterization 

steps that we believe are universally recommended for 

comprehensive characterization of a particular nanomedical 

system prior to bench to bedside translation. We distin-

guish between two prominent categories of nanomaterials: 

soft matter nanomaterials such as polymeric particles, and 

hard inorganic particles and carbon nanotubes. Certainly, 

nanomaterial study would benefit from as many char-

acterization methods as possible, but we recommend a 

minimum of one method in each characterization category 

to be performed on each DDS. The order in which the 

characterization of the nanomaterial is performed is impor-

tant as well: characterization techniques that involve the use 

of high radiation or high voltage to analyze the samples, 

such as electron microscopy, zeta potential, ICP, atomic 

emission spectrometry, mass spectrometry, and FIB, should 

be performed after the sample has been analyzed with non-

destructive characterization techniques in order not to alter 

the physicochemical properties of the nanomaterial. The 

characterization techniques are summarized in Table 1. 

Once a thorough characterization of the nanomaterial is 

conducted, an integrated analysis of the protein interaction 

phenomenon must be performed. Qualitative, semiquanti-

tative, and quantitative techniques for integrated analysis 

of protein interaction are summarized in Table 2. Using 

multiple techniques will help us achieve a certain threshold 

of understanding necessary for DDS translation. 

Regulatory issues on DDS
At some point, a potential DDS that is successful in the laboratory 

research setting would and should make the translation to clini-

cal testing and eventually to clinical use after a comprehensive 

understanding of its physicochemical characteristics and its 

interaction with the human body. This translation moves from 

the world of grants and publications to the world of drug devel-

opment and regulatory submissions. In the section, we discuss in 

detail the FDA regulatory process through which the DDS needs 

to pass to be commercialized. The standardized characterization 

techniques included in Table 1 were deliberately chosen in order 

for potential FDA approval applicants to be ready to address the 

most important aspects of the FDA regulatory process, namely 

Table 1 Suggested standardized characterization techniques to close the translation gap during the preclinical stage of the US Food 
and Drug Administration regulatory process (Part I)

Characterization  
of particle’s main 
structural components

Characterization techniques Physicochemical 
information acquired 
from the nanocarrier’s 
components

Biological or therapeutic  
outcomeSoft matter  

(polymeric particles)
Inorganic particles  
and carbon nanotubes

Core Automated  
ultramicrotomy, TEM, FIB

TEM, FIB Nanocarrier’s internal  
structure and core  
chemistry

Better understanding 
between drug and carrier 
to improve biodistribution 
and pharmacokinetics 
of the DDS

Surface A. Structure SEM, AFM, SEM-Raman
confocal-Raman

SEM, STM, AFM Nanocarrier’s external  
structure and texture

Improved understanding 
of the targeting 
ability, biodistribution, 
pharmacokinetics, and 
toxicity profile of the 
DDS and improved batch 
reproducibility

B. Charge DLS DLS Carrier’s charge
C. Size DLS, GPC, SAXS DLS, MALDI-TOF-MS,  

ICP-MS
Carrier’s size 
polydispersity 

D. Quantification  
of target moieties

Fluorescent labeling,  
TEM-tomography, HPLC

Fluorescent labeling, 
TGA, TEM-tomography, 
EDS, HPLC, ICP-MS, 
ICP-AES 

Quantity and spatial  
distribution of targeting  
moieties, heterogeneity 
of ligands

Abbreviations: AFM, atomic force microscopy; DDS, drug delivery system; DLS, dynamic light scattering; GPC, gel permeation chromatography; HPLC, high-performance 
liquid chromatography; MALDI-TOF, matrix-assisted laser desorption ionization time-of-flight; MS, mass spectrometry; TGA, thermogravimetric analysis; AES, atomic 
emission spectroscopy; EDS, energy dispersive X-ray spectroscopy; FIB, focused ion beam; SAXS, small-angle X-ray scattering; ICP, inductively-coupled plasma; SEM, scanning 
electron microscopy; STM, scanning tunneling microscopy; TEM, transmission electron microscopy.
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the safety and efficacy of the evaluated product at any stage of 

the translation process. 

Overview of the IND process
The process of developing a new drug or a DDS typically pro-

ceeds along a relatively predictable sequence. An overview of 

this process is shown in Figure 1 and shows the progression 

from bench to bedside. This translation process includes the 

preclinical (ie, in vitro and in vivo studies) and clinical (ie, 

clinical trials) development as well as the FDA regulatory 

and commercialization processes. The complete process can 

take 10–20 years and requires many hundreds of millions 

of dollars to get to product launch.121 There are two major 

regulatory checkpoints in this process, ie, the Investigational 

New Drug (IND) submission and eventually the New Drug 

Application (NDA) submission. The IND is a request from a 

company or clinical investigator to the FDA for permission 

to begin human clinical trials with a new drug. The NDA is 

filed after all nonclinical and clinical studies are complete 

and is the formal request from the company for approval to 

begin marketing the new drug.122 For this discussion, we will 

provide a high-level overview of the process in getting from 

development to the point of first in human IND studies and 

connecting the FDA requisites with the standardized tech-

niques included in Table 1. These procedures apply to any 

material used as a drug, ranging from the most sophisticated 

polyfunctional nanoparticle to the simplest minor molecular 

variant “me-too” small-molecule drug. 

Table 2 Analysis of protein interaction 

Type of analysis of  
protein interaction

Technique Information acquired Biological and therapeutic outcomes

Qualitative 2D PAGE Identification of types of proteins bound  
to the nanocarrier

Improved biodistribution, bioavailability,  
blood compatibility, and pharmacokinetic  
aspects of DDSSemiquantitative MALDI-TOF-MS Mass and relative abundance of proteins  

bound to the nanocarrier
Quantitative SPR Real-time monitoring of kinetic rate  

constants of protein binding

Abbreviations: 2D PAGE, two-dimensional polyacrylamide gel electrophoresis; DDS, drug delivery system; MALDI-TOF, matrix-assisted laser desorption ionization 
time-of-flight; MS, mass spectrometry; SPR, surface plasmon resonance.

Basic
research

Industry–FDA
interactions
during
development

Prototype
design or
discovery

Pre-IND meeting

Initial
IND

submissions

Ongoing
submission

Pre-BLA or NDA
meeting

IND review phase Application
review
phase

End of
Phase IIa
meeting

End of Phase II
meeting

Market
application
submission

Safety update

Preclinical
development

Clinical development

Phase I Phase II Phase III

FDA filing/
approval and

launch
preparation

Figure 1 Drug development process.
Abbreviations: BLA, Biologics License Application; FDA, US Food and Drug Administration; NDA, New Drug Application; IND, Investigational New Drug.
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Major guidance documents
The FDA has published a large series of official documents 

that provide regulatory guidance on specific aspects of drug 

development. These are available on the FDA website (http://

www.fda.gov) along with a large amount of other information 

on drug development. The specific guidance documents can 

be accessed at http://www.fda.gov/Drugs/GuidanceCom-

plianceRegulatoryInformation/Guidances/default.htm, and 

are subdivided into logically related categories. A subset 

of the guidance documents most likely to apply is shown in 

Table 3. There are many other guidances that could come 

into play depending on the specifics of the drug and of the 

disease that the drug is intended to treat. The FDA has not 

established regulatory definitions of “nanotechnology”, 

“nanomaterial”, “nanoscale,” or other related terms. In 2014, 

the FDA issued a final guidance for industry reflecting the 

agency’s current thinking about how to determine whether 

a product involves nanotechnology. This document outlines 

overarching considerations for all FDA-regulated products, 

including for drugs (Table 3). At this time, when considering 

whether an FDA-regulated product involves the application 

of nanotechnology, the FDA will ask if a material or end 

product is engineered to have at least one external dimension, 

or an internal or surface structure, in the nanoscale range 

(approximately 1–100 nm).

In addition, because materials or end products can also 

exhibit related properties or phenomena attributable to a 

dimension(s) outside the nanoscale range of approximately 

1–100 nm that are relevant to evaluations of safety, effec-

tiveness, performance, quality, public health impact, or 

regulatory status of products, FDA officials will also ask if 

a material or end product is engineered to exhibit properties 

or phenomena, including physical or chemical properties or 

biological effects, that are attributable to its dimension(s), 

even if these dimensions fall outside the nanoscale range, up 

to one micrometer (1,000 nm).

These considerations apply not only to new products, 

but also when changes to manufacturing processes alter 

the dimensions, properties, or effects of an FDA-regulated 

product or any of its constituent parts. Additional information 

has been published in a series of publications in the scientific 

literature, which are discussed below. 

The IND submission is not a single document but rather 

a whole series of documents and laboratory study reports. A 

good overview of major parts of the drug development process 

can be found in the International Conference on Harmonisation 

(ICH) M3 guidance (Table 3). The IND components can be 

grouped into three major areas: pharmacology, toxicology and 

chemistry, and manufacturing. Depending on the specifics of 

the situation, there may be additional reports covering special 

areas such as immunotoxicity. Finally, the information is dis-

tilled into a specific document for use by clinical investigators 

who would (hopefully) be conducting the human clinical trials. 

Note that the pharmacology and toxicology studies for the IND 

are usually conducted in compliance with Good Laboratory 

Practice standards and that the production of the drug materi-

als should be in compliance with current Good Manufacturing 

Practice (GMP) standards (Table 3). As mentioned above, 

it is important that nanomaterials fit to a certain degree of 

Table 3 Major US Food and Drug Administration regulatory guidance documents

Class Title URL

General Considering whether an FDA-regulated product  
involves the application of nanotechnology

http://www.fda.gov/RegulatoryInformation/Guidances/
ucm257698.htm 

Safety M3(R2) nonclinical safety studies for the conduct  
of human clinical trials and marketing authorization  
for pharmaceuticals

http://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatoryInformation/Guidances/
UCM073246.pdf 

Pharmacology/toxicology Content and format of investigational INDs for  
Phase I studies of drugs, including well characterized,  
therapeutic, biotechnology-derived products

http://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatoryInformation/Guidances/
UCM074980.pdf 

Pharmacology/toxicology Toxicokinetics: the assessment of systemic  
exposure in toxicity studies (ICH S3A)

http://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatoryInformation/Guidances/
UCM074937.pdf 

Pharmacology/toxicology Pharmacokinetics: guidance for repeated  
dose tissue distribution studies (ICH S3B)

http://www.fda.gov/downloads/Drugs/Guidance 
ComplianceRegulatoryInformation/Guidances/
UCM074938.pdf 

Pharmacology/toxicology Immunotoxicity studies for human  
pharmaceuticals (ICH S8)

http://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatoryInformation/Guidances/
UCM074965.pdf 

Abbreviations: FDA, US Food and Drug Administration; IND, Investigational New Drug; ICH, International Conference on Harmonisation.
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homogeneity according to current GMP recommendations. 

According to the Guidance For Industry: Current GMP for 

Phase I Investigational Drugs, specified attributes should be 

monitored and acceptance criteria applied appropriately.123 

Although there are no specific recommendations in place with 

regard to surface homogeneity, it is an important parameter to 

consider when developing more complex nanomaterial-con-

taining DDS. The FDA guidance documents present several 

prerequisites that the applicant needs to meet to safely bring 

new medical innovations to the stage of human clinical trials. 

These prerequisites are often overlooked during the preclinical 

stage of the nanomaterial because of its limited characteriza-

tion. The standardized techniques presented in Table 1 when 

properly utilized can help the applicant to better prepare to 

satisfy the FDA regulations at both the experimental and trans-

lation levels by providing a set of standardized techniques to 

test the performance of the DDS at any stage of its synthesis 

and during the manufacturing process.

Pharmacology: absorption, distribution, 
metabolism, and excretion
Studies in this section of an IND report the results of the 

nonclinical studies evaluating the pharmacology aspect of 

the new drug or DDS. These studies cover the absorption, 

distribution, metabolism, and excretion (ADME) of the drug 

or DDS, and are usually performed in two species, one rodent 

and one nonrodent. A single species can be used where the 

active pharmaceutical ingredient (API) is only active in one 

nonclinical species. This usually applies where the API is a 

therapeutic protein that is active in primates but not in rodents 

or canines (Table 3). The purpose of these studies is to pro-

vide a complete lifecycle view of the drug in vivo. This view 

includes each component of the nanomaterial-containing 

drug product. The analysis should include the actual API, 

the supporting particle, and any additional components, such 

as targeting ligands or protective groups. If the particle is 

degraded, then the analysis should include an evaluation of 

the subcomponents. This analysis is particularly relevant 

for applications that include soluble metal nanoparticles and 

biodegradable polymeric nanomaterials.124 This is analogous 

to the evaluation of small-molecule drug metabolism. If the 

particle is not degradable, then an evaluation of effects at 

any sites of accumulation would be needed.

One of the major problems that the FDA has identified 

in the ADME evaluation process is the limited information 

provided by the applicant about the detection of degradation 

products of the nanomaterial during or after its functional 

lifetime. Proper assessment of degradation products requires a 

careful and deep analysis of the nanomaterial after it has been 

in contact with the body. Table 1 lists a series of techniques 

that can help to reduce this problem. For example, SPR is 

a technique that allows us to conduct kinetic studies of the 

in vitro degradation processes of a DDS over time117 and to 

detect these degradation products in the order of micrograms 

or nanograms.125 Data collected from in vitro studies can 

guide the selection of methods to evaluate samples from in 

vivo pharmacology and toxicology studies. If the applicant 

conducts in vitro, ex vivo, and in vivo experiments monitoring 

DDS degradation products over time using the appropriate 

instrumentation, the risk of the DDS failing in clinical trials 

could be greatly reduced. In addition to SPR, matrix-assisted 

laser desorption ionization time-of-flight mass spectrometry, 

ICP-MS (mass spectrometry), and ICP-AES (atomic emission 

spectroscopy) can detect trace levels of degradation products 

for metallic nanoparticles.30,31,125 High-performance liquid 

chromatography and gel permeation chromatography sepa-

rate compounds based on their physical characteristics (eg, 

solubility and size) and can distinguish between soft matter 

nanomaterials if their degradation products exhibit different 

physical characteristics in the chromatography column.20,87,126 

In either case, a comprehensive assessment of the nanomate-

rial’s degradation products derived from its exposure in vivo 

should be conducted. The degradation products might be due 

to physicochemical changes that may have occurred during 

the nanomaterial’s functional lifetime.127 Protein adsorption 

is a phenomenon that often changes the physicochemical 

properties of a nanomaterial, and such interaction might have 

an effect on the medical performance of the nanomaterial. A 

more specific discussion of ADME studies as they relate to 

nano material-containing drugs has been published.128

Toxicology
Toxicity is one of the most important aspects of a product 

that the FDA regulatory process will evaluate. The primary 

screening methods are standard histopathology and clinical 

chemistry studies. Where toxicity is observed, it is helpful 

to be able to provide a mechanistic explanation for the 

observed toxicity. For some types of nanoparticles, toxicity 

may be caused by the nanomaterial’s degradation products. 

One important way to assess this type of toxicity is based 

on the presence of biochemical markers of oxidative stress 

such as reactive oxygen species.129,130 Other “non-ROS-y” 

toxicological outcomes have also been documented with 

nanomaterials.130,131 Oxidative stress does not directly reveal 

the presence and physicochemical nature of relevant toxic 

compounds, such as degradation products and undesired 
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DDS–protein interactions. Information developed in the 

course of ADME studies to identify degradation products 

can be very useful to guide the applicant in conducting a 

thorough characterization of the toxicity of the nanomaterial 

and any breakdown products in vitro and in vivo. In addition, 

a comprehensive study of the interaction between the DDS 

and proteins may also provide useful information on the 

observed toxicity. The toxicity of the DDS can be assessed 

at the protein, tissue, and cellular levels as needed to explain 

any observed toxicity. Recent developments in microscopy, 

analytical chemistry, optics, and spectroscopy, such as some 

of the hybrid analytical instruments indicated in Table 1, are 

highly useful for deep characterization of the DDS. Raman 

microscopy, including confocal Raman and SEM-Raman, 

is one of the most powerful techniques that exist today. It 

is a technique that is particularly relevant for toxicity stud-

ies because it does not require the use of fluorescent labels 

or staining procedures.47–50 Fluorescent labels can alter the 

surface chemistry of the DDS, and such alterations can 

mask signs of toxicity exclusively due to the nanomaterial 

or potentially create toxicity that might not otherwise exist. 

Confocal-Raman is an instrument from which a substantial 

amount of information on the surface chemistry of the 

nanomaterial can be obtained. Morphology, topology, and 

chemical composition can be determined for both metallic 

and soft matter nanoparticles with this instrument, revealing 

potential toxicity risks at a chemical level.47–50 

Nonclinical toxicology studies are required for all new 

drugs or DDS. These include single-dose and repeat-dose 

study designs. The goals of these studies are to identify the 

maximum dose that does not cause any adverse effects and 

to identify any toxicity that is caused by the drug or DDS. 

In practice, data from these in vivo studies are commonly 

used to provide information for both ADME and toxicol-

ogy reports. These studies should be designed to be as close 

to the intended clinical use as is practical. The specifics 

of the studies can be significantly affected by a number of 

factors. These include the details of the design of the drug 

or DDS, the disease that it is intended to treat, the expected 

duration of treatment, and the safety and efficacy of existing 

treatments for the disease. It is recommended to have regular 

consultation with the regulatory authorities to ensure that 

studies are properly designed and that all needed endpoints 

have been incorporated.

Chemistry, Manufacturing, and Control
The Chemistry, Manufacturing, and Control (CMC) 

section of the FDA application is very important in the 

case of nanomaterial-containing drugs. The composite 

nature of these drugs may result in significant additional 

complexities beyond those of small-molecule or protein 

drugs. The purpose of this section is to describe the sources 

and specifications of each material that is involved in the 

synthesis of the complete drug product. The CMC process 

would include quality evaluation of each component, a 

description of the production sequence, quality evaluations 

at intermediate steps, and a full evaluation of the finished 

nanomaterial-containing active drug product and of any 

excipients in the formulation. The standardized techniques 

mentioned in Table 1 are robust and sensitive enough to 

allow researchers to examine the physical stability, chemical 

stability, and purity of the key components of a DDS at each 

step of synthesis and in the manufacturing processes. Using 

these techniques, physicochemical changes produced in the 

DDS during its medical performance can be identified and 

measured. For example, AFM can detect three-dimensional 

topographical changes in nanomaterials both as solids and 

in suspensions, allowing for analysis of “dry” precursors 

as well as suspensions or solutions.34,35,87,103 The surface 

structures and textures of the DDS can be precisely imaged 

using this technique, revealing the stability of the sample 

over time. High-performance liquid chromatography is a 

powerful technology that can be especially important in 

the CMC process because it can separate compounds in 

the sample based on their solubility properties. Solubility 

is directly related to the surface chemistry of the nanoma-

terial. Hence, high-performance liquid chromatography 

can distinguish samples based on spatial distribution and 

heterogeneity of ligands. This can be used for monitoring 

chemical changes that occur during the manufacturing 

process12 as well as evaluating the homogeneity of the DDS. 

In addition, that high-performance liquid chromatography 

instruments are commonly outfitted with autosamplers 

and quantitation software, so allow the conduct of a high-

throughput automated analysis of numerous samples, which 

helps accelerate the translation process. Raman microscopy 

is another powerful technique that allows for robust process 

analysis. This instrument can help the applicant assess the 

strength, quality, and purity of the drug or DDS. Samples 

do not require staining or fixation and are not destroyed dur-

ing the analysis process. Chemical features of the sample, 

including some three-dimensional conformation informa-

tion, can be deduced as a result of molecular vibrations 

induced by the Raman laser. The presence of impurities, 

aggregates, or degradation products in the sample would 

be revealed by a characteristic Raman pattern exclusive 
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from that of the original compound.8,42 In addition, optical 

phonon confinement in Raman spectroscopy can reveal the 

physical features of nanomaterials during the manufacturing 

process.44 In this way, this instrument can help the applicant 

monitor the chemical reactivity of the drug or DDS along the 

synthesis process. Also, one of the greatest advantages of 

this instrument for the chemical and manufacturing aspect 

of the drug is that the samples can be analyzed in the solid 

or liquid phase. As with AFM, Raman microscopy can be 

used with dry or wet samples, which are equally relevant 

for manufacturing processes. The data obtained during the 

CMC process assure the regulatory authorities that the spon-

sor has a full understanding of the production process and 

can produce multiple lots of the same product in compliance 

with appropriate quality and purity specifications.122 A small 

investment in early compliance with current GMP in sources 

and methods can pay off in not having to redo important pilot 

studies. This is an area where an understanding of quality 

by design principles and practices can be of real practical 

benefit, especially for scientists without manufacturing expe-

rience. Table 1 presents a set of characterization techniques 

that may be useful to conduct a comprehensive assessment 

of various aspects of quality of the DDS, overcoming 

existing challenges and helping close the translational gap. 

The guidance documents for the CMC area are more tightly 

focused than those in other areas. The specific guidance 

documents that apply will depend on the specific composi-

tion of the drug or DDS. If it includes a therapeutic protein 

as an API, then several guidance documents covering thera-

peutic protein manufacturing and analysis might come into 

action. A small-molecule drug as an API would bring other 

documents into play. It would be important to have early 

consultation with the regulatory authorities in order to have 

clarity on what documentation needs to be produced in com-

pliance with which regulatory documents. Table 4 includes 

suggested standardized characterization techniques that can 

be useful to close the translation gap during the preclinical 

stage of the FDA regulatory process.

Special guidances
In addition to the general guidance documents, there are more 

specialized guidances that may apply again depending on 

the composition of the nanomaterial-containing drug. One 

area of common concern is that of immunotoxicity. There 

are two guidance documents that may apply. The first is the 

ICH S6 document, which covers issues related to the potential 

for immunotoxicity of therapeutic proteins. If a nanoscale 

particle uses a protein either as an API or as a specific tar-

geting ligand, which is often the case, then this document 

would apply. The primary concerns are for immunogenicity 

of the proteins and how this might affect the pharmacologi-

cal activity of the drug (Table 3). The other document that 

could apply is the ICH S8 document (Table 3). This covers 

more general areas of drug-associated modulation of the 

immune system. The clause of specific application for nano-

particle drugs is the one that covers accumulation of drugs 

in cells of the immune system. Nearly all nanoparticles are 

eventually cleared from the circulation or tissues by tissue 

macrophages, granulocytes, and Kupffer cells. As most 

particles are not rapidly biodegradable, they will accumulate, 

often to very high levels.132 The sponsor should consider how 

this accumulation might affect the cells where the particles 

accumulate.

Clinical
The final major area of an IND is the information that is more 

directly related to the planned clinical trials. As in the CMC 

area, there are a large number of specialized guidance docu-

ments. These are mostly focused on development of drugs 

for a specific disease or group of related clinical conditions. 

Table 4 Suggested standardized characterization techniques to close the translation gap during the preclinical stage of US Food and 
Drug Administration regulatory process (Part II)

Key evaluation FDA regulatory  
processes required in an IND  
application

Challenges faced during synthesis, manufacture,  
and medical performance of a DDS in the  
preclinical stage of the FDA approval process

Useful characterization techniques 
to address specific challenges 
during FDA regulatory processes

Absorption, distribution, metabolism,  
and excretion 

Degradation products, protein adsorption, and particle  
accumulation

SPR, MALDI-TOF-MS, ICP-MS, ICP-AES,  
HPLC, GPC

Toxicology Detection of signs and causes of toxicity at the protein,  
cellular, and tissue levels

Confocal-Raman, SEM-Raman, EDS, ROS  
and non-ROS toxicity assays

Chemistry, Manufacturing,  
and Control 

Purity, homogeneity, chemical stability, aggregation, and  
degradation

AFM, Raman, HPLC

Abbreviations: DDS, drug delivery system; GPC, gel permeation chromatography; HPLC, high-performance liquid chromatography; MALDI-TOF, matrix-assisted laser 
desorption ionization time-of-flight; MS, mass spectrometry; AES, atomic emission spectroscopy; EDS, energy dispersive X-ray spectroscopy; ICP, inductively-coupled 
plasma; SEM, scanning electron microscopy; FDA, US Food and Drug Administration; IND, Investigational New Drug; ROS, reactive oxygen species; SPR, surface plasmon 
resonance.
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The documents apply to any type of drug intended to 

treat the covered condition, irrespective of whether it is  

a small molecule, therapeutic protein, or advanced mul-

ticomponent nanoparticle. Because nanotechnology is a 

highly interdisciplinary field, care must be taken to ensure 

that these trials are planned and performed by clinically 

experienced individuals. In this section, the sponsor will 

also lay out their proposed designs for the Phase I clinical 

studies in detail. These plans will include patient criteria, 

dosing schemes, and specifics of monitoring for toxicities, 

as well as full data collection and statistical analysis designs. 

They will also include contingency plans for responses to 

drug toxicity whether expected or not. The end goal is a 

full description of the planned human studies that carefully 

balance protecting the health of the study subjects with 

obtaining the data needed to proceed to the later stages of 

drug development (Table 3).

Successful translation from the research world to the 

regulated world of drug development requires careful atten-

tion to detail. This requires the ability and the funding to 

perform pre-clinical development and to generate the correct 

documentation. The end goal is to provide the regulatory 

authorities with sufficient data to demonstrate that the inves-

tigational drug is sufficiently safe and has plausible evidence 

of potential for clinical efficacy. 

Conclusion
The time has come to bridge the translational gap between 

bench-top scientific research and bedside medical applications 

with nanomaterials, considering the great deal of time and 

financial resources that have been invested in development 

of nanotechnology. In recent years, the diversity and avail-

ability of complex nanomaterials has skyrocketed. Therefore, 

standardized techniques must be established to characterize 

these novel nanomaterials prior to translation. Fortunately, a 

number of powerful instruments in electron microscopy, spec-

troscopy, and analytical chemistry are commercially avail-

able to conduct thorough characterization of nanomaterials, 

which will allow us to acquire a deeper understanding of their 

physicochemical properties. Equally important, it is impera-

tive that the scientific community expands its understanding 

on the interaction between the DDS and cells, tissues, and 

proteins in vivo and in real time, as biological interactions in 

physiological fluids are key for the practical use of nanopar-

ticles in medicine. We have suggested a minimum universal 

set of characterization techniques that can be applied to new 

nanosystems. This list can be further developed and refined 

as the field evolves. A permanent and close collaboration 

between academia, industry, and the FDA is indispensable 

for accelerating the translation process of DDS. 
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