
AAPS PharmSciTech (2022) 23: 150

Vol.:(0123456789)1 3

https://doi.org/10.1208/s12249-022-02303-y

REVIEW ARTICLE

Current Status and Challenges of Analytical Methods for Evaluation 
of Size and Surface Modification of Nanoparticle‑Based Drug 
Formulations

Yuki Takechi‑Haraya1   · Takashi Ohgita2 · Yosuke Demizu3 · Hiroyuki Saito2 · Ken‑ichi Izutsu1 · Kumiko Sakai‑Kato4

Received: 8 March 2022 / Accepted: 9 May 2022 
© The Author(s), under exclusive licence to American Association of Pharmaceutical Scientists 2022

Abstract
The present review discusses the current status and difficulties of the analytical methods used to evaluate size 
and surface modifications of nanoparticle-based pharmaceutical products (NPs) such as liposomal drugs and new 
SARS-CoV-2 vaccines. We identified the challenges in the development of methods for (1) measurement of a wide 
range of solid-state NPs, (2) evaluation of the sizes of polydisperse NPs, and (3) measurement of non-spherical 
NPs. Although a few methods have been established to analyze surface modifications of NPs, the feasibility of 
their application to NPs is unknown. The present review also examined the trends in standardization required to 
validate the size and surface measurements of NPs. It was determined that there is a lack of available reference 
materials and it is difficult to select appropriate ones for modified NP surface characterization. Research and 
development are in progress on innovative surface-modified NP-based cancer and gene therapies targeting cells, 
tissues, and organs. Next-generation nanomedicine should compile studies on the practice and standardization of 
the measurement methods for NPs to design surface modifications and ensure the quality of NPs.
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INTRODUCTION

Physicochemical properties of nanoparticle-based 
pharmaceutical products (NPs), such as liposomal 
drugs and new SARS-CoV-2 vaccines, are vital for 

their clinical performance (1, 2). Thus, the develop-
ment and standardization of methods evaluating the 
quality of NPs are crucial in research and development. 
Pharmacopoeias, administrative and standardization 
documents issued by regulatory and harmonization 
bodies are useful tools. Although the advantages and 
utility of various methods for evaluating the character-
istics of NPs have been extensively reported, there is a 
paucity of literature discussing the current status and 
challenges associated with these evaluation methods. It 
is, therefore, important to summarize the present situ-
ation to clarify the advantages and disadvantages of 
various NP evaluation methods and identify specific 
issues (3–7). The present review analyzes methods for 
evaluating NP size and surface modification, in which 
these physicochemical properties critically affect effi-
cacy- and safety-related drug dissolution behavior and 
pharmacokinetics (2). This review also explores the 
current status and challenges associated with the ana-
lytical methods used to evaluate these properties.
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METHODS

Target NPs

This review examined the applicability and usefulness of 
evaluation methods pertaining to representative NPs under 
clinical development, those marketed to date, and those 
submitted for approval by the US Food and Drug Admin-
istration (FDA) between 2010 and 2015 (8–11). The target 
products were liposomes, nanocrystals derived from small-
molecule active pharmaceutical ingredients (APIs), and 
lipid, polymeric, and inorganic metal/metal oxide NPs. We 
discussed the applicability of the various evaluation methods 
to each material.

Data Collection

Information on the various evaluation methods was collected 
from Google, Google Scholar, and MEDLINE (US National 
Library of Medicine) using the search terms “nanoparticle 
AND size” and “nanoparticle AND modified surface OR 
surface chemistry.” The results of this search are summa-
rized in Tables I and II using the research from published 
books (12–14); academic papers in the references; websites 
of international standardization organizations, including 
the International Organization for Standardization (ISO), 
the American Society for Testing and Materials (ASTM) 
International, the International Committee for Standardiza-
tion (CEN), the International Electrotechnical Commission 
(IEC); and companies supplying analytical and fabrication 
equipment. Based on the organized information, the current 
status and issues related to NP “size” and “modified surface” 
analytical methods were extracted and discussed.

Characterization of Analytical Methods

It was judged whether each analytical method could be read-
ily applied to manufactured NPs. These materials are often 
developed and administered based on the drug delivery 
system concept. Thus, it was also necessary to determine 
whether each evaluation method could be used under experi-
mental conditions simulating the physiological environments 
to which the NPs would be exposed or targeted.

Assessment of the Degree of Dissemination 
of Analytical Methods

The next step was to establish whether the degree of dis-
semination of each analytical method was based on its prop-
erties and performance at evaluating NP size and surface 
modification. This metric was determined using a scatterplot 

of the number of publications related to a method versus the 
first year when it was reported. The literature registered in 
MEDLINE was used for this purpose. The degree of penetra-
tion (publications/year) of each analytical method was also 
determined using the average annual number of registered 
articles as an indicator.

EVALUATION OF SIZE

Size Measurement Methods

For a systematic examination of the current status and issues 
of size evaluation methods, we categorized the techniques 
of obtaining particle size distributions. The analysis of 
directly observed images of individual particles was called 
the “direct method.” Obtaining a particle size distribution 
by measuring particle sizes based on a theory or model was 
referred to as the “indirect method.” The indirect method 
was subdivided into “light scattering method” or “other 
method” based on the method principle for better readabil-
ity. The principles, advantages, and disadvantages of each 
approach are summarized in Table I.

Challenges of the Direct Method

Approaches and definitions vary among regulatory authori-
ties. In all cases, however, the NP size is at minimum within 
the range of 1–1,000 nm (15). The “number-particle size 
distribution” is the ideal metric obtained using size evalu-
ation methods. It is derived by observing the morphology 
and measuring the size of each particle within a sample. In 
this case, the direct method is best for evaluation. Electron 
microscopy (EM) and atomic force microscopy (AFM) are 
direct methods applicable to nanopharmaceutical prepara-
tions and both are suitable for the foregoing NP size range 
(Fig. 1). However, the sample sizes required to obtain sta-
tistically meaningful results increase from a few hundred to 
nearly 10,000,000 for narrow and wide size distributions, 
respectively (16). Moreover, the direct method requires 
cumbersome and technically difficult manipulations such 
as freezing and immobilization, which may also alter the 
sample structure (Fig. 1). Therefore, it is impractical to rely 
on the direct method alone for NP quality evaluations espe-
cially when the objective of the test is to determine whether 
a batch or lot is fit for shipment. Automation of the instru-
mental analysis is necessary to ensure that sample prepara-
tion, particle observation, and image analyses are conducted 
consistently. The computer-aided automation process must 
be understood and validated by comparison with the manual 
analysis. For example, the recognition and measured sizes 
of particles are influenced by parameter settings, such as 
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signal threshold and pixel counting, for automated image 
analysis (17).

General Consideration of the Indirect Method

In principle, the indirect method is simple to implement and 
can sample statistically sufficient particles to determine the 
particle size distribution. Except for the nanoparticle track-
ing (NTA) and the Coulter counter methods, however, the 
indirect method theoretically calculates the particle size 
distribution according to a physical quantity derived from 
a group of particles (18, 19). Unlike the direct method, the 
indirect method does not identify individual particles within 
a sample. In actual practice, it provides no real number size 
distribution data. The NTA and Coulter counter methods 
measure physical quantities derived from individual par-
ticles and convert the data into number size distributions. 
Nevertheless, they do not directly measure particle sizes 
(20). Therefore, the NP development stage should vali-
date particle size distributions measured using the indirect 
method by comparing their results against those determined 
by the direct method (21). Hence, the indirect method may 
be applied in routine quality evaluations for manufacturing 
and shipping purposes (22).

The flowchart in Fig. 2 furnishes guidance for the selec-
tion of the appropriate indirect method. Currently available 
indirect methods (Fig. 1) are readily applicable to “liquid 
type” NPs such as liposomes encapsulating anticancer drugs. 
In this case, the sample particles are diluted with a suitable 
dispersant to bring the NP concentration into a detectable 
range without generating excessive signals (23). Small-angle 
X-ray scattering (SAXS) and acoustic spectroscopy can be 
applied without sample dilution. SAXS requires a powerful 
X-ray source such as accelerated synchrotron radiation. This 
approach is inconvenient as the armamentarium required has 
limited accessibility. In addition, SAXS is restricted to NP 
sizes less than ~ 200 nm in diameter (24–26). Certain newer 
SAXS instruments may be used on a laboratory scale with 
a smaller X-ray source. However, this power reduction may 
also be accompanied by decreases in applicable particle size 
range and sensitivity. Therefore, further research on the util-
ity of these devices is required (27). Acoustic spectroscopy 
requires parameters such as the particle thermal expan-
sion coefficient, heat capacity, and thermal conductivity to 
determine the particle size distribution. As the foregoing 
parameters are difficult to measure empirically, this method 
is impractical for NPs (28).

Several considerations are necessary to measure “solid 
type (solid formulation)” NPs. For example, indirect meth-
ods cannot be used for in situ measurements of the sizes of 
API nanocrystals in tablets. Consequently, the tablets must 
first be pulverized, and the powder must then be analyzed 
by dynamic light scattering (DLS) or laser diffraction (LD) Ta
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e 
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(29). An alternative approach is to measure the API crystals 
by LD and use the measurements to infer the sizes of the 
nanocrystals in the tablets (27, 30).

It is, therefore, necessary to develop an indirect method 
that measures NPs in their final fabricated form without any 
sample manipulation, such as dilution or pulverization. As 
sample manipulation is inevitable using the currently avail-
able technology, dilution factors, size distributions, and all 
other measurement conditions must be reported. The US 
FDA researchers recommend to report the X% cumulative 
size value DX, such as D10, D50, and D90 rather than the 
mean. Alternatively, the polydispersity indices or particle 
size histograms obtained from DLS measurements may be 
presented. Histograms and other plots are required to report 
particle size distributions (10). For example, according to the 
assessments by the Japanese and European regulatory bodies 
(MHLW and EMA), DLS is used for the SARS-CoV-2 vac-
cine lipid nanoparticles (Comirnaty and COVID-19 Vaccine 
Moderna), the size and polydispersity of which are set as one 
of critical quality attributes (31–34).

Issues Regarding NP Size Assessments Using 
Indirect Methods

We investigated indirect methods while considering actual 
measurement situations. DLS measures NP samples in the 
detectable size range of at least ~ 10 nm. The adoption of 
DLS as a size estimation method could be promoted as it is 
listed in the USP and JP general information. In principle, 
the light-scattering intensity measured by DLS is propor-
tional to the sixth power of the particle size. For this reason, 
the reliability of DLS in measuring polydisperse samples 
could be unacceptably low (20, 35–37). According to DLS 
instrument manufacturers, a sample is monodisperse if its 
polydispersity index (PDI) is less than 0.1, moderately poly-
disperse if its PDI is 0.1–0.4, and polydisperse if its PDI is 
greater than 0.4. For NPs with PDI greater than 0.4, it may 
be necessary to use the direct method to evaluate their par-
ticle size distribution. It was reported that the actual particle 
size distribution is polydisperse even when the PDI is less 
than 0.2, which is usually judged as monodisperse (18, 19). 
The challenges of evaluating the particle size distribution of 
polydisperse samples are discussed in the following section.

The Coulter counter method is used when the particle size 
distributions are in ranges that fit within specific commer-
cially available aperture diameter ranges such as 40–300 nm 
or 125–900 nm. These often apply to refined liquids. The 
Coulter counter method can accurately assess NPs (36). 
However, they must first be dispersed in ~ 25–100 mM 
electrolyte solution, which could facilitate the aggregation/
agglomeration of NPs. Hence, the sample preparation condi-
tions for the Coulter counter method are more stringent than 
the simple dilution required to prepare DLS samples.Ta
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Multi-angle light scattering (MALS) can estimate the 
particle sizes of polymeric drugs with molecular colloid 
dimensions (38). Integration of DLS particle size informa-
tion into MALS data may reveal particle morphology and 
the number of molecular aggregates (39). However, it is 

difficult to perform accurate analyses of MALS on NPs that 
are molecular assemblies, such as liposomes and micelles, 
because application of the MALS principle to nanoparticles 
requires a specific particle concentration that is difficult to 
determine empirically (40).

Fig. 1   Size ranges and evalua-
tion methods for nanoparticle-
based pharmaceutical products

Fig. 2   Size evaluation method 
selection based on dosage form, 
size distribution, and dispers-
ibility of nanoparticle-based 
pharmaceutical products. AFM, 
atomic force microscopy; DLS, 
dynamic light scattering; EM, 
electron microscopy; FFF, field 
flow fractionation; LD, laser 
diffraction; MALS, multi-angle 
light scattering; NTA, nanopar-
ticle tracking analysis; SAXS, 
small-angle X-ray scattering; 
SEC, size-exclusion chroma-
tography
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DLS application is limited to liquid samples. Hence, an 
alternative method is needed to measure particle size distri-
butions for solid samples such as nanocrystal formulations. 
The only exceptions in this case are samples that are stable in 
liquid suspension form. LD has been described in pharmaco-
poeias and is simple to apply (Fig. 2). To be able to analyze 
particle size distributions accurately, however, LD requires 
refractive indices that are difficult to determine experimentally 
(41–43). In practice, it is often necessary to calculate and vali-
date particle size distributions by trial and error using various 
refractive indices and dedicated software. It may be neces-
sary to compare particle size distribution data obtained using 
LD against those acquired using the direct or DLS method 
in which the NPs are dispersed in solvents. In this manner, 
the trial-and-error parameters required for LD input can be 
established. Nevertheless, this process is complex. Further-
more, measurement reproducibility and robustness must be 
considered. Certain equipment manufacturers have developed 
state-of-the-art tools that uniformly create airborne NP pow-
der dispersions. The LD measurement of airborne particles is 
strongly affected by agglomerates (44, 45). In addition, LD 
application is restricted to monodisperse particle powders and 
cannot, therefore, be used to measure NPs in solid formula-
tions, such as tablets with additives. For LD, it is first neces-
sary to measure solid NPs such as nanocrystal formulations at 
the API crystal stage (see the section “General consideration 
of the indirect method”). For actual solid NP size characteriza-
tion, then, the nanocrystal sizes in the tablet form should be 
estimated.

LD is not applicable to nanocrystal formulations less 
than 100–150 nm in diameter. When the direct method con-
firms that the average size of the NP under development is 
less than 100 nm, SAXS should then be implemented as 
the indirect method for nanocrystals. SAXS can usually 
measure NPs in the range of 1–200 nm depending on the 
source intensity (25, 26). In this case, however, the samples 
in the SAXS measurement must be in powder form as the 
LD measurement requires (27, 46). Furthermore, the pres-
ence of additives or impurities in the sample may increase 
the polydispersity of its NP size distribution, affect its scat-
tering intensity profile, and significantly reduce measure-
ment accuracy (27). Considering the NP size measurement 
ranges of SAXS and LD, neither method sufficiently per-
forms airborne NP size measurements on solid NPs such as 
nanocrystal formulations. Hence, there is a lack of indirect 
methods that can easily measure airborne solid NPs such as 
nanocrystals.

Challenges Related to Polydisperse NP Size 
Evaluations

When the DLS PDI is high and the direct method reveals a 
non-normal particle size distribution, the reliability of NP 

size measurement is significantly reduced for light-scatter-
ing methods, including DLS, LD, and SAXS, that assume 
monodispersity. In that case, it may be possible to make 
high-resolution liquid sample measurements by MALS-
DLS combined with size-exclusion chromatography (SEC) 
or field flow fractionation (FFF) (18, 39). However, these 
measurements are based on the assumption that sample sepa-
ration does not affect the particles of interest. The FFF may 
be effective when the interaction between SEC and the car-
rier destabilizes the particles because the former approach 
requires no filler. Nevertheless, FFF requires complex meas-
urement conditions, and the NPs might interact with the FFF 
cannel wall or membrane (47–50).

An alternative to SEC- or FFF-MALS-DLS is NTA. 
It uses scattered light to trace and analyze the Brownian 
motion of each individual particle and obtain the NP size 
distributions (20). However, NTA is biased towards detect-
ing NPs with large light scattering intensities. NTA does not 
easily detect NPs less than 30 nm in diameter. Furthermore, 
it may generate polydisperse particle size distribution pro-
files that are less accurate and reliable than those produced 
by FFF-MALS-DLS (19, 20, 36, 51, 52).

Coulter counting and analytical ultracentrifugation/dif-
ferential centrifugal sedimentation (referred to as analyti-
cal centrifugation in this review) have some of the highest 
resolutions and most accurate NP measurements of all indi-
rect methods (20, 53, 54). For the Coulter counter method, 
the particle size distribution must fit within the range of 
the aperture diameter (see the section “Issues regarding NP 
size assessments using indirect methods”). The analytical 
centrifugation requires particle density data to be able to 
measure NP sizes. Nevertheless, it is difficult to obtain these 
data empirically (20, 53, 55). Analytical centrifugation is 
effective for standard products and metal NPs whose den-
sities are known. However, the density of NPs, including 
liposomes and lipid nanoparticles, is often unknown and 
it may be necessary to validate it by comparing measured 
values against those generated by direct and indirect meth-
ods. Nevertheless, this process is highly complex. Hence, 
this approach is unlikely to be used in applications requiring 
simplicity of operation such as quality control.

It is difficult to measure the size distributions of solid 
NPs in their natural state even when they are monodisperse. 
Thus, it is even more challenging to determine the sizes of 
polydisperse solid formulations.

Particle Size Evaluation Methods Suitable 
for Liquids Simulating Physiological Environments

Size characteristics that contribute to NP efficacy and safety 
are correlated with their values under conditions mimick-
ing biological environments. Hence, it is also important to 
characterize NP size stability in biological fluids containing 
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serum proteins (19, 52, 56–58). No prior studies have used 
direct methods to evaluate NP size distributions in physi-
ological fluids. Sample freezing required for EM may 
adversely affect NPs and serum proteins. AFM requires sta-
ble sample particle immobilization, which may change the 
properties of NPs and/or enable serum proteins to inhibit 
their immobilization.

Nanoparticle tracking, analytical centrifugation, or Coul-
ter counting can effectively determine NP size distributions 
in biological media. By contrast, FFF and MALS-DLS must 
be combined in order to do so (19, 52, 55, 56). FFF-MALS-
DLS successfully measured quantum dot model NPs in cell 
culture media containing 10% (v/v) bovine serum (57). 
However, these indirect methods might face difficulty when 
the NP size is close to that of the components in biological 
media. For example, the major component protein albumin 
in serum is ~ 7–14 nm as determined by DLS (59), and even 
with separation techniques, including FFF, the NP popula-
tion may not be resolved from albumin. Moreover, the bio-
logically relevant concentration of albumin is 35–50 mg/mL 
(60) and considerably higher than those of NP components 
in dilution conditions required for the indirect methods. 
In those cases, washing of the excess proteins unbound or 
loosely bound to NPs may allow the size determination (61). 
Proteomics experiment to identify the biomolecular corona 
composed of proteins bound to NPs may also help establish 
the appropriate conditions to determine the NP size and pre-
dict the behavior of NPs in vivo (62).

Other Challenges

EM and AFM can simultaneously measure and observe the 
morphology of non-spherical particles (63). By contrast, 
indirect methods are generally used to measure particles 
assumed to be spherical (64). To our knowledge, indirect 
methods are rarely used to measure non-spherical particles. 
Hence, the validity and reliability of indirect methods for 
this application must be established while comparing the 
results with those obtained by EM or AFM (65, 66). Indeed, 
development of innovative non-spherical polymeric or gold 
NPs is in progress (67, 68).

The demand for methods to evaluate NP size for con-
tinuous manufacturing and production/process analysis tech-
nology (PAT) are expected to grow (69, 70). The NPs pro-
duced by microfluidic technologies have become the focus 
of research attention in recent years. Computerized feedback 
control and PAT should help ensure stable NP production 
using these methods (71). Thus, it is essential to improve the 
convenience of NP measurement methods. Resonant mass 
and convergent beam reflectometry are limited in terms of 
the particle size ranges they can measure. They are nonethe-
less effective for in situ, real-time size measurement methods 
and provide instrumentation flexibility (69, 72).

Degree of Dissemination of Various NP Size 
Evaluation Methods

According to the scatterplot of the number of hits per evalu-
ation method in the first report year (Fig. 3), EM and AFM 
(direct methods) and SAXS and DLS (indirect methods) are 
the most widely used in the scientific community. As EM, 
AFM, and SAXS are also used for structural analysis, DLS 
might, therefore, be the most frequently used NP size meas-
urement method. As the annual number of reports related to 
NTA is greater than 100, this method is also popular. Thus, 
there is a high demand for methods that easily determine 
number-particle size distributions for NPs and are highly 
flexible in terms of solvent selection. FFF, analytical cen-
trifugation, and Coulter counting are useful in academic 
applications. Nevertheless, these methods are not widely 
used in manufacturing, QA/QC, and certain other operations 
possibly because they can be inconvenient (11). Thus, it is 
believed that convenience strongly influences the selection 
and popularity of indirect NP size evaluation methods.

EVALUATION OF SURFACE MODIFICATION

Surface Modification Evaluation Methods

In advanced medical nanotechnology, appropriate surface 
chemistry is vital as it targets NPs to cells and tissues and 
improves NP stability. Polyethylene glycol-modified NPs 
have enhanced blood stability and particle dispersibility 
and are typical commercialized products. NPs modified 

Fig. 3   Plot of publications vs. year of first report on size evaluation 
methods. 1, electron microscopy; 2, atomic force microscopy; 3, 
small-angle X-ray scattering; 4, dynamic light scattering; 5, nano-
particle tracking analysis; 6, laser diffraction; 7, field flow fractiona-
tion; 8, analytical ultracentrifugation; 9, multi-angle light scattering; 
10, acoustic spectroscopy; 11, differential centrifugal sedimentation/
disc centrifugation; 12, Coulter counter; 13, focused beam reflection 
measurement; 14, resonant mass measurement/suspended microchan-
nel resonator. Search word was set to exact match with legend. Publi-
cations as of December 3, 2021
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with molecules that bind target lesions are currently being 
developed (73, 74).

Here, the “direct method” was defined as an analytical 
method in which the observation target is the NP surface. 
The “indirect method” was defined as an analytical method 
in which the state of the surface modification was inferred 
and characterized by using information reflecting the phys-
icochemical properties of the NP population (Table II). The 
indirect method was subdivided into “spectroscopic method” 
or “other method” based on the method principle for better 
readability. The indirect methods include electroacoustics 
and light-scattering electrophoresis as they measure the zeta 
potential and infer qualitative molecular information with 
regards to the NP surface.

Current Status and Issues in Methods for Evaluating 
Modified NP Surfaces

Only five methods are available for the direct evaluation 
of modified NP surfaces. Hence, a more direct method is 
required to evaluate the surface modification and ensure the 
quality of these NPs. Cryo-EM is a direct method that has 
been applied under limited experimental conditions. Poly-
electrolytes with modified particle surfaces can be visual-
ized by adding cesium ions. Measurements by X-ray photo-
electron spectroscopy (XPS), Auger electron spectroscopy 
(AES), and time-of-flight secondary ion mass spectrometry 
(TOF–SIMS) require sample desiccation and evacuation 
(13). Thus, only metal NP formulations and others that are 
stable in air are applicable in this case (Table II). To the best 
of our knowledge, tip-enhanced Raman scattering (TERS) is 
the only direct method applicable both to airborne and liquid 
samples (Table II).

XPS is less damaging to the sample than AES; however, 
it only has a lateral resolution of more than 1 µm. This defi-
ciency complicates data interpretation (75, 76). AES has a 
lateral resolution of 10 nm. It can be integrated into an elec-
tron microscope, observe NPs, and measure surface atomic 
distributions to 5 nm depth (77). XPS and AES observe 
quantum phenomena such as photoelectrons and Auger elec-
tron emissions, but they do not detect surface molecules. 
However, the studies that applied the foregoing techniques 
to metal NP surfaces were conducted only very recently. 
Hence, further research is required to validate the utility of 
XPS and AES for these purposes (77–79).

TOF–SIMS detects molecular ions on sample surfaces. 
Thus, its results are easier to interpret than those gener-
ated by XPS or AES. Nevertheless, the lateral resolution of 
TOF–SIMS is currently ~ 80 nm at best (80), whereas many 
NPs are nearly less than 100–300 nm in diameter (11). For 
this reason, TOF–SIMS might not be appropriate for NP 
surface characterization.

TERS is used in combination with AFM to character-
ize the molecular structures associated with the surfaces of 
modified NPs in solution (81, 82). However, TERS has been 
applied mainly to the surfaces of NPs composed of gold or 
silver possibly to maximize the surface-enhanced Raman 
effect. Hence, further research is required to verify the versa-
tility of TERS and determine whether it can also be applied 
to non-metallic NPs (83, 84).

The indirect methods used to characterize modified NP 
surfaces are listed in Table II. They do not directly provide 
information regarding the modified NP surfaces as the physi-
cal quantities that must be measured are derived from the 
properties of the entire particle. However, direct methods 
have not been fully established for this application. Thus, it 
is necessary to assess the applicability of indirect methods 
towards evaluating NP surface modifications despite the 
complexity of measuring and interpreting the data generated 
by these techniques. A possible strategy is to first confirm 
that only the NP surface has been modified and then apply 
SAXS and spectroscopic methods, such as circular dichroism 
(CD) (25, 85). SAXS has been successful in characterizing 
the thickness of the surface layer of liposomes modified with 
polyethylene glycol (25, 86). However, SAXS measures only 
the electron density difference in the sample and requires 
a complicated fitting model to determine an object’s size, 
shape, and surface geometrical structure (87). The SAXS 
analysis must be validated in a case-by-case manner. Spec-
troscopic methods, including CD, provide information on 
the chemical structure of molecules. However, the spectro-
scopic indirect methods are usually difficult to use in order 
to perform quantitative evaluations on modified NP surfaces 
because the presence of nanoparticles and other additives 
distorts the spectroscopic signals (88, 89). Applying sum 
frequency generation/scattering in nonlinear optics to infra-
red spectroscopy (IR) could identify the surface molecular 
specificity of NPs (90). However, the analyses are laborious 
and their application to NP surface modification evaluation 
is uncommon (91). The foregoing spectroscopic indirect 
methods might have the greatest applicability to noble metal 
NPs, such as gold nanoparticles, as their localized surface 
plasmon resonances can improve sensitivity (92, 93). In 
AFM-IR, the chemical bond vibrations associated with the 
entire volume of each particle are reflected in the AFM-IR 
spectral data (94, 95). A combination of AFM-IR and TERS 
might be able to extract high-resolution molecular informa-
tion for modified NP surfaces (96).

Degree of Dissemination of Various Surface 
Modification Evaluation Methods

The scatterplot of publications versus year of first report on 
each analytical method (Fig. 4) reveals that more than 10,000 
and 100 research and annual reports, respectively, were related 
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to the general spectroscopic methods IR, Raman spectroscopy, 
and CD. According to the foregoing surveys, only XPS and 
cryo-EM are the widely used direct methods. To our knowl-
edge, however, cryo-EM has only been used to characterize 
modified NP surfaces in a few studies (97) (Table II). This 
discrepancy may be explained by the fact that cryo-EM is used 
mainly for other purposes such as morphological observations 
and crystal structure analyses (98). Moreover, XPS can only 
be used in vacuo and is applicable only to metal NPs that are 
stable in a dry state (75, 76). By contrast, TERS is emerging 
and growing in popularity as it can be used on NPs that are 
airborne and in liquid media. Nevertheless, its market penetra-
tion is slow (Fig. 4). Thus, the adoption of direct methods that 
can characterize modified NP surfaces has been substantially 
delayed despite the importance of this type of analysis. Hence, 
the development and expansion of novel, dependable methods 
for analyzing the surface of NPs are urgently needed. There is 
no previous information on the analysis of the surface charac-
teristics of the clinically used SARS-CoV-2 vaccines. With the 
current surface evaluation methods, only zeta potential meas-
urement can readily be carried out for such lipid nanoparticles 
encapsulating mRNA (99). Although cryo-EM has provided 
images for the model lipid nanoparticles, their complete struc-
ture is still unelucidated (100).

STANDARDIZATION TRENDS

ISO, CEN, IEC, and ASTM International are major organi-
zations developing nanotechnology standards. They have 
established committees that are dedicated to nanotechnology 

and are collaborating with approximately 40 countries and 
research institutes to standardize and document NP size and 
surface modification evaluation methods (13, 101, 102). 
The ISO document (ISO/TR 18,196:2016) systematizes the 
methods currently available to measure nanomaterial size, 
morphology, surface area, and other parameters. ISO and 
ASTM International have issued standardization documents 
corresponding to all methods listed in Tables I and II except 
TERS and AFM-IR. The terms “TERS” and “AFM-IR” were 
introduced in ISO 18115–2:2013.

Reference materials must be established to validate 
assessment methods and data traceability. According to 
ISO GUIDE 30:2015, a certified reference material is pref-
erable as it is metrologically validated and accompanied by 
a document stating its physical properties, uncertainty, and 
traceability. If it is difficult to establish a certified reference 
material, a non-certified reference material is permissible 
provided that its target properties are uniform and stable 
enough to meet the measurement objective.

Internet databases may be used to search reference mate-
rials. Appropriate information sources include NIST (https://​
www.​nist.​gov/​srm), COMAR (https://​rrr.​bam.​de/​RRR/​Navig​
ation/​EN/​Home/​home.​html) and the Joint Research Centre 
in Europe (https://​ec.​europa.​eu/​jrc/​en/​scien​tific-​tool/​jrc-​
nanom​ateri​als-​repos​itory).

Several different metal or polystyrene nanoparticles with 
various size distributions are available from NIST, the Japan 
Metrology Institute, and others for use as reference mate-
rials in size measurements. These agencies furnish metal 
nanoparticles with average sizes of 10, 30, and 60 nm and 
polystyrene nanoparticles with average sizes of 120 nm, and 
so on. Reference materials are usually optionally available as 
accessories when certain measuring devices are purchased.

Certified inorganic surface reference materials are avail-
able to validate TOF–SIMS, AES, and XPS as surface chem-
istry assessment methods (BAM-L200; https://​rrr.​bam.​de/​
RRR/​Conte​nt/​EN/​Downl​oads/​RM-​Certi​ficat​es/​RM-​cert-​
layer-​and-​surfa​ce/​bam_​l200.​html). However, Halamoda-
Kenzaoui et al. stated that only a few reference materials 
are actually relevant to NP surface modifications whereas 
more than 10 are available for NP size evaluation (102). 
The establishment of suitable standards remains a challenge 
as target NPs have original surfaces and organic molecular 
structures.

CONCLUSION

The “size” and “modified surface/surface chemistry” prop-
erties of NPs are recognized as important quality char-
acteristics. Here, we discussed the advantages and dis-
advantages of the various methods currently available to 
measure these properties. We explored the development of 

Fig. 4   Plot of publications vs. year of first report on surface chemis-
try evaluation methods. 1, cryo-electron microscopy; 2, X-ray pho-
toelectron spectroscopy; 3, Auger electron spectroscopy; 4, time-
of-flight secondary ion mass spectroscopy; 5, tip-enhanced Raman 
spectroscopy; 6, atomic force microscopy-infrared spectroscopy; 7, 
electroacoustic spectroscopy/colloid vibration current/electric sonic 
amplitude; 8, electrophoretic light scattering/laser Doppler electro-
phoresis/phase analysis light scattering/zeta potential; 9, small-angle 
X-ray scattering; 10, Raman spectroscopy; 11, infrared spectroscopy; 
12, circular dichroism. Direct methods are enclosed by circle. Search 
word was set to exact match with legend. Publications as of Decem-
ber 10, 2021
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indirect methods that: (i) measure a wide range of solid-
state NP drug products, (ii) evaluate the sizes of polydis-
perse NPs, and (iii) measure non-spherical NPs. Regarding 
(i) and (iii), it might be possible to design a technique 
integrating both direct and indirect methods as previously 
reported (103). For (ii), the application of FFF-MALS-
DLS, NTA, coulter counting, or analytical centrifugation 
should be considered. Nevertheless, we should acknowl-
edge that each analytical method has its own shortcom-
ings, and an “absolute” and “true” size distribution is 
impossible to determine since the measured NP size varies 
depending on the evaluation method used (20, 104–107). 
Therefore, it is important to comprehensively evaluate 
the size of NPs in a method-defined or operation-defined 
manner, while rationally explaining the data obtained by 
multiple methods in light of the measurement principles. 
Only a few methods can be used to analyze modified NP 
surfaces and their practical applicability to NPs has not 
been fully established. Therefore, the utility of methods 
such as TERS and AFM-IR must be assessed through case 
studies.

We also examined the trends in standardization that are 
necessary to validate the size and surface measurements 
of NPs. We might have overlooked emerging powerful 
analytical methods as our data collection relied mainly on 
Internet search engines. Nonetheless, it is difficult to select 
appropriate reference materials for modified NP surface 
evaluations due to lack of available reference materials. As 
nanoscience continues to evolve rapidly, the development 
and implementation of information technology and arti-
ficial intelligence in Web data mining will be invaluable 
in the discovery of promising technological innovations 
to evaluate NP size and surface modification (108, 109). 
Large-scale subject data have been used to confirm the 
efficacy and safety of lipid NP formulations integrated into 
the new SARS-CoV-2 vaccines. Research and develop-
ments are in progress on innovative surface-modified NP-
based cancer and gene therapies targeting cells, tissues, 
and organs (110–112). To design and validate assessments 
of the surface modifications for ensuring the quality of 
NPs, next-generation nanomedicine should compile stud-
ies on the application and standardization of NP measure-
ment methods.
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