Downloaded via UNIV OF CALIFORNIA BERKELEY on September 5, 2025 at 03:53:07 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Wwww.acsnano.org

The Issue of Reliability and Repeatability of
Analytical Measurement in Industrial and
Academic Nanomedicine

Shahriar Sharifi, Nigel Reuel, Nathaniel Kallmyer, Ethan Sun, Markita P. Landry,*

and Morteza Mahmoudi*

Cite This: ACS Nano 2023, 17, 4-11

I: I Read Online

ACCESS |

il Metrics & More

| Article Recommendations

ABSTRACT: The issue of reliability and repeatability of data in the
nanomedicine literature is a growing concern among stakeholders.

This perspective discusses the key differences between academia and
industry in the reproducibility of data acquisition and protocols in the @\

field of nanomedicine. We also discuss what academic researchers can ‘
learn from systems implemented in industry to standardize data
acquisition and in which ways these can be efficiently adopted by the

academic community.
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hrough the advancement of nanomedicine over the
I past decade, there have been major efforts among
scientific publications to assess the reproducibility of
experimental findings. However, studies assessing experimental
reproducibility, especially in the field of nanomedicine, broadly
defined as the use of nanoparticles for clinical purposes, have
produced concerning results; the reliability/repeatability issue
in nanomedicine is more evident in academic research papers
than in industry. It is noteworthy that (i) the reliability/
repeatability issue is not limited to nanomedical studies and
(ii) even papers published in very prestigious journals have
been reported to have methodological reliability and
reproducibility issues.'" However, the problem may seem
more pronounced in the nanomedicine field due to its
multidisciplinary nature. Nanomedicine is generally defined
as the use of nanomaterials in diagnosis, monitoring, control,
prevention, and treatment of diseases’ and shares many
characterization techniques and methodologies (e.g., advanced
imaging and ‘omics) with other fields such as material science,
chemistry, biology, physics, and pharmaceutical sciences. As
such, it becomes challenging to establish broad standards
across all areas of nanomedicine research.
The issues of reproducibility and inconsistency of nano-
medicine results have multiple facets. The expectation of
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having reproducible or replicable results in the nanomedicine
literature, while basic definitions of these parameters are
inconsistent, can be misleading. First, reproducibility and
repeatability are used interchangeably; however, they are not
the same. The result of an experiment is reproducible if it can
be arrived at by a different team using the same experimental
data and methods, the same type of instrumentation, and the
same operating conditions. In other words, the result of an
experiment is reproducible if the same outcome can be
obtained in different laboratories.

Repeatability, on the other hand, means that the same results
can also be obtained by different teams using different
instrumentation (e.g, characterization tools) and variable
operating conditions or by the same team on different days.’
Differences in analytical techniques and instrument operating
conditions that are used to assess the performance of
nanoparticles (NPs) used in nanomedicine formulations
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Figure 1. Major differences between academic and industry processes that can become sources of reliability or repeatability issues in
nanomedicine. The red text indicates that the process is poorly implemented, the orange text means that the process is fairly implemented,

and the green text means that the process is fully implemented.

contribute to such repeatability and reproducibility issues. For
example, each of the physicochemical properties of NPs (e.g.,
size, shape, and surface charge) can contribute to the
performance of a nanomedicinal technology, yet the variability
in assessing these physiochemical properties across research
studies makes it difficult to understand the underlying
phenomena that drive NP interactions with biological systems.
Furthermore, it can be challenging to perform quality control
(QC) at many points in an experiment or an instrument’s
operation: unlike macroscopic/visual QC validations that
occur for mechanical assembly lines, nanoparticles require
specialized instrumentation and thus each QC step is costly
and time-consuming.

There have been numerous academic efforts to improve the
reliability/repeatability of the nanomedicine literature. Factors
such as the lack of proper characterization of nanomaterials*”
and employment of improper analytical methodologies have
been identified as contributing to this issue in general, with
particularly poor outcomes for translational clinical outcomes.
However, other issues such as the lack of a systematic reporting
system for various parameters in nanomedicine studies have
also been held responsible. For example, recently the use of a
reporting checklist, Minimum Information Reporting in Bio-
Nano Experimental Literature (MIRIBEL), as a requirement
for publication, has been proposed as an effective way to
address the reliability/repeatability issue.” A standard operat-

ing procedure, ie., a description of regularly recurring
operations relevant to the quality of the investigation, has
also been proposed as an effective tool in increasing reliability/
repeatability in the nanomedicine literature. Studies have
shown that in the lack of standard/shared guidelines on sample
preparation, even for relatively monodispersed samples, and
use of an instrument, even for basic particle size determination,
causes significant variability across laboratories. One strategy
that may improve the consistency and reproducibility in
nanomedicine is to use standard methodological and character-
ization techniques for evaluations of nanomaterials and their
interactions with biosystems. Details of these standards are
available elsewhere.’

Why do these solutions remain ineffective or only narrowly
implemented? Expert responses from the nanomedicine
community, despite supporting the initial goals of the
MIRIBEL checKlist, demonstrated the need for a list covering
much a broader range of the aspects of nanomedicine,
including controlling the quality of raw materials and
implementation of a detailed quality characterization proto-
col.”® Besides, the checklist only ensures the availability of
minimum reporting information on material characterization,
biological characterization, and experimental details, not the
quality/robustness of employed techniques/methodologies.
Critical information, such as type and methodology of
instrumentation, validation requirements of characterization
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methods or instrumentation, source of raw materials, and many
other critical pieces of information need to be reported to
ensure comparability and can vary across different nanoparticle

types.

KEY DIFFERENCES IN SCIENTIFIC RIGOR AND
REPRODUCIBILITY IN ACADEMIA AND INDUSTRY

One might assume that if unreliability or lack of reliability/
repeatability were major barriers in nanomedicine, few
products could pass the tough regulatory standards required
to reach the market. However, data from medical products on
the market reveal many medical products using nano-
technology. For example, according to the Food and Drug
Administration (FDA) database of medical devices, about
2586 different “nano” medical devices were sold in the US
from 1980 to 2017.” These mainly included in vitro diagnostic
devices such as nanosilver or nanogold particle-based
diagnostics, orthopedic and dental implants with nanostructure
surfaces, wound dressings containing silver nanoparticles or
nanofibers, nano calcium phosphate bone void fillers, stents
with nanomaterial coating, vascular grafts using nanomaterial
coatings, and catheters coated with silver or other nanoma-
terials. Therefore, it is likely that industry standards regarding
experimental standard operating procedures and quality
control may contribute to the successes of nanotechnology
in industry in a manner that could be useful to academic
research in this regard. Figure 1 presents the key differences in
reliability/repeatability of nanomedicine procedures between
academia and industry.

Specifically, quality control of raw materials plays a critical
part in the quality of research and reliability. Raw nanoma-
terials for academic research are usually purchased from R&D
vendors, and researchers are highly reliant on specifications
provided by the vendor, where few routinely assess the
analytical properties and physiochemical characteristics in-
dependent of vendor specifications. As there are no robust
processes for vendor verification/auditing, it is not possible to
verify the analytical process used to characterize raw
nanomaterials beyond those provided by the vendors, often
citing proprietary processes. Furthermore, due to the nature of
academic research, in which lead researcher and source
material turnover is common, a frequent change of vendors
is commonplace and contributes to further discrepancies in
research reproducibility. In aggregate, these factors lead to
inconsistency in the initial raw materials used, ultimately
affecting the reliability or repeatability of experiments.

Equipment validation is a major source of reliability issues in
nanomedicine: ie., the process of testing and analyzing
operations to guarantee the output they produce will
consistently fulfill the end user’s needs. In addition, due to
the specialized nature of nanomedicine research areas,
laboratories may need to rely on custom-built or in-house-
built equipment in lieu of commercially available equipment.
Custom-made equipment is difficult to standardize across
laboratories and can further contribute to variability between
laboratories. Validation, especially of analytical methods and
equipment (installation qualification (IQ), operation qualifi-
cation (OQ), and performance qualification (PQ)), is seldom
conducted in nanomedicine experiments; in the case of
implementation, the process is often not reported in the
literature or verifiable. Unlike the standards in academia, both
source material and equipment validation is required in
industry, yielding high reliability/repeatability of experiments.

One final factor contributing to the repeatability issue in
academia is the lack of an established oversight process aside
from the peer-review process, which focuses predominately on
research impact, significance, and procedure rather than
validation of the analytical methodology and QC. The
environment in the academic system does not emphasize the
detection of methodological errors or establishment of a
process to prevent errors and is not inherently incentivized to
explore research impact beyond proof of concept. Moreover,
QC of whole nanoassemblies can be challenging, and
researchers may simply evaluate end products rather than
vetting each production step. Experiments are carried out by
the experimenter or researcher at their discretion, and QC is
usually limited to data oversight and manuscript editing by
cocontributors, collaborators, and coauthors. This level of QC
can be rigorous and robust but can also be less stringently
emphasized on a manuscript-by-manuscript or group-by-group
basis. In contrast, the industry has well-established systems to
detect, correct, and prevent future errors in any process,
including experimentation with QC pipelines that apply
broadly across the company or the whole industry, improving
repeatability and allowing researchers to troubleshoot under-
performing batches. The absence of such a system in academia
can harm the reliability and repeatability of results.

IMPLEMENTATION OF ROBUST QUALITY SYSTEMS

Academic research largely lacks broad-reaching and multilab
approaches for assessing data quality, analytical methodology
validation, and overall research reliability and repeatability.
This lack of universally established and implemented quality
controls in the academic research setting may in part be what
prompted the development of research standards and
regulations that could be applied to academic research.
Specifically for nanomaterials research as it applies to
biomedical science in industry, R&D is conducted under
quality control pipelines established by several international
standards such as ISO 17025 (general requirements for the
competence of testing and calibration laboratories) and ISO
13485 (medical devices—quality management systems—re-
quirements for regulatory purposes) or the quality system
regulation (QSR), good manufacturing practice (GMP), or
good laboratory practice (GLP) regulations. These standards
allow an organization to establish technical competence in
using analytical instruments or nanomaterials testing to
generate reliable and reproducible results. As part of these
systems, many other standards such as nanomaterials
characterization, toxicity evaluation, or use of instrumentation
for specific nanomaterials may become applicable.’ Imple-
mentation of these quality management systems standards as
well as specific standards includes establishing a quality
assurance team that is independent of the organization’s
research arm to verify and document compliance with standard
rules, verify the maintenance and calibration of analytical
instruments, verify the validation of analytical methods,
document, and publish both positive and negative results as
well as develop standard operating procedures. Academic
settings or laboratories, especially in small colleges or
universities, seldom implement such standards or regulations.
Although financial or budgetary limits contribute to such
limitations, scientists and academic researchers often do not
receive formal traininﬁ during their education on quality- or
GLP-related subjects. "' Even if formally establishing these
regulatory practices is not achieved in academia, exposing
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Table 1. Some Organizational Effort for Standardization of Nanotechnology-Based Products Including Medical and

Pharmaceutical Products

standard/guidelines

guidelines related to the use of nanotechnology in  guidelines on nanotechnology products

devices and/or drugs

protocols provided by the Nanotechnology
Characterization Laboratory (NCL)

ISO TC 229

and biological behavior

definition

nanotechnology research standards developed or being

organization

Nanotechnology Guidance Documents |
FDA

protocols and guidelines for measuring nanomaterial properties  Protocols - Nanotechnology

Characterization Lab - NCI (cancer.gov)
ISO - ISO/TC 229 - Nanotechnologies

developed for nanomaterial characterization

ASTM E 56

additional standards
nanotechnology R&D

standards in ASTM related to nanotechnology

various goals including promotion of commercialization of

Committee ES6 on Nanotechnology (astm.
org)

Standards for Nanotechnology | National
Nanotechnology Initiative

trainees to their existence and their best practices for
implementation would help contextualize the importance of
experimental rigor and reproducibility. While in industry such
quality management system standards and similar regulations
are ultimately established to protect patient health and safety,
their implementation in the academic research setting is
currently not mandatory, since the outputs of academic
research usually do not directly affect people’s health. On
the other hand, the lack of controls or robust quality systems in
the academic setting can yield conflicting results, especially in
the field of nanomedicine, which involves laboratories from
several different disciplines.

It is worthwhile to note that even in industrial settings, most
industry sectors do not follow strict GLP procedures, especially
for R&D studies. This is because the infrastructure, timeline,
and costs associated with GLP studies are high and mainly
unaffordable for the preliminary R&D studies—most academic
studies rely on final product performance and assume QC
validation is not necessary if product performance is on par
with expectations. Nevertheless, controls in industry R&D
projects are less streamlined when GLP systems are not
employed yet benefit from a broader network of standardized
operating procedures than those available in single academic
research groups. For instance, industry R&D benefits from the
company’s established internal infrastructure and prior
experiences across departments and across projects owing to
those projects’ ties to similar overarching company goals. In
such cases, information regarding measurement calibration,
analytical validation, and established controls will be shared
and upheld among different projects and company sectors
which can enhance the quality and repeatability of R&D
endeavors and outputs.

It is also important to understand that implementation of
the current GLP or a similar oversight system to universities
seems cost-impractical and too complex to implement in a
research infrastructure lacking research goals naturally present
in industry R&D. Quality management systems are often
designed with customer satisfaction as a final goal and span
industry sectors and departments in a manner that academic
research groups lack. Such standards should not slow down
innovation in academia but should still establish minimum
controls to basic critical processes such as characterization of
raw materials, use of validated analytical methods, standardized
reporting guidelines, and the possibility of auditing by third
parties (possibly from federal research sponsors) to verify the
implementation of these rules.

DEVELOPMENT AND USE OF VALIDATED METHODS
IN ANALYTICAL EXPERIMENTATION

The implementation of GLP or any quality control system in
academia may be viewed as unnecessary or resource-intensive,
limiting scientific innovation. GLP or quality systems are
comprised of rules and guides that avoid variable results and
product quality inconsistency. However, at a minimum the
proper employment of analytical techniques to improve
repeatability and reliability of nanomaterials research can be
financially beneficial and time saving, considering the resources
lost to building academic innovation on studies performed
with poor experimental conditions and poor repeatability. As
such, though GLP or other quality systems have clear
recommendations for many aspects of performing research,
perhaps the most important and easily implemented aspect of
GLP oversight is in the consolidation and use of validated
analytical or testing methods to ensure that nanomaterial
characterization is accurate and repeatable.

Surprisingly, the topic of analytical chemistry reproducibility
and validity has not always received sufficient attention,
especially in the field of nanomedicine. For example, as an
important part of the analytical process control, it is critical
that analytical methods or any process that cannot be verified
be properly validated through laboratory studies to ensure that
their performance meets the requirements for the intended
applications. According to the USP, the analytical character-
istics of a method, including accuracy, precision, specificity,
detection limit, quantitation limit, linearity, range, and
robustness, need to be identified and validated to ensure the
acquisition of reliable data. However, the current nano-
medicine literature focuses on the formulation aspect of drug
nanocarriers and drug development, while the analytical
methodology for detection of drug residues or carrier
characterization has received less attention or been limited to
only a few methods such as high-performance liquid
chromatography for pharmaceutical analysis and quantification
of active pharmaceutical ingredients in the presence of
nanocarriers. Standardization of validation requirements is
not a common practice for the majority of other important
analytical techniques used in the characterization of nanoma-
terials or carriers such as dynamic light scattering (DLS), ¢
potential, scanning electron microscopy (SEM), or trans-
mission electron microscopy (TEM). Additionally, there are
often no predetermined sample sizes needed to measure the
effect of size, such that the number of AFM or SEM images
taken depends on how many are needed to observe an effect,
an approach susceptible to p-hacking.'* Hence, there is great
risk that nonstandard or uncontrolled analytical processes may
compromise methodological quality and, consequently, the
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reliability of published research, especially in the field of

nanomedicine as we discuss with more detail below.

Fortunately, the nanomedicine community is making a great
. . . . 13

progress in understanding and addressing this gap.

USE OF STANDARDS IN ANALYTICAL OR
EXPERIMENTAL METHODS IN NANOMEDICINE

Standards are sets of published documents that help to
establish technical specifications and procedures designed to
maximize the reliability of the materials, products, methods,
and/or services people use every day. To expand the
reproducibility and reliability of nanomedical and related
characterization, different organizations have significantly
contributed to the field (Table 1.

One of the sets of available and reliable standards for
nanomedicine characterizations are provided by the Interna-
tional Organization for Standardization (ISO; www.iso.org).
Table 1 shows some of the guidelines which support the
reproducibility of nanomedical characterization results. Nota-
bly, nanomaterial characterization inherently requires more
orthogonal levels of characterization and validation than their
bulk material counterparts, due to the polydispersity and batch
variability inherent in the generation of nanomaterial samples.
For this reason, testing conditions need to be more clearly
reported to make interlaboratory comparisons meaningful.
Many of these standards are already established and used in
materials science, especially for bulk material characterization.
For example, for a simple tensile test of a thin plastic sheet,
several test parameters such as sample shape and size,
crosshead speed, conditioning and testing temperatures, and
humidity should be performed and reported according to
specific guidelines mentioned in ASTM D882 or its equivalent
in ISO (ISO 527-3, Plastics—Determination of tensile
properties—Part 3: Test conditions for films and sheets) to
guarantee the repeatability and accuracy of the results.

Similar efforts to standardize nanomaterials used in nano-
medical tests have also been ongoing. For example, minimum
reporting requirements mentioned for DLS in ISO 22412:2017
(Particle size analysis—Dynamic light scattering (DLS))
include the following: particle concentration (mass or volume
based), dispersion medium composition, refractive index
values for the particles and the dispersion medium, viscosity
value for the medium, measurement temperature, filtration or
other procedure used to remove extraneous particulates/dust
prior to analysis (including pore size and filter type), cuvette
type and size (path length), instrument make and model,
scattering angle(s), and laser wavelength. Very few researchers
report all these pieces of information in the literature, which
negatively influences the reliability and comparison of these
results."* The ongoing effort on standardization of nanoma-
terial characterization and toxicity is currently being under-
taken in national and international organizations such as ISO
or ASTM. For example, ISO—ISO/TC 229—Nanotechnolo-
gies has already published 100 ISO standards related to
nanotechnology. The details and scope of these standards are
beyond the scope of this perspective and are reported
elsewhere.’

Although these standards and guidelines are helpful, it is
worth noting that nanomedicine is a very broad field. Each
class of nanomaterials and each category of drug products
(proteins, nucleic acids, small-molecule drugs) delivered by
nanoparticles, as well as drug vs device fields, have their own
unique set of distinctions and requirements. More established

materials that are already in the clinic have FDA guidelines and
ASTM/ISO standards, whereas other, newer materials, such as
many metal or polymeric nanoparticles, are not in the clinic
and do not have FDA, ASTM, or ISO recommendations yet. In
this case, the regulation of nanomaterials, specially nanoma-
terials used in medical devices or as nanopharmaceuticals, is
still a challenge; there have been some promising advance-
ments in this regard including the establishment of toxicity
standards such as ISO/TR 10993-22:2017 (Biological
evaluation of medical devices—Part 22: Guidance on nanoma-
terials)."> In general, it is important that researchers gain
awareness of these standards and guidelines, ideally during
their training, and adopt these regulations into their existing
research endeavors.

REVIEW PROCESS

Another issue contributing to reliability/repeatability is the
review process. Academic review is literature-based, and the
focus is on tools, techniques, findings, and impact rather than
details of the methodology used and factors affecting the
measurement precision. Academic peer review may also come
from a collection of scientists who may not be experts in the
manuscript’s fleld and may not know to recommend validation
tools needed to support author claims. In academia, third-party
review is rare and in cases when it is implemented, such as in
multiple principal investigator settings or multi-institute
government-funded centers, review is seldom on-site and is
limited in scope, and with review criteria that rarely focus on
experimental methodology. In contrast, review in industry is
carried out by independent or governmental organizations,
which have trained teams to review the process in much more
detail, both on-site and off-site, against known standards and
regulations applied similarly across independent industry
research organizations.

There are significant differences in the review process
between industry and academia. All processes in industry,
ranging from incoming inspection, method validation,
manufacturing steps, training and qualification of personnel,
calibration, cleaning, documentation, purchasing of raw
materials and active pharmaceutical ingredients (APIs), etc.
are subject to frequent vigorous review both internally by
companies’ experts and externally by regulatory agencies. The
review process incudes both physical inspection of the venue
and reviewing documents as well as a review of documents off-
site by expert teams from regulatory agencies. For each subject,
review and auditing criteria are clearly established as either
international standards or regulations. In reviewing any one
product, several teams and a variety of experts are involved,
and the process can take from several days to several months.
This process ensures maximum repeatability. In comparison,
the review process in an academic paper is much simpler. Most
journals do not require any degree of evidence regarding the
experimental conditions, method validation, analytical instru-
ments used and their calibration, or the training and
qualifications of people involved. The review process is limited
to a few referees who review the paper with minimal
standardized review criteria, often without seeing the
experimental lab space, the raw data, and analysis methods
or code. One may also acknowledge challenges of academic
settings in securing a fair and unbiased peer-review process,
especially for fields that are inherently interdisciplinary.'®
Reviewing experimental conditions, method validation, and
analytical instrumentation is often left to the discretion of the
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Table 2. Example of Some of the Quality Management Systems Established in Industry to Control the Quality,
Reproducibility, and Safety of Medical Products Used for Humans

standard in

academic
program definition examples setting ref
GLP a quality system to control reliability, uniformity, reproducibility, quality, and US: 21CFRS8 no 26
integrity of the processes related to products in development for human or
animal health
EU: Directive 2004/10/EC
EU: Directive 2004/9/EC
GMP quality assurance and testing guidelines for the manufacture of products related to  national regulatory agencies no 27
the health and safety of humans to ensure batch to batch consistency, quality,
and safety
ISO the main ISO standard used by testing and calibration laboratories to ensure valid ~several, multidisciplinary accreditation no 28
17025 results bodies are involved depends on the
countries
QSR or  the quality system mandate for all medical device manufacturers in the USA or EU  US: 21 CFR Part 820 no 29, 30
1SO to ensure safety and performance
13485

EU: ISO 13485

reviewers and editors, who do not usually request additional
information on the experimental conditions, methodologies,
and/or instrumentation.

RECOMMENDATIONS TO IMPROVE THE ACADEMIC
NANOSCIENCE LITERATURE

The examples presented above, along with many other efforts
reported in the literature to improve the reliability and
repeatability in life science research and especially in
nanomedicine, offer only a partial solution to the reproduci-
bility of nanotechnology literature.'”~"* Frequent recommen-
dations include the use of authenticated raw materials, a
thorough description of methods, sharing of raw data, training
on the design of experiments and statistical analyses,
publishing all data including negative results, and proper
documentation of the study procedures and results accom-
panied by publication of electronic notebooks in open-
notebook formats. Some other recommendations also include
efficient training for lab members alongside experts in specific
characterization techniques and standardization of methodo-
logicalzapproaches to ensure the robustness of the out-
comes.” "’

Implementation of specific types of quality management
systems or GLP adapted to the requirements of academic
settings is an essential step to improve scientific repeatability in
nanomedicine. These systems are based on the PDCA (plan—
do—check—act) cycle, which is an iterative design and
management method used to control and continuously
improve processes and products. Without proper implementa-
tion of the quality system or GLP, PDCA is compromised, and
the vicious cycle of flawed reliability/repeatability continues.
Moreover, the devil is in the details of proper implementation
of these rules. Training programs for researchers, especially in
the interdisciplinary field of nanomedicine, usually do not
cover GLP or quality control systems in science. There are no
guidelines or mandates for establishment of these rules in the
lab or for publication of academic research.

Although the reliability/repeatability issue in nanomedicine
could be addressed to a great extent by implementation of
quality systems or GLP in the lab, that could be expensive and,
in many cases, not feasible. However, the part of a GLP or
quality system which requires validation of analytical methods
or nonverifiable items is still applicable and should be fully
implemented in academic settings. The implementation of

these processes should be verified and audited by third-party
specialists in the field and accredited organizations or by
sponsors of academic research akin to standardized guidelines
now well established for animal use protocols. Journals could
also ask for certification of validation as well as evidence of
GLP implementation especially for critical processes such as
analytical characterization or method validation in nano-
science. Many journals have begun standardizing both data
collection, analysis, and reporting methodologies in the
biological sciences to increase rigor and reproducibility.
Support from academia is required for these efforts to take
hold, and some academic institutes have built nanomaterial-
specific characterization centers with full-time staff who are
experts in nanoparticle characterization techniques, thereby
minimizing user-based errors.

To establish standards and validate analytical techniques in
academia and industry, a diverse range of stakeholders
(including researchers, universities, companies, funding
agencies, and journals) should continue the conversation on
best practices in nanomedicine.”” Collaboration between
academic and industry researchers can also ensure implemen-
tation of standards and GLP that maximize repeatability in
industry are incorporated into academia. Successful startups in
the nanomedicine space could provide hints for the successful
translation of tools from industry to academia, as these
companies have performed R&D to an industry standard
without introducing cost-prohibitive obstacles or relying on
well-established infrastructure and know-how.

Academia can also find the need for development of new
standards that can have a profound role in improving the safety
and diagnostic/therapeutic efficacy of nanomedicine technol-
ogies. For example, very recent finding on evaluation of protein
corona—the layer of proteins that forms on the surface of
nanomedicines upon their interactions with biological fluids—
revealed that mass spectroscopy variations (in protocols and
instruments) can cause unexpected variations in the outcomes
of protein corona.”’ More specifically, by sending identical
nanoparticle protein corona to 17 different mass spectroscopy
centers for an analysis of the results, only 1.8% of identified
unique proteins were shared across the centers.”’ The
outcomes of this study suggest the urgent need for develop-
ment of new standard protocols for protein corona analysis.

As rapid turnover is another prominent issue in academic
settings, groups with the appropriate resources can hire staff
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with backgrounds in industry to consult during material
acquisition and experimental design and draft experts in
analytical techniques to train new lab members. Repeatability
may also be compromised by the pressure to publish frequently
and report only data that fit a status-quo narrative. Universities
can support reproducibility by teaching basic GLP and
experimental design standards to students in nanomedicine-
related fields and by explicitly considering data integrity into
the career advancement, promotion, and tenure process.
Finally, funding agencies and journals can and have already
begun to require information on reproducibility, sample size
calculations, statistical analyses, transparent reporting, and
repeatability and should continue to reward transparency in
the research and publication process.”

Currently there are several quality systems in use for the
production of medicinal or medical devices for human use
(Table 2). For example, the FDA evaluates the implementation
of QSR or GMP via on-site as well as off-site assessment.
Having identified several challenges and gaps related to
physicochemical characterization, biocompatibility, and tox-
icity evaluation of nanoparticles incorporated into medical
devices, the FDA launched the Nanotechnology Program in its
Center for Devices and Radiological Health (CDRH). The
program focuses on regulatory research in evaluating the
physicochemical properties and toxicity of nanomaterials
utilized in medical devices, and the impact of the
manufacturing processes on these properties.”” It is worth
noting that the toxicity of nanomaterials is a contentious area,
with differing opinions even contributing to disparate
regulatory outcomes: i.e. regulation over TiO, in foods and
cosmetics in the USA versus EU.”* Similarly, EU regulations
such as 2017/74S specifically recommend highly stringent
conformity assessment procedures for medical devices
containing nanomaterials, especially when high internal
exposure is relevant. Physical assessment and implementation
of GMP or relevant quality standards are always prerequisites
to any product certifications.

Many lessons can be learned from these standards and
regulations which aim to control reliability, uniformity,
reproducibility, quality, and integrity and validity of the test
results. As discussed above, a set of unique standards designed
to academic research endeavors, scale, and needs can be a great
advance in the field. Supporting industry—academia research
collaborations in nanomedicine could similarly help informally
support the sharing of best practices. In summary, the key
lessons learned from improving the reproducibility and
repeatability of nanomedicine products in industrial settings
could be transferred to the academic environment to maximize
repeatability of the experimental findings but hinge on buy-in
from academic researchers. Though the current system of
nanoparticle-based QC and validation applied in industry
might not directly suit the needs and scale of academic milieus,
standards built into industry QC pipelines can provide a good
template for building similar validation streams into academia.
It is worth mentioning that there have been activities to
establish communication among regulatory bodies, academics,
industry, and other organizations to address the aforemen-
tioned points. For example, the Joint Research Centre (JRC)
of the European Commission hosted a workshop to connect
various stakeholders in the nanomedicine community with the
aim of addressing methodological gaps. Such efforts may
provide a fertile ground for the development of innovative and
optimized methods that can increase reliability and reprodu-

cibility in nanomedicine.”> Doing so will provide more broadly
applicable and universally validated data sets in nanoscience,
enabling more fruitful interdisciplinary endeavors in the use of
nanotechnology in clinical practice.
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