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Despite considerable efforts in the field of nanomedicine that have been made
by researchers, funding agencies, entrepreneurs, and the media, fewer nano-
particle (NP) technologies than expected have made it to clinical trials. The wide
gap between the efforts and effective clinical translation is, at least in part, due
to multiple overlooked factors in both in vitro and in vivo environments, a poor
understanding of the nano–bio interface, and misinterpretation of the data
collected in vitro, all of which reduce the accuracy of predictions regarding
the NPs’ fate and safety in humans. To minimize this bench-to-clinic gap, which
may accelerate successful clinical translation of NPs, this opinion paper aims to
introduce strategies for systematic debugging of nano–bio interfaces in the
current literature.

Why Has Therapeutic Nanotechnology Failed Clinically?
Nanotechnology is now being used in many non-biomedical applications like displays, auto-
mobile parts, clothing, and kitchen appliances. However, the progress we have made in
understanding and integrating nanotechnology has not extended to nanomedicine because
the very qualities of nanoparticles (NPs) that make them so well suited to industry also happen
to make them toxic and harmful in biological and medical contexts. Consequently, the use of
nanomaterials in nanomedicine products (e.g., therapeutics; please note that medical devices
are not considered in this category) has been fairly limited [1]. In cancer therapies, for example,
there are fewer than expected FDA-approved products on the market; notable exceptions
include ABRAXANE, which is an albumin-stabilized paclitaxel NP; DOXIL, a liposomal formu-
lation of doxorubicin; and ONIVYDE, a liposomal formulation of irinotecani.

The reasons for nanotechnologies’ lack of success in medical applications, and specifically
therapeutic NPs as distinct from medical devices, are diverse, but include (i) considerable
inconsistency in the biological impact of nanotechnologies (ranging from toxicity to therapeutic
efficacy); (ii) misinterpretations of the current literature (basically due to our poor understanding
of nano–bio interfaces); (iii) interference of nanotechnologies with available assays/kits, which
has been widely ignored in the literature; (iv) a failure to determine essential parameters and
controls in in vitro settings; (v) missing data/information in the current literature on the nano–bio
interface, nanotechnology aspect, and biological system parts of in vitro and in vivo assays/
models; and (vi) overlooking essential/critical phenomenon of disease occurrence and prog-
ress; for example, epithelial–mesenchymal transition (EMT) in cancer [2]. These serious chal-
lenges in nanomedicine hinder accurate prediction of biological readouts (e.g., therapeutic
efficacy) of nanotechnologies based on available in vitro knowledge. An informative example is
the therapeutic efficacy of nanotechnologies in cancer treatment. A very recent in-depth
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analysis of the delivery of a wide range of NPs to different tumors reported over the past 10
years revealed that only 0.7% (median) of the NPs administered were actually delivered to solid
tumors [3]. Therefore, it is unsurprising that many nanomedicines fail clinical trials [4], and even
among the few successful products that do pass clinical trials, there is not yet any FDA-
approved nanomedical product that markedly improves patient survival or quality of life. If these
serious challenges are not addressed in future publications, I predict that many nanomedicine
products currently in clinical trials will also fail. A prime example: most nanomedicines currently
in clinical trials include targeted therapies using ligands to selectively identify tumor cells and
deliver drugs (either single or multiple drugs delivered simultaneously). These new modalities
may be subject to several crucial but unpredicted drawbacks based on factors including the
effect of the biomolecular corona [5] (the layer of specific proteins rapidly but reproducibly
adsorbed onto the surface of NPs) and its shielding role on both targeting species [6] and drug
release [7].

Systematic debugging of the nano–bio interfaces is one of the approaches I offer in this opinion
paper as a potential means to overcome these serious challenges. However, systematic
debugging requires tight controls and a deep understanding of three elements: the nano
parameters (e.g., physicochemical properties of NPs), nano–bio parameters (e.g., important
factors affecting the composition and evolution of the biomolecular corona), and the biosystem
(e.g., cell type). Although the nano element (reproducibility of NP preparations with distinct
physicochemical properties) has been extensively investigated [8–12], neither the nano–bio
parameters nor the biosystem element has received proper study. Therefore, most of the
inconsistencies in nanomedicine data spring from poor control of the conditions related to the
nano–bio parameters and the biosystem element [13,14]. Herein, I will focus on concerns
related to the nano–bio parameters and suggest that the biosystem element should be carefully
addressed in future publications through the creation of reproducible and robust data sets that
will ultimately culminate in the successful clinical translation of nanotechnologies.

Modifications of Conventional Toxicity Assays
Most toxicological assays were created to monitor the toxicity of soluble chemicals, long before
they were applied to toxicity evaluations of NPs. For example, the MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] assay and comet assay were developed in 1983 [15]
and 1984 [16], respectively; however, they were not originally designed for nanotoxicity
evaluation, to which they were applied a decade later [17,18]. Using long-standing assays
for nanotoxicological purposes and seeking robust and accurate results requires essential
modifications to the assay and consideration given to all possible degrees of interference in the
assays by the NPs themselves, as outlined in the following section.

Interference of Nanoparticles with Toxicity Assays
The interaction between the NPs themselves and toxicity assays is one of the primary sources
of errors in toxicological readouts. For example, several NPs (e.g., carbon nanomaterials,
nanoporous silicon, and silver NPs) can interfere with cell viability and proliferation assays (e.g.,
MTT, WST-1, XTT, and alamarBlue) to produce false-positive/false-negative results [19,20]. In
this regard, even a cursory review of the literature turns up a few reports probing the toxicity of
NPs via proliferation assays where there are clearly interactions with the assays. This strongly
suggests that the vast majority of the toxicity data in the literature are not accurate, explaining at
least in part why the current literature reflects a wide range of toxicity for the exact same type of
NPs. More specifically, one recent report revealed that about 95% of the publications using
different assays to probe the toxicity of NPs did not mention the potential of interference from
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the NPs [21]. This strongly suggests that the field of nanomedicine still suffers from a lack of
robust and precise toxicological data.

Issues with Static In Vitro Conditions
Because of their high surface-to-volume ratio, NPs are likely to interact with the biomolecules,
amino acids, and nutrients in cell-culture media. As NPs can easily change the nutritional
balance of the cell-culture media in terms of biomolecules and pH, the media could exert their
own toxic effect on cells, and create false results. Several strategies to minimize such false
readouts have been considered, including creating a dynamic environment using microfluidics
approaches and modifying the assay protocols [22–24]. As a very simple example, one
suggestion to diminish the likelihood of errors in the MTT assay was to introduce NPs to
the cell-culture medium prior to incubating them with cells; this would saturate the surface of
the NPs with the preferred biomolecules. Thereafter one would collect the biomolecule-coated
particles, re-disperse them into fresh media, and then apply them to the cells [24]. Aside from
these efforts, which are reflected in only a very small portion of the current literature, there are
essentially no other reports that consider this important issue; thus, many published in vitro
outcomes may contain errors.

Issues with Nanoparticles’ Biological Characteristics and Dosage
In cell-culture media, the synthetic identity of NPs becomes their biological identity [13]. The
surface of NPs becomes coated with a wide range of proteins and nutrients, which leads to
significant changes in their physicochemical characteristics, including size and surface prop-
erties. Such changes may cause aggregation/agglomeration and sedimentation of NPs in cell-
culture media, which alter toxicology responses, cellular uptake of NPs, and intracellular
trafficking outcomes [25]. To minimize these errors in assessing the biological responses to
NPs, detailed examinations of the physicochemical properties of NPs and their biological
identities should be performed and published. In addition, there should be a concerted effort to
create a unifying literature on the biological effects of nanotechnologies and use it to identify
particles with negligible aggregation/agglomeration and sedimentation for biological readouts.
In addition, NP dosage should be carefully analyzed and reported in a standard and/or similar
way, which should be introduced by standardization communities; unfortunately, due to the
lack of standard unit, the current reports on the NPs’ dosage contain different units (e.g., mg/
mL, mole, mg/kg body weight, and number of NPs in cells) [26], which prevent precise
comparison between the outcomes of various reports. Aside from the reported dosage, almost
none of the nanotoxicology reports consider or report the actual dose of NPs in biological
systems; instead, the incubated dosage of NPs with cell media and biological systems are
reported, which could be substantially misleading. To define the actual dose of NPs in cells, the
supernatant solution should be considered as an essential negative control [27]. More specifi-
cally, the cell-culture supernatant should be collected and analyzed to accurately assess the
number or amount of NPs remaining in the media. More important information that can be
derived from the supernatant control is the contribution to toxicology outcomes of leftover
compounds and ions still present in the solution. As an example, a gold nanorod solution and its
corresponding supernatant had very similar toxicity on cultured cell lines, indicating that the
toxicity of the NP solution originated from chemicals used in processing (e.g., free cationic
capping agent) rather than the NPs themselves [28].

To summarize, I ask authors of new manuscripts to comprehensively consider the modification
of conventional toxicity assays to build a robust and accurate new source of NP toxicity data. As
suggested by Krug and Wick [20], I also call on editors and reviewers to avoid publishing
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manuscripts that do not include in-depth information on (or experiments to assess) NPs’
interference with the toxicity assays employed, the role of static substrates, full characterization
of the biological identity of NPs, and essential supernatant controls for defining the actual
dosage of NPs and the possible interference of leftover chemicals/ions in the assays’ readouts.
Last but not least, I ask science media to cover reports on robust modifications of the
conventional toxicity assays for nanotoxicity purposes; in addition, the steering committees
and clinicians that approve particular NP usage in clinical trials are encouraged to look into the
toxicity and safety data sets of that distinct NP to make sure that robust and precise outcomes,
without misinterpretation, are provided.

Missing Critical Information about Cells and Their Set Ups
Cell Shape
Cells in their native tissues have different morphologies compared with the same cells grown on
a culture plate. One simple reason is that because 2D cell-culture plates somewhat flatten cells,
they never attain their normal 3D shape. As cell shape can affect surface area, which in part
determines cells’ interactions will the environment, one expects cells with greater exposed
surface area to have much higher possibility of interaction (see Figure 1 for details). To that end,
and because the adsorption and internalization of NPs by cells are heterogeneous [29], cells
cultured on flat substrates would be expected to demonstrate substantially different uptake of
NPs and intracellular trafficking compared with the same cells in their native tissues. In addition
to heterogeneous adsorption and internalization of NPs by cells (as shown by an overdispersed
Poisson probability distribution [29]), another mechanism affecting cell–NP interactions is the
number of cell membrane receptors exposed to the NPs. Therefore, if cells cannot assume their
in vivo shapes in in vitro settings, the outcomes of NP and drug-screening readouts may
contain considerable errors. Despite the importance of shape in cell function and behavior, the
effect of variation in shape among the same type of cells on cellular uptake of NPs and
intracellular trafficking and toxicology data has so far been very poorly investigated.

Another reason for cell shape variation between in vitro and in vivo settings is the significant
difference in stiffness between native tissue and cell-culture plates, a factor practically ignored
in the current literature. In vivo, different cells are subject to a wide range of stiffness depending
on their native tissue (i.e., there is a �50 000-fold difference in stiffness from very soft to hard
tissues [30]). It is known that substrate stiffness has crucial effects on cell shape and function.
For example, the morphology and cytoskeletal structure of three different cells (fibroblasts,
endothelial cells, and neutrophils) were probed after being cultured on surfaces with stiffness
ranging from 2 to 55 000 Pa. Outcomes revealed substantial effects of substrate stiffness on
cell shape, morphology, and cytoskeleton (including variation of actin stress fibers) in all cell
types [31]. A good example of the effect of substrate stiffness on cell function is its effective use
in directing the fate of mesenchymal stem cells toward neurogenic, myogenic, or osteogenic
phenotypes [32].

The shape-related cellular effects associated with conventional culture plates may cause
substantial misinterpretation of the safety and therapeutic efficacy of NPs. To overcome this
major issue, new cell-culture methodologies should be developed that mimic the native tissue
stiffness of the cells being cultured and also provide surface features that encourage cultured
cells to recapitulate their 3D structures. Culturing of cells on such substrates should provide
readouts with superior predictive accuracy compared with conventional cell-culture plates.

Several attempts have been made to optimize culture conditions (e.g., microfluidics and 3D
culture plates) to maximally encourage cells to assume the morphology and shape found in
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Figure 1. Schematic Showing a Representative Cell-Imprinting Method for Production of Substrates to
Achieve More Robust and Reliable Nanoparticle–Cell Interaction Readouts. (1) Desired cells are cultured on 2D
substrates approximating the stiffness of the corresponding cells’ native tissue; (2) cell shape and morphologies are
transferred by mold casting using a material such as polydimethylsiloxane. After a curing step, the cell debris are removed
and the cast serves as a negative replica with an imprinted pattern of the cell surfaces. (The casting materials and curing
steps should be selected and designed in a way to provide the required stiffness for Stage 3.) (3) Cells are cultured on
substrates having the shape, morphologies, and stiffness of their corresponding tissues, which may help cells to drive their
3D native tissue shapes. To achieve accurate and reproducible toxicity outcomes, nanoparticle uptake, and intracellular
trafficking, each cell type should be cultured on molds with the appropriate shape and tissue stiffness. (4) Example of future
mass-produced, cell-specific well plates having desired cell shape and stiffness.
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native tissues [22,23,33]. However, to the best of our knowledge, no 2D approach has provided
both the surface features of the desired cells and the stiffness of their corresponding tissues (e.
g., �50, �12 000, and �3 000 000 Pa for neurons, skeletal muscle, and bone cells, respec-
tively). To overcome this issue, I propose a straightforward approach to preparing a substrate
with stiffness similar to the actual cells’ native tissue that also encourages cells to assume their
pseudo-3D shapes in 2D culture plates (see Figure 1 for details). The first step is to fabricate a
smooth substrate recapitulating the stiffness of the desired cells’ native tissue, drawing upon a
wide range of biocompatible materials such as polymers and polydimethylsiloxane (PDMS).
The cells themselves would be used as templates, transferring their shapes and surface
morphologies to the casting materials (e.g., polymers and PDMS), a technique known as cell
imprinting [34]. The resulting substrates will provide the necessary combination of the surface
features of the desired cells and the stiffness of their corresponding tissues.

For mass production of such a substrate (with the imprinted shape of the desired cells and
proper stiffness to mimic the mechanical properties of those cell’s native tissue), it is necessary
to create a master mold from which replicas would be produced. One approach likely suitable
for mass production of cell-imprinted surfaces with proper stiffness is electroforming [35,36] a
nickel mold, followed by replication via injection molding, casting, hot embossing processes, or
photo-polymerization. Electroforming is a metal-forming process that uses electrodeposition or
electroplating onto a master, and its tolerances in replicating surface features usually lie in the
range of 1.5–3 nm [35,36]. This process can be used to deposit nickel or other electroformable
metals onto gold-coated cell-replicate masters. The metallic molds can then be used for direct
hot embossing of the surface of any desired substrate (with stiffness adjusted according to the
native stiffness of the cell to be cultured) to impart cell-surface topography.

This proposed approach is only one example of many possible strategies to produce sub-
strates toward the goal of reliable and efficient culturing of a wide range of cells of varying origins
(e.g., heart, liver, skin, or brain), effectively mimicking the in vivo shape and function of the cells
for assessment of NP uptake and intracellular trafficking as well as drug-screening applications
(see Figure 1 for details). These new substrates may yield important insights into NP–cell
interactions and reduce the current gap between in vitro and in vivo outcomes. In other words,
using substrates that mimic both the shape and stiffness of cells in their native tissues could go
a long toward resolving many of the existing misunderstandings regarding the cellular uptake of
NPs and their intracellular trafficking and toxicology. Last but not least, cell confluency should
be carefully considered in in vitro settings, as it critically changes mechanical structure of cells
[37], and thus their shapes, which may affect cellular responses to NPs.

Cell Type/Origin/Size
Just as human beings have different ways to solve a problem, various cells can also have
different responses to a foreign material such as NPs. This is mainly thought to be due to the
differences in the surface properties of the cell membrane, as well as different types and
numbers of receptors on the surface of each cell, given its distinct size. Based on these
hypotheses, it was shown that the impact of the exact same NPs on different cell types varies
significantly [38]. There are several mechanisms underlying these variations, including (i)
numerous detoxification strategies that any particular cell (based on its function and membrane
properties) can employ when reacting with NPs and (ii) different cell sizes, which significantly
affect NP uptake, intracellular trafficking, and the corresponding nanotoxicity. For the exact
same cell type, and mainly due to the heterogeneous adsorption and internalization of NPs by
cells [29], one can expect that NP uptake would increase with cell size. For example, daughter
cells produced by division of mother cells (approximately double the size of the daughter cells
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[39]) may have lower uptake of NPs compared with the mother cells, as demonstrated by Panet
and colleagues [40]. These results were first reported by another group [41] from a different
view point, which was the fact that NP uptake depends on the cell cycle state; more specifically,
mother cells can take up more NPs than daughter cells. Although the outcomes of these two
studies were the same, their conclusions reflected two distinct interpretations of the underlying
mechanism. Both interpretations seem reasonable and together help provide a mechanistic
understanding of the effect of cell cycle on NP uptake, which will also help avoid misinterpreta-
tion of outcomes by relying on only one mechanism.

To obtain more robust and accurate information/libraries about cell uptake, intracellular
trafficking profiles, and toxicity outcomes of NPs, authors should include in all reports the cell
type, size, and proliferation stages (i.e., proportions of cells at different cycle stages: G1, S, G2,
and M). That information will help the nanomedicine community design safer NPs with the
greatest possible therapeutic efficacy. For example, cancer cells may be at various different cell
cycle stages, making their NP uptake even more different from that of normal cells. This may
also affect the side effects of nanodrugs. Since cancer cells grow and divide very quickly, drug
uptake by newly born cells is much lower than that of normal surrounding cells, mainly mother
cells. On top of these challenges, the random and asymmetric partitioning of NPs in cell division
[29] also adds another layer of complexity to the therapeutic efficacy of NPs on cancer cells,
which along with their toxic effects on normal cells should be considered in the design of future
studies.

Cell Passage
Cell passage number is a type of data typically missing from the current literature on cell–NP
interactions. It is known that as the number of passages increases, cells experience alterations
in morphology and function (e.g., response to stimuli, growth rates, protein expression, and
transfection efficiency) [42–45]ii. For example, increasing the passage number of a prostate
cancer cell line (LNCaP) from 25 to 60 can substantially change phosphoinositide 3-kinase/
protein kinase B (PI3K/Akt) pathway-regulated androgen receptor activity, which may have
consequences during the various stages of prostate cancer, as these two oncogenic pathways
cross-regulate each other by reciprocal feedback (inhibition of one activates the other, main-
taining tumor cell survival) [46]. These variations in cellular physical characteristics and functions
may substantially change nanotoxicology, NP uptake, and cellular trafficking outcomes. Thus,
the nearly complete absence of cell passage numbers across publications in the field should
produce considerable concern regarding the reliability and reproducibility of studies on all these
aspects of NPs. Future publications should (i) use high-quality, low-passage-number cells from
well-known biological resource centers and (ii) concisely and consistently report cell passage
numbers.

Cell Sex
Variations in molecular function (e.g., protein and hormone secretion and mechanistic signaling
pathways) and cytoskeletal differences between male and female cells are increasingly being
investigated [47–50]. Sex-dependent differences in cellular function can substantially direct
both the cause and treatment of disease (e.g., cardiovascular disease [51]). Sex-specific
differences in protein and hormone secretion can change the biological identity and cellular
fate of NPs (in terms of toxicity and trafficking pathways). For example, Hayashi and colleagues
[52] demonstrated differences in how female and male zebrafish blood plasma affect the
biological identity of silica NPs and their biological outcomes. Another recent study showed that
cell sex can directly affect uptake of quantum dots in two different cell lines, that is, early human
amniotic stem cells (extracted from placentas of male and female fetuses) and primary
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fibroblasts (derived from the salivary glands of adult male and female donors of similar ages)
[53]. The underlying mechanism of the different NP uptake by male and female cells is
supposed to be dependent on, but not limited to, variation in secreted paracrine factors,
cellular cytoskeleton, and mitochondrial and endoplasmic reticulum structures. These differ-
ences between male and female cells can change biological identity of NPs together with their
mechanism of entrance. Interestingly, it was also found that the difference in NP uptake was
strongly dependent on cell type. For example, uptake of quantum dots in female human
amniotic stem cells was higher than the male ones, while the reverse trend was observed for
fibroblasts.

Similar to cell passage number, important information on cell sex is nearly absent from most
publications in the field. Researchers are encouraged to consider variation of biomolecular
secretion, intracellular organelle shapes/functions, cell cytoskeleton, cell membrane receptors,
and cell stiffness in male and female cells and report the sex data [53].

Cell Transition
Perhaps one of the central overlooked factors in nanotechnologies for cancer therapeutic
applications is the EMT. The EMT is recognized as one of the key cellular plasticity character-
istics during embryonic development [54]; however, it is now well established that the EMT has
more critical effects than expected in tumorigenic process, specifically at the metastatic stages
[2]. The EMT concept in therapeutic efficacy of nanotechnologies in both cell culture and in vivo
is widely overlooked. As the EMT phenomena, which has crucial roles in a wide range of
cancers and specifically in metastatic cancer cells [2], is almost ignored in the cancer nano-
technology research and clinical trials, there is no wonder that cancer nanoproducts have a
higher chance of failure in successful translation to clinical practice.

Recent advances in the field demonstrated that matrix stiffness can substantially affect EMT
and its resistance to chemotherapeutics [55]; therefore, in future in vitro use of EMT in cancer
nanotechnology, the cell-culture stiffness should be carefully matched to the EMT’s original
tissue site, for any specific type of cancer, to achieve robust and precise outcomes.

Implications of Nanoparticles’ Biological Identity
Once in the body, the surface of NPs is rapidly covered with a layer of biomolecules (i.e.,
‘biomolecular corona’) whose composition strongly determines its biological identity [13],
regulating interactions with biological entities including cells and the immune system [56].
The field of biomolecular corona work is fairly complex and requires precise protocols to make
both in vitro and in vivo data more reliable and reproducible. The current literature reflects a few
conflicts in results; in addition, there is poor correlation between in vitro corona data and in vivo
outcomes.

Importance of Protein Source
Currently, one of the most important sources of conflict in biomolecular corona readouts is the
use of different protein sources to form and characterize the biomolecular corona and connect
these outcomes to justify and/or predict the in vivo fate of NPs. Just some of the protein
sources being used are fetal bovine serum, animal serum (e.g., mouse, rat, and monkey),
human serum, animal plasma, and human plasma. Several reports have revealed the significant
role of protein source in the composition of the biomolecular corona and corresponding
biological readouts (toxicity, cell response, cellular trafficking, and pharmacokinetics) [57–
60]. In addition, even given a single plasma sample, the type of anticoagulant used can
dramatically change the corona composition [59].
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To more completely understand the biomolecular corona, the scientific community should
focus on the use of plasmas, either animal or human, with distinct anticoagulant compounds.
To probe possible connections between in vitro and in vivo outcomes, one should use the
most relevant protein source that is compatible with the in vivo model. For example, to
connect the role of the biomolecular corona to in vivo readouts in a mouse model, plasma
from that particular mouse model should be used. To facilitate clinical translation, the
composition of the biomolecular corona formed on NPs should be carefully probed in
plasmas of different species (including animal models and humans) in vitro and compared
with their biological readouts in animal models. If we are to use these data to define corona
differences between animal models and humans in vitro and apply that information to
predicting the biological fate of NPs in humans (according to the available in vivo readouts
on animal models), future reports should employ advanced mathematical approaches such
as multianalyte analysis, supervised and unsupervised clustering approaches, machine/deep
learning algorithms, and quantitative structure–activity relationship models [61–63]. The
combination of high-quality data and appropriate mathematical models greatly increases
the likelihood of optimizing the biological identity of NPs for achieving the desired biological
fates in clinical settings. Unfortunately, so far there are few reports that use such mathemati-
cal approaches to predict the cellular responses to corona-coated NPs [64–66]. This
represents a huge opportunity for mathematical scientists (and more specifically scientists
well versed in deep-learning strategies) to study the biological identity of NPs in a wide range
of different in vitro and in vivo settings (as training and validation sets) with the ultimate aim of
predicting the biological identity and readouts of those NPs in humans.

Importance of Protein Conformation and Spatial Location
For designing safe NPs with high targeting efficacies, it is essential to be able to define proteins’
conformation and spatial location in the biomolecular corona. Conformation of important
proteins (e.g., fibrinogen) is of critical importance as exposure of specific protein section
can activate immune system [56] and thus, at least, can shorten NPs’ circulation time.
Therefore, monitoring and reporting important protein’s conformational changes in the bio-
molecular corona are of crucial importance and can enable scientists to more accurately
predict biological fate of NPs. For this purpose, new approaches should be developed as the
available techniques (e.g., circular dichroism) do not have a proper capacity to monitor protein
conformation in complex biomolecular layer. Recently, fluorescence resonance energy transfer
was used to label proteins of interest and showed great capacity to probe their conformational
changes in complex biomolecular corona [66]. Aside from protein conformational changes, it is
now possible to also define the spatial location of specific proteins, their functional motifs, and
their binding sites using a combination of various techniques including monoclonal antibody-
targeted gold NPs, differential centrifugal sedimentation, and imaging techniques [67]. The
protein conformation and spatial location should be considered in highly promising and well-
characterized NPs before starting the clinical trials to achieve more in-depth details on possible
side effects of biomolecular corona, which may affect safety and targeting/therapeutic efficacy
of NPs.

Disease-Specific Biomolecular Corona
Besides the importance of protein source in directing corona composition, it was revealed in
2014 [5] that different conditions (e.g., health vs. disease) of the same protein source (i.e.,
human plasma) have significant effects on the composition/structure of the biomolecular
corona (and thus the ultimate physicochemical properties of NPs). This concept is now being
increasingly accepted, and several investigators have shown that the plasma composition
evolves during the disease progress, substantially altering the biomolecular corona
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composition and consequently nano–bio interactions such as efficacy, toxicity, and eventual
biological fate [8,68–76]. In addition, recent findings suggest that age, gender, and ethnicity
may also affect the plasma composition, with similar alterations to the biomolecular corona and
biological readouts [52,70].

One issue in the current literature that produces severe conflicts in understanding the biomo-
lecular corona is the absence of detailed information on plasma donors, including age, sex,
medical history, and disease stage as well as time, date, and condition of blood extraction. For
example, the majority of biomolecular corona studies to date were carried out using commer-
cially available pooled plasma (i.e., combined from multiple sources) from donors reflecting a
wide range of health, disease, age, gender, ethnicity, etc. To avoid these sources of errors,
future reports should provide the important information on plasma donors to characterize
variations in the biological identity of the exact same type of NP at different disease stages and
how changes in biological identity may actually change the biological fates of NPs as the
disease progresses. This information, along with mathematical approaches, can substantially
improve the capacity of scientists to design safer NPs with more predictable therapeutic
efficacy and biological fate across patients of different ages and genders and suffering from
different diseases.

Implications in Correlating In Vitro and In Vivo Biomolecular Corona Information
Understanding the in vivo biological identity of NPs is of crucial importance for predicting the
biological fate, possible toxicity, and therapeutic efficacy of NPs. Unlike the in vitro biomo-
lecular corona, our knowledge about the in vivo biomolecular corona is very limited, mainly
due to the difficulty of recapturing NPs after in vivo administration [58,77,78]. Therefore,
careful consideration of all the important but overlooked factors relevant to the nano–bio and
biosystem elements as well as others presented in this subsection will substantially enhance
our capacity to use in vitro settings to predict the in vivo biological identity of NPs and their
biological fates.

Another major factor that should be considered in the in vitro setting is mimicking the dynamic
features of physiological fluids. Dynamic flow has a unique capacity to create shear stress on
NPs and also provides a continual source of new biomolecules. This induces more complexity
to the in vivo biomolecular corona in animal models of disease or humans, as the particles’
environment is constantly changing. For example, in cancer models, NPs experience tumor
accumulation, penetration, and distribution through several pathways including the enhanced
permeability and retention effect once they leave the blood vessels. The tumor microenvi-
ronment provides significantly differing biological fluids compared with the circulatory system
(in terms of pH and plasma compositions) [79] and can substantially change the biological
identity of NPs, which may markedly alter their therapeutic efficacy. In addition, cancer
models may have impaired lymphatic drainage and production of permeability-enhancing
factors (including nitric oxide, vascular endothelial growth factors, and cytokines) [80], which
affects the composition of plasma and thus the biomolecular corona composition. To capture
this important information in vitro, plasmas used in the in vitro setting should be exposed to a
dynamic environment, which is now possible using a wide range of microfluidic approaches
[22,23]. As the current literature, for example in cancer nanotechnology, is mainly focused on
the accumulation and intratumoral distribution of NPs based on their synthetic identity [8], our
knowledge of how disease stage affects the biological identity of NPs and how the disease-
specific biomolecular corona composition affects tumor accumulation and intratumoral
distribution remains limited. The changes to in vitro settings described here may substantially
expand our knowledge of the in vivo biological identity of NPs and their biological readouts in a
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manner that depends on cancer stage, eventually enabling us to identify the optimal physi-
cochemical properties of NPs for the desired tumor distribution and the highest possible
therapeutic efficacy. It is noteworthy that the biomolecular corona may have substantial
effects on the drug-release profiles of therapeutic NPs [7,81,82], though this important effect
has been being widely ignored in the field of drug delivery. The literature on in vivo drug release
should take into account this important effect to better predict the therapeutic efficacy of
nanocarriers.

Another important issue is the difference in incubation time between the in vitro biomolecular
corona setting and the in vivo blood availability of NPs. In most in vitro settings, NPs are
incubated with proteins for 1 hour [13], while many particles have much shorter in vivo blood
residency, and thus experience less incubation time. As the protein exchange to the surface of
NPs is slow and the biomolecular corona changes over time [65,83–87], the incubation time for
in vitro testing of a particular NP should match its in vivo blood circulation residency. In addition,
if the particles leave the bloodstream and enter another tissue/environment (e.g., the tumor
microenvironment), the in vitro setting should mimic the in vivo environment as closely as
possible, including changing the incubating plasma at a rate similar to biological conditions to
best define the in vivo biological identity of NPs. This is mainly because the composition of
biomolecular corona changes during incubation; thus, if the incubation period is kept consis-
tent, one gets reproducible and robust corona characterization, simplifying the correlation of in
vitro outcomes with in vivo readouts.

Concluding Remarks and Future Perspectives
Given the points of incomplete understanding and missing information regarding the nano
element, nano–bio parameters, and the biosystem element outlined above, it is not surprising
that the current nanomedical literature suffers from many conflicts and misinterpretations. In the
form of inaccuracies in biological readouts for nanotechnologies, these are unfortunately
reflected in our inability to bring nanomedicine from the bench to the clinic, and the road
has been paved with plenty of setbacks. To correct these misinterpretations and minimize
conflicts, researchers, funding agencies, entrepreneurs, and the media should collaborate to
ensure all required controls and experimental settings are carefully considered, and that all
required information is comprehensively and consistently reported (Figure 2 and see Outstand-
ing Questions). Aside from debugging nano–bio interfaces from a scientific viewpoint, there are
many ‘overlooked factors’ in development and commercialization of bench-to-clinic discover-
ies. I personally believe the central overlooked factor is the necessity of building the entire
foundation of nanomedicine companies from people (at all levels including venture capitalists,
founders, entrepreneurs, scientific advisory boards, managing team, and staff members) who
are wholeheartedly persuaded by changing the course of the world in terms of healing people
suffering from catastrophic diseases (such as cancer, cardiac, and neurodegenerative dis-
orders), and relieving the agony of their families. By having other motives as our highest priority
(e.g., profits and fame), we should expect seeing the continued failure of nanomedicine
products together with a substantial increase in prevalence and incidence of diseases. At
least from what history has thought us, only a small fraction of people, like Louis Pasteur and
Marie Curie, who strongly believe in changing the course of the world with great empathy and
genuine care for all humans (and not for their own profit and fame) can change our lives. The
second important and often overlooked factor is the gaping chasm between the support of
funding agencies, entrepreneurs, and the media of therapeutic companies in comparison to
companies that are focused on disease prevention. It is clear that our need for therapeutic
measures will decrease if robust prevention strategies can reduce the devastating costs of
therapeutic approaches together with the agony of disease for both patients and their families.
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The decision of prioritizing one of these fields, prevention or therapeutic research, is a no-
brainer. I call upon funding agencies, researchers, entrepreneurs, and the media to take a
second glance at these overlooked factors, which might pave the way for a great cost reduction
in the medical field, save families much emotional strain, and ultimately save potential patients
from having to endure these catastrophic diseases.

In addition, computational scientists and software companies may play an important role in
defining the actual mechanisms underlying some complex situations (e.g., learning the details
of protein conformational changes after its interaction with the surface of NPs and their
corresponding biological outcomes) – see Box 1 for details. Last, but not least, a very recent
report probed outcomes of the exact same type of NPs through different laboratories and
revealed significant variations in the results [88]. To avoid future source of conflicts through
interlaboratory variations, robust and precise standard operating procedures should be devel-
oped not only for NP characterizations, but also for all characteristics of nano–bio interfaces (e.
g., biomolecular corona) and the biological readouts including nanotoxicology, cellular uptake
and intracellular trafficking of NPs, and targeting and therapeutic efficacies. Without resolving
these important issues in the field and establishing constructive collaboration among research-
ers, various well-established laboratories, funding agencies, entrepreneurs, and media, future
progress in the field of nanomedicine will only further clutter and complicate the literature.
Instead, I believe that incorporating the strategies proposed above into future progresses will
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generate comprehensive and unbiased data that, in combination with advanced mathematical
approaches such as machine/deep learning, may significantly accelerate the discovery and
successful clinical translation of nanomedicines for a wide range of diagnostic and therapeutic
applications.

Resources
iwww.cancer.gov/news-events/cancer-currents-blog/2016/grodzinski-nanotechnology
iiwww.atcc.org/�/media/PDFs/Technical%20Bulletins/tb07.ashx
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Outstanding Questions
Why there is a huge gap between
bench discoveries and clinical transla-
tion of nanoparticles?

Why are critical factors in disease
progress, such as the epithelial–mes-
enchymal transition in cancer, poorly
considered in nanomedicine?

Why does the current literature contain
significantly conflicting biological data
on even the exact same types of
nanoparticles?

How can debugging nano–bio interfa-
ces and systematic strategies help to
market nanomedicine technologies?

What critical pieces of information,
which may be sources of conflicts in
the literature, are yet overlooked?

Why does interlaboratory comparison
of the exact same nanoparticles, using
the same assays, etc., provide differ-
ent outcomes?
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