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Abstract: Research and development (R&D) of nanodrugs is a long, complex and uncertain process.
Since the 1960s, computing has been used as an auxiliary tool in the field of drug discovery. Many
cases have proven the practicability and efficiency of computing in drug discovery. Over the past
decade, computing, especially model prediction and molecular simulation, has been gradually ap-
plied to nanodrug R&D, providing substantive solutions to many problems. Computing has made
important contributions to promoting data-driven decision-making and reducing failure rates and
time costs in discovery and development of nanodrugs. However, there are still a few articles to ex-
amine, and it is necessary to summarize the development of the research direction. In the review, we
summarize application of computing in various stages of nanodrug R&D, including physicochemical
properties and biological activities prediction, pharmacokinetics analysis, toxicological assessment
and other related applications. Moreover, current challenges and future perspectives of the com-
puting methods are also discussed, with a view to help computing become a high-practicability
and -efficiency auxiliary tool in nanodrugs discovery and development.
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1. Introduction

It is estimated that the price of developing a therapeutic drug is USD 2.6 billion, and it
will take about 10 years, with a clinical success rate of less than 10% [1]. It can be said that
R&D of new drugs is a time-consuming, costly and high-risk process. Generally, the R&D
process of a new drug includes the following stages: drug discovery and pre-study, preclini-
cal research, IND application, clinical research, NDA application and marketing monitoring
(Figure 1). As a new therapeutic agent, a nanodrug is a kind of pharmaceutical preparation
with nanometer-scale and obvious nanoscale effects developed by nanotechnology. Accord-
ing to the different characteristics of various nanodrugs, they can be roughly divided into
three categories, including drugs with direct nanolization, nano-carrier drugs and other
nanodrugs (e.g., protein nanodrugs and nanobody drugs). Compared with traditional
small-molecule drugs, nanodrugs have many characteristics, such as small particles, large
specific surface area, high surface reactivity, many active centers and strong adsorption
capacity [2]. Using nanomaterials as drug carriers can improve absorption and utilization
of drugs, achieve efficient target delivery, prolong half-life of drug consumption, enhance
immune response and reduce harmful side effects on normal tissues [2-7], which makes
it possible to create more efficient, less toxic and more intelligent therapies for medical
diseases. Although many new nanodrugs and drug delivery systems have been reported
continuously, few of them can be truly transformed into clinical applications. Due to special
physical, chemical and biological characteristics, nanodrugs have attracted much attention,
which leads to a relatively high threshold for their R&D and production to be approved.
Since 1989, only 78 nanodrugs have been approved and entered the global market, and
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lipids and polymers are still the main delivery carriers of nanodrugs. At present, nanodrugs
still have problems, such as poor stability in vivo and rapid circulation and metabolism,
which largely limits efficacy of nanodrugs. In addition, R&D of nanodrugs also faces many
difficulties, such as high costs, insufficient understanding of biological mechanisms and
poor experimental repeatability. Therefore, R&D of nanodrugs urgently needs efficient and
low-cost auxiliary tools to speed up its process.
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Figure 1. A brief introduction to research and development process of nanodrugs and applications
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in computing.

With rapid development of computer technology, as a powerful tool, it has been
successfully applied in artificial intelligence, life science, materials science and many other
fields and has achieved remarkable results. Taking the pharmaceutical field as an exam-
ple, researchers from Insilico Medicine developed an artificial intelligence model (named
GENTRL) and used it to design the potential molecular structure of DDR1 kinase inhibitor
within 21 days and completed a preliminary biological validation within 43 days [8]. In
addition, researchers at the University of Southern California’s Dornseff College of Arts and
Sciences have developed a new drug virtual-screening method (called V-SYNTHES), which
can screen billions of compounds in a faster and cheaper way to find new and targeted
drug therapies [9]. These methods can complete the work that traditional methods need to
take months to years to complete in a relatively short time, which greatly saves the time
required for drug R&D and reduces the high cost.

According to PubMed statistics, from 2010 to 2022, the number and proportion of pub-
lished articles related to computing in the nano-field showed an upward trend (Figure 2).
Similarly, computing has also been widely used in nanodrug R&D. For example, according
to quantitative structure-activity relationship models for nanomaterials (Nano-QSAR),
Puzyn et al. [10] built a model by using the multiple regression method combined with a ge-
netic algorithm (GA-MLR) to accurately predict the cytotoxicity (ECsg) of 17 different types
of metal oxide nanoparticles to bacteria Escherichia coli. Walkey et al. [11] constructed a
multivariable machine learning model based on the information obtained from experiments
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on protein crowns adsorbed on nanomaterials to predict in vitro cell uptake of nanoma-
terials. Fourches et al. [12] used the descriptors calculated by small-molecular ligands
modified on the surface of carbon nanotubes (CNTs) to build a quantitative structure—
activity relationship (QSAR) model to predict protein adsorption and cytotoxicity in CNTs.
Nagpal et al. [13] developed a pharmacokinetic model of polymer nano-biopharmaceutical
preparations based on the physiological mechanism. A smart differential evolution algo-
rithm was applied to optimize the existing clinical data of polymer nano-biopharmaceutical
preparations for the model. In addition to simulating the key parameters of the phar-
macokinetic behaviors of nano-biopharmaceutical preparations with different polymer
formulations in the human body, the model can also be used to calculate release rate of
polymer nano-biopharmaceutical preparations in vivo. Chew et al. [14] used molecular
dynamics to simulate nanoparticles to obtain simulation-derived descriptors and then
constructed a quantitative nanostructure—activity relationship (QNAR) model to predict
the physicochemical and biological properties of nanoparticles. It can be seen from these
cases that computing has been applied in most stages of the nanodrug R&D process, and
the computational methods involved can be divided into two categories, including model
prediction and molecular simulation (Figure 3).

a b
100-, 40— Nano Letters
Nature Nature Materials
80+ /.~ Science ) 304 Nature Chemistry
5 e A Advanced Materials & Nature Nanotechnology
8 %01 L A ACS Nano £ Nature Biotechnology
£ N\ —— Nanoscale EZO—
; 40+ — v/ \,(k o =
L NN A 5
20 - 2% ) N Va4 10 (e /
Y. ' \/_a,
0 =TT 1 1% & o | PP 0 ].T'J.\.',..‘..]..,
2010 2015 2020 2010 2015 2020
Year
C Year d ea
0.05- 0.06- Nano Letters
7 ga}ure ~— Nature Materials
/ = Science ‘ ;
0.04- / . c 'l Nature Chemistry
c \
o . ﬁdc"saaced Materials g 0.04 /N —~ Nature Nanotechnology
- . ano = /[ \R/ ;
5 0.03 _ Nanoscale g- \ R / \‘““ \‘)‘\ Nature Biotechnology
8‘0 02- 3 \ A/ W /T NX
6: A a 0.02-] j\:\ //\\ \‘ ;/ / //“ / Y/
0.01- o/ \/ \\/ \
L T — 0,00l —— g ————————
2010 2015 2020 2010 2015 2020

Year

Figure 2. Number and proportion of articles related to computing published in important journals
and journals in nano-field between 2010 and 2022. (a,b) Changes in the number of computing-related
articles published from 2010 to 2022 in 10 journals. (¢,d) Changes in the proportion of computing-
related articles in total published articles from 2010 to 2022 in 10 journals.

Compared with the experimental method, the model prediction can make qualitative
and quantitative prediction on the materials that have not been used or even synthesized
based on the existing data, provide reasonable prediction results for the unknown NM
and significantly reduce costs and use of animals (Figure 3a). At present, in the research of
prediction and evaluation of nanodrug properties, the widely used computational models
mainly include the machine learning model, quantitative structure-activity relationship
(QSAR) model and PBPK model. In addition, due to the multi-component and complex
microstructure of drug carriers and the limitations of experimental conditions, it is usually
difficult to observe the microscopic morphology and distribution of nanoparticles, which
is not conducive to further research. The molecular simulation method can effectively
overcome this shortcoming, which can be used to simulate the molecular structure and
behavior with the molecular model at the atomic level and then simulate the various
physicochemical properties of the molecular system, providing a more reliable direction for
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further research of the nanodrug delivery system (Figure 3b). The main steps of molecular
simulation include selecting the real system, establishing the model, running the simulation
and analyzing the data. According to different simulation scales, there are four main
methods of molecular simulation, including quantum mechanics, molecular mechanics,
molecular dynamics and Monte Carlo methods.
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Figure 3. Timeline of relevant developments to predict and simulate the physicochemical properties
and biological effects of nanomaterials. (a) Schematic of model prediction workflow. (b) Categories of
molecular simulation methods. AdaBoost: adaptive boosting, ANN: artificial neural network, CGMD:
coarse-grained molecular dynamics, CNN: convolutional neural network, CoMFA: comparative
molecular field analysis, DFT: density functional theory, DPD: dissipative particle dynamics, GA:
genetic algorithm, kNN: k-nearest neighbor, LASSO: least absolute shrinkage and selection operator,
LightGBM: light gradient boosting machine, MC: Monte Carlo, MD: molecular dynamic, MM:
molecular mechanic, PBPK: physiologically based pharmacokinetic, PCA: principal components
analysis, QM: quantum mechanics, QSAR: quantitative structure-activity relationship, RF: random
forest, SVM: support vector machine, XGBoost: eXtreme gradient boosting.

With this background, the high-speed processing and distributed computing capa-
bilities of computer technology can be used to simulate the information processing and
learning capabilities of the human brain so that computer technology can analyze and
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solve the problems faced in the process of nanodrug research and development, which may
provide new opportunities for design and development of nanodrugs, accelerate the R&D
process and reduce the failure rate. Therefore, this review will systematically introduce
application of computing in regulation and design of nanodrugs from the perspective of
algorithm prediction and molecular simulation and briefly summarize the challenges faced
in the application process.

2. Computing in Prediction of Physicochemical Properties

The physicochemical properties (size, shape, surface chemistry, elasticity, etc.) of drugs
will be significantly changed after nanometerization (including direct nanosizing of drugs
and nano-carrier-based drug delivery systems). Studies have shown that physicochemical
properties are the key factors for the fate of nanodrugs in vivo. These properties have
important effects on cell uptake, endocytosis mechanism, distribution of living tissue,
pharmacokinetics in vivo, immune response and biological safety [15-18]. Therefore, better
understanding and accurate prediction of physicochemical properties are more conducive
to design of nano-pharmaceutical systems with required pharmacokinetic and pharma-
codynamic characteristics so as to achieve efficient delivery of nanodrugs and improve
drug utilization.

2.1. Computing in Prediction of Hydrophilic—Hydrophobic Property

The hydrophilic and hydrophobic properties of nanodrugs reflect their hydrophilic or
lipophilic properties. Studies have shown that the physicochemical properties of nanodrugs
are highly related to many biological effects, such as cell uptake, in vivo distribution,
protein adsorption, pharmacokinetics, etc. In general, hydrophobic nanoparticles are more
conducive to cell uptake and can absorb more plasma proteins [17,19]. It can be said
that hydrophilic-hydrophobic property is an important prerequisite and indicator for
evaluating the biological effects of nanodrugs. Therefore, how to quickly and accurately
obtain hydrophilic-hydrophobic property of nanodrugs is of great significance to guide
rational design of nanodrugs. Hydrophilic-hydrophobic property of nanodrugs can be
quantitatively characterized by oil-water partition coefficient (measured by shaking flask
method, chromatography or production column method), hydrophobic probe molecular
method and surface tension method. At present, most researchers use logP to express
hydrophilic-hydrophobic property of nanodrugs. The traditional computing methods for
predicting hydrophilic-hydrophobic include atomic group method and group contribution
method [20,21], but the models based on these methods are often too complex and have
poor generalization.

The classic quantitative structure—activity relationship (QSAR), as a quantitative de-
scription and study of the relationship between the structure and activity of compounds,
can be used to build a prediction model by using mathematical statistical methods and
then predict various properties of compounds [22]. As a statistical simulation method, the
quantitative structure—activity relationship (QSAR) method has the advantages of small
computation and good prediction ability and has been used to evaluate the properties of
nanomaterials. Puzyn et al. [23] called it the “Nano-QSAR” model.

At present, some methods based on quantitative structure-activity relationship (QSAR)
have been used to predict hydrophilic-hydrophobic property of nanomaterials. For exam-
ple, Wang et al. [24] established a quantitative nanostructure-activity relationship (QNAR)
model to predict hydrophilic-hydrophobic property of gold nanoparticles using the virtual
gold nanoparticles (vGNP) library based on experimental results and a large number of
accurately calculated nanodescriptors.

However, selection and determination of molecular descriptors is a very important link
in QSAR modeling research [25]. Due to the lack of appropriate nano-descriptors for nano-
materials, applicability and predictability of the QSAR model are seriously limited [26,27].
In view of this, Chew et al. [14] used molecular dynamics to simulate nanoparticles to obtain
simulation-derived descriptors and then constructed a quantitative nanostructure—activity
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relationship (QNAR) model to predict hydrophilic-hydrophobic property of nanoparticles
(Figure 4).
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Figure 4. Application of computing in predicting physicochemical properties and biological activities
of nanomaterials. (a) The second column represents the specific properties and the third column
represents the algorithms and models [14,24,28-36]. Each rectangle represents an item, and the size
of the rectangle is directly proportional to the connection degree of each item. (b,c) Schematic of the
computational workflow and LeNet convolutional neural network modeling results. Adapted with
permission from [28], American Chemical Society, 2020. (d,e) Workflow diagram of prediction model
and prediction accuracy of QNAR models. Adapted with permission from [14], American Chemical
Society, 2022. LogP: adaptive boosting, PDI: polymer dispersity index, ANN: artificial neural network,
CNN: convolutional neural network, DNN: deep neural network, DT: decision table, KNN: k-nearest
neighbor, LASSO: least absolute shrinkage and selection operator, LightGBM: light gradient boosting
machine, MLR: multiple linear regression, MLP-NN: multilayered perceptron neural network, QSAR:
quantitative structure—-activity relationship, NN: neural network, PLS: partial least square, QNAR:
quantitative nano-structure activity relationships, RF: random forest, SVM: support vector machine.
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In addition, more and more machine learning algorithms have also been used to
build models to predict hydrophilic-hydrophobic property. For example, inspired by face
recognition technology, Yan et al. [28] developed a novel nanostructure labeling method
that automatically converts nanostructures into images for convolution neural network
modeling and successfully predicts hydrophilic-hydrophobic property of nanoparticles
(Figure 4b,c).

2.2. Computing in Prediction of Surface Charge

Due to the nanoscale size of nanodrugs, their surface charge will significantly affect
their aggregation performance and stability. Generally, the more charges on the surface
of nanodrugs, the more repulsive their particles will be, thus achieving stability of the
whole system. In addition, surface charge of nanodrugs also plays an important role in
determining the fate of the body [37,38]. Surface charge of nanodrugs is generally evaluated
based on Zeta potential. Surface potential is closely related to particle size, composition
and dispersion medium of nanodrugs. The measured value depends on the measurement
conditions, such as dispersion medium, ion concentration, pH and instrument parameters,
and it is necessary to select appropriate methods and media for research, such as phase
analysis light scattering (PALS), electrophoretic light scattering (ELS) or tunable resistance
pulse sensing (TRPS). For the large and complex nanomaterial system, it is obviously time-
consuming and labor-intensive to evaluate surface charge through experimental methods.
However, using computational methods to predict Zeta potential of nanomaterials can
greatly accelerate evaluation and screening of nanomaterials.

Except for the previously mentioned surface charge prediction method for nanomate-
rials [14,28], Mikolajczyk et al. [34] reported a machine learning model for predicting Zeta
potential of 15 metal oxide nanoparticles using 11 image-based descriptors and 17 com-
putational descriptors. They used the linear regression method to predict Zeta potential
of nanomaterials. The RMSE of the test set reached 1.25 mV, and the Q,gxt was 0.87.
Sizochenko et al. [35] constructed the measurement dataset containing the Zeta potential
of metal oxide nanoparticles under different environmental conditions and developed the
nanomaterial structure—property prediction model (nano-SPR), which can quantitatively
describe the relationship between the structural characteristics of 208 metal oxide nanopar-
ticles in different biological media and their Zeta potential using neural network algorithm.
The authors also optimized the model by changing the super parameters of the neural
network (such as number of hidden layers, activation function and iteration number), and
the prediction accuracy of the final model can reach 76.25%.

2.3. Computing in Prediction of Other Physicochemical Properties

In addition to the above two important physical and chemical factors, other properties,
including particle size, shape, elasticity and porosity, also affect uptake and release of
nanodrugs and are closely related to ADMET events in vivo [39,40]. For example, Sonavane
et al. [41] compared the blood circulation and biological distribution of gold nanoparticles
with different sizes (15, 50, 100 and 200 nm). They found that smaller nanoparticles
(15 and 50 nm) showed longer cycle times and higher accumulation in all organs. In
particular, they can even pass the blood-brain barrier. However, larger nanoparticles
(100 and 200 nm) showed shorter cycle time and more accumulation in liver and spleen.
Therefore, predicting these properties is very important to evaluate efficacy, safety and
metabolism of nanodrugs. Recently, He et al. [31] used LightGBM method to predict the
particle size and polydispersity coefficient of nanocrystals under different preparation
methods. The research results confirmed that the prediction model has good prediction
accuracy for nanocrystals prepared by “top-down” method.

Overall, prediction of physicochemical properties of nanomaterials by means of com-
putational tools is relatively extensive. Application of Al has also accelerated development
of high-throughput screening of nanomaterials, which is critical to find suitable carrier
materials for developing nanodrug delivery systems. In addition, the physical and chemical



Pharmaceutics 2023, 15, 1064

8 of 27

properties of nanodrugs, such as particle size, shape, hydrophobicity and surface charge,
have a crucial impact on ADMET properties and cytological effects. Precise prediction
and regulation of physical and chemical properties can greatly optimize biological char-
acteristics of nanodrugs in vivo and tap their greater potential. For example, adjusting
the different physical and chemical properties of nanomaterials can regulate the immune
system of the body and contribute to immunotherapy [18]. Currently, how to obtain an
efficient and safe optimal combination, so that the physical and chemical properties are
not simply added but give full play to the synergy to achieve the effect of “1 + 1> 2", is
still a challenge. At the same time, most Al algorithms applied for prediction of physico-
chemical properties are relatively simple and their ability to learn the data characteristics
of nanomaterials is still lacking, which leads to poor applicability of constructed models,
and predicted properties mainly focus on particle size, shape, hydrophilic-hydrophobic
property and surface charge. Prediction of other properties (such as porosity, hardness
and mechanical properties) is still less studied, and there is a lack of universal model
that can predict multiple properties at the same time. However, with the emergence of
new algorithms, increase in publicly available data and deepening of nanodrug research,
many of the above problems will be smoothly solved. It will also be possible to carry out
reasonable control and design on the physicochemical properties of nanodrugs through
computing so as to realize personalized nanodrug delivery system.

3. Computing in Prediction of Biological Activities
3.1. Computing in Prediction of Cellular Uptake

Cellular uptake of drugs is one of the important factors that determine efficacy of
drugs. Nanoparticles enter the cell mainly through endocytosis [42]. More and more
evidence shows that cell uptake is an important basis for biological effects of nanodrugs
and plays a decisive role in bioavailability and efficacy of drugs targeted in cells. However,
uptake of nanoparticles is a complex process, which is usually affected by many factors,
such as particle concentration, particle size, particle morphology, particle surface modifica-
tion, cell type and time [43]. At present, the quantitative analysis methods for uptake of
nanodrugs by cells studied in vitro mainly include flow cytometry (FCM), laser confocal
microscopy (CLSM), scanning transmission electron microscopy (STEM) and inductively
coupled plasma mass spectrometry (ICP-MS). However, these determination methods are
complex and cumbersome, which is not conducive to rapid evaluation of nanodrugs. In
order to alleviate the above problems, it can be regarded as an efficient way to dynam-
ically and accurately evaluate uptake of nanodrugs through the calculation method of
model prediction.

Apart from some of the above QSAR models and deep learning methods used to
predict cell uptake [14,24,28], as early as 2012, Ghorbanzadeh et al. [36] predicted the
uptake behavior of 109 magnetic fluorescent nanomaterials by pancreatic cancer cells
(PaCay) based on multiple linear regression (MLR) and multi-layer perceptual neural
network (MLP-NN). The R of the prediction results of the two models are 0.769 and 0.934,
and the RMSE is 0.364 and 0.150, respectively. The prediction performance of the neural
network is significantly improved compared with the traditional MLR. The sensitivity
analysis of MLP-NN model showed that the number of hydrogen donors in the organic
coating of nanomaterials was the main factor affecting cell uptake. In addition, Luan
et al. [29] developed a quantitative nanostructure activity relationship (QNAR) model
through linear multiple linear regression (MLR) and nonlinear artificial neural network
(ANN) technology, which can accurately predict the cell uptake value of pancreatic cancer
cells to nanoparticles. At the same time, the model also has good predictability to external
datasets. Ali et al. [30] constructed five different convolutional neural network models to
predict uptake of TNBC cells to nanoparticles loaded with anticancer drugs. The model
showed high accuracy and had potential for cell uptake assessment at the early stage of
drug development.
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3.2. Computing in Prediction of Protein Adsorption

After a nanodrug enters the biological environment, the endogenous proteins will
rapidly bind to the surface of the nanoparticles to form a protein coronal structure [44,45].
Protein corona can reshape the physical and chemical properties (such as size, hydrophilic-
hydrophobic, surface charge and stability) of the nanodrugs connected to it and may
adversely affect the affinity, structure and function of proteins, thus masking recognition of
nanoparticles [43,46—48]. Therefore, the study of the protein adsorbed in the corona phase
will be able to better predict the biological characteristics of nanodrugs. At present, the
largest technical difficulty in protein crown research is proteome analysis, which usually
requires highly sensitive protein mass spectrometry. The protein crown composition refers
to the relative protein abundance (RPA) of the total protein in the crown, which is an
important parameter to describe the protein crown. However, the experimental method
is not only time-consuming but also expensive. Therefore, predicting the composition
of protein crowns by computation rather than laboratory measurement can greatly save
resources and even predict the unknown interactions between biological entities and
various nanodrugs. However, due to the complex properties of nanomaterials and the
complex composition of protein crowns, it is still challenging to predict the protein crowns
and their mediated nanobiological effects.

In addition to the above methods used to predict protein adsorption [28], Ban et al. [32]
built a small protein crown database of nanomaterial. Through optimizing machine learn-
ing using random forest algorithm combined with the internal data of the database and
the double verification of cell experiments, they achieved accurate prediction of single
protein and key functional proteins (such as immune protein, complement protein and
apolipoprotein) in the complex protein crown of nanomaterial, as well as cell recognition
mediated by functional protein crown (such as cell uptake and cytokine release). Compared
with the fitting results of quantitative factors and target values obtained by traditional
linear regression model (most R? < 0.4), the R? of this model can reach more than 0.75, and
its robustness, universality and accuracy are improved after optimization. Analysis of the
formation mechanism of protein crown will help to design ideal and safe nanomaterials in
the fields of nanomedicine, biosensors and organ targeting. In addition, Ouassil et al. [33]
developed a random forest classifier using mass spectrometry data to predict protein
adsorption on single-wall carbon nanotubes (SWCNTs) functionalized by ssDNA, with
accuracy of 78%, AUC of 76%, precision of 70% and recall of 65%. The machine learning
model allows people to quickly analyze the protein attributes in the public database to
determine the protein characteristics and interested proteins of the crown of SWCNTs.

Overall, biological activities of nanodrug will affect release, transport and metabolism
of drugs in vivo. It is of great significance to fully understand the biological activities of
drugs for assessment of their non-clinical safety and effectiveness. At present, the biological
activity prediction research of nanodrug carriers is still less, including cell uptake, protein
adsorption and oxidative stress (mainly causing toxic effects; see Section 5), which is largely
due to the more complex biological activities, insufficient research on the mechanism of
action and immature characterization methods compared with physicochemical properties.
In addition, traditional ML algorithms are often difficult to meet the needs of biological
activity prediction, and there is still upside potential in algorithm improvement. In addition
to model prediction, molecular simulation is also a promising means. The combination
of model prediction and molecular simulation is expected to realize prediction of the
dynamic changes of nanodrugs in the biological environment, which will greatly promote
the research of biological activities of nanodrugs and is a direction worthy of exploration in
the future.

4. Computing in Prediction of ADME

As a new drug, nanodrugs have the characteristics of slow controlled release and
targeting compared with ordinary drugs and can improve drug bioavailability. However,
potential toxicity and unclear mechanism of action have been the important reasons for



Pharmaceutics 2023, 15, 1064

10 of 27

the high failure rate of nanodrugs in clinical development [49]. Obviously, understand-
ing the fate (absorption, distribution, metabolism and excretion) of nanomedicine in vivo
is of great significance for evaluating the overall safety and promoting development of
nanomedicine (Figure 5a,b) [50]. As a simulation tool, the physiology-based pharmacoki-
netic (PBPK) model can be used to quantitatively describe and predict concentration, time
distribution and exposure of drugs in blood and individual organs, which is crucial for
efficacy/toxicity prediction and risk assessment and is helpful to guide design of nan-
odrugs and optimize their PK. Since the first semi-PBPK model of liposome doxorubicin
was published in 1999 [51], PBPK models have been studied for many types of nanopar-
ticles. However, applications to nanoparticles are still very limited and challenging due
to the complex in vivo transport mechanisms of nanoparticles, such as opsonization and
mononuclear phagocyte system (MPS) uptake, enhanced permeability and retention (EPR)
effect, lymphatic transport, cellular recognition and internalization, enzymatic degradation
and physical property changes [52]. At present, PBPK models developed for nanoparticles
are basically based on blood circulation, which connects organs or tissues into a system.
Different from the PBPK model structure of small-molecular drugs and biological products,
the unique interaction between nanoparticles and physiological system should also be
considered when constructing the PBPK model for nanoparticles.
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Figure 5. ADME process in vivo and PBPK model of nanodrugs. (a) ADME of nanoparticles in vivo.

Adapted with permission from [53], Elsevier, 2020. (b) Schematic diagram of PBPK model structures
for nanoparticles. (c) Schematic diagram of the AuNP PBPK model. (d) Comparison between
simulation results and experimental results of the AuNP biodistribution. Adapted with permission
from [54], Springer, 2015.
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4.1. Computing in Prediction of Absorption

Nanodrugs can enter the body through many ways, such as vein, oral, subcutaneous
or muscle [55,56]. The route of administration is an important factor that determines the
absorption of nanodrugs. After intravenous administration, nanodrugs directly enter the
systemic circulation. After oral administration, drug-loaded particles can be absorbed in the
gastrointestinal tract through paracellular transport, cell ingestion and M cell uptake [57],
and a small amount may be absorbed into the systemic circulation through the lymphatic
system. After subcutaneous and muscular administration, the drug-loaded particles are
absorbed mainly through macrophages and lymph uptake [58] and then distributed into
the systemic circulation. Compared with the in vivo absorption of ordinary drugs, which
is mainly reflected by the determination of the concentration of active drugs in the sys-
temic circulation, evaluation of the in vivo absorption of carrier nanodrugs is relatively
complex. Therefore, PBPK models for conventional molecules are generally not suitable for
simulating absorption of nanodrugs [59].

In fact, nanoparticles enter cells mainly through endocytosis [42,43,60]. However,
endocytosis of nanoparticles is a very complex process and simulation of endocytosis
of nanoparticles increases the complexity and uncertainty of the PBPK model. To avoid
this complexity, PBPK model can use linear equations to simulate the size independent
endocytosis of nanoparticles. For example, Bachler et al. [61] have based uptake rates
on organ-specific characteristics, including capillary wall type, phagocytosis efficiency as
well as the amount of Ag NPs that passes through the capillary walls of each organ as
determined from organ blood flow normalized to the total blood volume. However, the
uptake rate of nanoparticles in vivo is not linear. It has been observed that the uptake
rate will slow down as saturation approaches [62]. In order to predict endocytosis of
nanomaterials more accurately, Lin et al. [63] used the Hill function (a time-dependent
uptake rate function) to predict the endocytosis of nanomaterials.

Furthermore, Rajoli et al. [64] applied PBPK modeling to address the feasibility of
developing monthly intramuscular injectable nanodrugs for antiretrovirals. Based on the
clinical data of each antiretroviral oral preparation, researchers expanded the PBPK model
with an intramuscular depot compartment to simulate drug release and absorption. Subse-
quently, the full PBPK model was verified against the existing antiretroviral nanodrugs.
Through simulation, the authors were able to optimize the combination of dose and release
rate of eight antiretroviral drugs to maintain therapeutic plasma concentration during the
entire administration interval. The prediction results show that, when the optimized dose
is within the dose range of intramuscular injection, the feasibility of each antiretroviral
drug nanodrug per month is confirmed.

4.2. Computing in Prediction of Distribution

After absorption, the nanodrug will be distributed throughout the body and in the
tissue [65-68]. The specific distribution still depends on the physical and chemical prop-
erties and surface properties of the drug-loaded particles and is also affected by many
factors, such as blood protein binding, tissue and organ hemodynamics and vascular tissue
morphology (such as the size of the gap). Because nanoparticles are often used to change
the biological distribution of encapsulated drugs, the method of accurately predicting the
distribution of nanoparticles in vivo will greatly guide the design and optimization of nan-
odrugs. Traditionally, two distribution models have been proposed to describe the tissue
distribution dynamics of small molecules: blood perfusion limited model and diffusion
limited model [14]. However, these two distribution models are not sufficient to accurately
describe the complex tissue distribution process of biological products and nanoparticles.
Therefore, it is very important to develop a PBPK model suitable for evaluation of nanodrug
distribution in vivo.

For example, Li et al. [69] applied a general PBPK model with limited permeability to
fit the biological distribution data of five poly(lactic-co-glycolic) acid (PLGA) nanoparticle
formulations prepared with varied content of monomethoxypoly (ethyleneglycol) (mPEG).
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Then, multiple linear regression was performed to establish the relationship between
the properties of nanoparticles (size, Zeta potential and number of PEG molecules per
unit surface area) and biological distribution parameters. For all five initial formulations,
the developed model fully simulated the experimental data. The predicted biological
distribution curve based on the physical and chemical properties of PLGA-mPEG495
nanoparticles (a sixth formulation) is close to the experimental data, reflecting properly
developed property-biodistribution relationships, which indicates that the model is suitable
for describing the biological distribution of PLGA-mPEG nanoparticles.

In addition, Bachler et al. [61] used PBPK model to estimate the absorption and sys-
temic distribution of silver nanoparticles and ionic silver after skin, intestinal or lung
exposure. This model can describe the tissue distribution of ionic silver and silver nanopar-
ticles with the size of 15 nm to 150 nm in rats and humans for risk assessment. In particular,
the model can distinguish the mucociliary cleared from the bile particles cleared in the feces.
Similarly, Li et al. [70] established a similar PBPK model, including mucociliary clearance,
phagocytosis and entry into the systemic circulation by alveolar wall penetration, to study
the biological distribution dynamics of combustion-generated CeO, nanoparticles inhaled
by rats. The model successfully predicted the biological distribution of CeO, nanoparticles
in various organs and showed that most nanoparticles were captured by phagocytes.

Unlike the conventional methods, Bachler et al. [54] proposed a new two-step method
to evaluate the biodynamics of inhaled NPs. In a first step, alveolar epithelial cellular
monolayers (CMLs) at the air-liquid interface (ALI) were exposed to aerosolized NPs
to determine their translocation kinetics across the epithelial tissue barrier. In a second
step, the distribution to secondary organs was predicted with a physiologically based
pharmacokinetic (PBPK) model (Figure 5c). The experimental results show that the com-
bination of in vitro experiments and computational methods can accurately predict the
pharmacokinetics of NPs in vivo (Figure 5d) and has the potential to replace short-term
animal studies aimed at evaluating the lung absorption and biological distribution of NPs.

4.3. Computing in Prediction of Metabolism

The active drugs and depolymerized carrier materials in the nano-carrier drugs are
mainly metabolized by metabolic enzymes in liver and other tissues in vivo. In addition,
drug-loaded particles are easy to be swallowed by MPS and then degraded or metabolized
by lysosomes, which may affect the type and quantity of metabolites of drugs and carrier
materials. Therefore, it is important to determine the main metabolic pathways of active
drugs and carrier materials and analyze their metabolites. However, in the published PBPK
model, due to the lack of knowledge of chemical and metabolic degradation processes,
first-order degradation kinetics are usually assumed for most nanoparticles. For example,
Lin et al. [71] assumed that all Quantum Dot 705 (QD705) disposition was associated with
the first-order rate of metabolism, kf, in the liver, and the time-dependent nature of this
rate constant was described by a Hill function.

Due to the unique physical and chemical properties of nanomaterials and the complex-
ity of biological effects, it is difficult to directly measure the metabolic data of nanodrugs
in vivo using existing technologies. One solution is that, as in Lin et al. [71], the degradation
rate measured in vitro can be used as the initial value of the parameters of the metabolic
model and the initial value can be further optimized by fitting the model with the available
ADME data in vivo [59].

4.4. Computing in Prediction of Excretion

Generally, nanodrugs are excreted mainly through glomerular filtration into urine
or excreted with feces in the form of bile secretion through the liver [52,72-74]. Due to
the influence of different physicochemical properties, the drug excretion pathway and
excretion rate will vary after the administration of nanodrugs. It has been proven that the
renal clearance depends on the size of nanomaterials, where nanomaterials less than 5.5 nm
can be effectively and completely eliminated by the renal clearance [72], while the renal
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clearance of larger nanomaterials is very slow [75]. Aborig et al. [76] assumed that the
renal excretion of gold nanoparticles with diameter larger than 10 nm was negligible. In
addition, hepatocytes are conducive to uptake of positively charged nanoparticles and intact
nanoparticles or their degradation products can be excreted in bile, but the hepatobiliary
excretion of nanoparticles is usually very slow (from hours to months) [74]. As excretion is
an important process to reduce the potential toxicity of nanodrugs, it is extremely necessary
to develop an appropriate PBPK model to evaluate it for nanodrug Ré&D.

At present, the PBPK model of nanomaterials mainly focuses on kidney and hepatobil-
iary clearance, and bile and urine excretion rates are highly influential parameters in many
nanomaterial PBPK models [77]. Generally, these excretion parameters of nanomaterials
can be mined from the literature. For example, according to the observation results in
literature [78], in the PBPK model constructed by Carlander et al., the urine excretion of
TiO, NP was set to zero and the biokinetic distribution of TiO, nanoparticles was accurately
simulated [79]. Similarly, Lin et al. [77] used rates in their PBPK model for Au NPs, which
were obtained from the study on tissue kinetics of PEG-coated Au NPs by Cho et al. [80].

Overall, the PBPK model is still the main application of computing in the study of
nanodrug pharmacokinetics. Studying the pharmacokinetics of nanodrugs in vivo through
calculation is conducive to evaluating safety and efficacy of drugs, guiding drug design,
screening new drugs, optimizing drug delivery plan and significantly reducing time and
costs in the research process. However, due to the lack of research on the metabolism
process of nanomaterials in vivo, the PBPK model currently constructed mainly focuses
on absorption, distribution and excretion of nanomaterials. In addition, due to the limited
actual physiological data and lack of professionals, some parameters in many PBPK models
still need to be further optimized and the prediction performance needs to be improved.

5. Computing in Prediction of Toxicological Assessment

Due to their special physicochemical characteristics, such as nanoscale effect and
nanostructure effect, nanodrugs have relatively special biological characteristics. While
providing benefits to clinical application, the safety risks they carry may also increase
correspondingly [81]. In addition to intravenous injection, nanodrugs enter the human
body mainly through skin penetration, the digestive system and respiratory system. In the
blood, nanodrugs will interact with blood proteins to form protein crowns, which will affect
the physicochemical properties of blood and cells [82]. In addition, nanodrugs can also
reach various tissues of the human body through the blood circulation system, and some
nanodrugs are absorbed by organs, which will cause damage to organs and tissues [83,84].
Toxicity has always been the focus of attention regarding safety of nanodrugs. At the same
time, toxicity is also a major reason for failure of drug R&D. Therefore, only by accurately
predicting toxicity of nanodrugs can we ensure safety of drugs, better protect patients and
improve the efficiency of drug development.

At present, there are many kinds of nano-carrier materials with different toxicity
mechanisms. In view of various mechanisms, although there have been a wide range of
toxicological evaluation experiments and means of nanodrugs in the world [85,86], there
has not yet been a unified framework to comprehensively and effectively evaluate toxicity of
nanodrugs. Currently, to evaluate the toxicity of a nanodrug in detail, researchers usually
need to evaluate it from many aspects, such as lung toxicity, kidney toxicity, immune
toxicity, genetic toxicity, carcinogenicity and so on [87-91]. However, most of the traditional
toxicological research methods are based on experimental tests, which have the problems
of long time, high cost and cumbersome operation. Therefore, it is necessary to use non-test
assessment methods in hazard assessment of nanodrugs. As an auxiliary tool for simulation
and prediction, computing can make up for the above deficiencies to a large extent, identify
and evaluate potential risks, reduce use of biochemical reagents and experimental animals,
guide and optimize design of nanodrug structures and even explore new mechanisms of
nanodrug toxicity.
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In the past decade, many computational methods have been developed to predict
toxicological effects in nano form (Table 1). Huang et al. [92] built a comprehensive dataset
of 30 metal oxide nanoparticles (MeONPs) and generated descriptors of MeONPs through
quantum chemical calculations. Based on the constructed database and quantum chemical
calculation, the authors established a QSAR model using machine learning to predict the
pulmonary inflammatory effect induced by MeONPs. The prediction accuracy of the model
is more than 90%. Through verification of the experiment, it is proven that the external
prediction ability of the model is good, and the accuracy rate is up to 86%. Machine learning
model analysis shows that electronegativity, (-potential and cationic charge are the key
parameters that affect the inflammatory effect induced by MeONPs. DFT calculation and
experimental results further reveal the potential toxicity mechanism: metal oxides with low
metal electronegativity and positive (-potential are more likely to cause lysosomal damage
and inflammation. This work provides a tool for toxicity screening and safety design of
nanomaterials and also provides the possibility of replacing large-scale animal experiments
with computational simulation in the future. In addition to prediction of lung toxicity, Ban
et al. [93] collected data from published literature to build a database containing 250 pieces
of reproductive toxicity data of nanomaterials and used random forest algorithm to model
and predict impact of nanomaterials on reproductive toxicity in mice. The results show that
the RF model has good prediction performance in all subsets, with R? values greater than
0.6. In addition, importance analysis of the characteristics of the random forest showed that
type of nanomaterials (e.g., Ag, MWCNT and TiO;) and category of toxicity indicators (e.g.,
sperm parameters, testosterone level and testis index) were the most important factors to
be considered when evaluating reproductive toxicity of nanomaterials.

Furthermore, Yu et al. [94] proposed a tree-based random forest feature importance and
feature interaction network analysis framework (TBRFA) to predict and analyze pulmonary
immune responses and lung burden of nanoparticles. The prediction accuracy of the model
meets that the R? value of all training sets is >0.9, and the R? value of half of the test sets is
>0.75. In addition, TBRFA uses multiway importance analysis to overcome the deviation
caused by the structural imbalance of small sample datasets and identifies that exposure
recovery time, dose, specific surface area of materials and material size are important
factors that affect the biological effects induced by nanomaterials. TBRFA also builds
feature interaction networks. By calculating the interaction coefficient between the two
features, it revealed that the specific surface area and surface charge, specific surface area
and length, length and diameter of materials play a role of mutual restriction and influence
in the process of inducing biological effects and improved the interpretability of the model.
This study provides an important idea for design and application of ideal nanoparticles.

Overall, toxicity determination is one of the most important and challenging steps
in the drug discovery and development cycle. Similar to prediction of physicochemical
properties, toxicity of nanodrugs and nanomaterials is mostly predicted by using ML
algorithms and QSAR model. Use of predictive toxicology models provides a fast, cheap
and reliable alternative for large-scale in vivo and in vitro bioassay, which helps to solve
the ethical, economic and efficiency limitations of traditional toxicology experiments and
also promotes understanding of toxicity mechanisms. However, the following challenges
still exist in the prediction model of nanotoxicity. On the one hand, the amount of toxicity
effect data of nanomaterials is limited, and most of them are in vitro data, lacking relevant
data of toxicity in vivo. On the other hand, proper descriptors play a crucial role in the
prediction performance of the models. At present, there is still a lack of descriptors that can
accurately characterize the overall structure of nanomaterials.
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Table 1. Computational case for predicting nanotoxicity.
Types of Nanomaterials Descriptors Computing Methods End P(])Eiflggtf Toxic Reference
. Physicochemical and
Metal and metal oxide .
nanoparticles 2D—t0Pologlcal QSAR, ANN CCsp, LCsp, ECsp [95]
descriptors
Periodic-table-based
Metal oxide nanoparticles and physicochemical ANN log(1/ECs0) [96]
descriptors
Metal oxide nanoparticles Structural descriptors QSAR, GA-MLR log(1/ECsp) [10]
carbon nanotubes Molecular descriptors QSAR, RF, kNN, SVM acute cytotoxicity [12]
. : Atom-based . ..
Inorganic nanomaterials quantitative descriptors LightGBM Cytotoxicity [97]
TiO; hybridized with
multi-metallic (Ag, Au, Pt) alloy Empirical descriptors 815311;Rk¥% R, KRR, SVR, ECsg [98]
nanoparticles ’
Structural
;i tab]od C4.5, LGR, RF, kNN,
Metal oxide nanoparticles periodic t.able bas.ed DT, LWL, Bayesnet, Immunotoxicity [99]
and physicochemical SVM
descriptors
Free energy analysis,
Two-dimensional nanomaterials MD’ computational Cytotoxicity [100]
indicator of
nanotoxicity (CIN2D)
Physicochemical and
Silver nanoparticles experimental DT, RF Cytotoxicity [101]
descriptors
Periodic-table-based
Metal oxide nanoparticles and physicochemical LR, RF, SVM, NN Cytotoxicity [102]
descriptors
Physicochemical and
Multi-walled carbon nanotubes experimental gsﬁRN%CA’ LR, RE, Genotoxicity [103]
descriptors ’
Periodic-table-based LDA, NB, MLogitR,
Metal oxide nanoparticles and experimental SMO, AdaBoost, J48, ECsg [104]
descriptors RF
Cadmium-containing quantum .
dots and metal oxide nanoparticles LightGBM ICso [105]
Engineered nanomaterials ghYSI.C ochemical RF Developmental toxicity  [106]
escriptors
TiO, and ZnO nanoparticles ghys{comemlcal MLR, LDA LDH release [107]
escriptors
Metal oxide nanoparticles Molecular descriptors QSAR, MLR log(LCs) [108]
. . SMILES-based optimal
Metal oxide nanoparticles descriptors QSAR PECsp [109]
Metal oxide nanoparticles EIMIL.ES'baSGd optimal g AR MC-PLS LCso [110]
escriptors
. . Physicochemical
Metal oxide nanoparticles descriptors QSAR, MLR log(1/ECsg) [111]

AdaBoost: adaptive boosting, ANN: artificial neural network, C4.5: C4.5 decision tree, DT: decision table, GA-
MLR: multiple regression method combined with genetic algorithm, GPR: Gaussian process regression, J48: C4.5
decision tree, KNN: k-nearest neighbor, KRR: kernel ridge regression, LDA: linear discriminant analysis, LGR:
logistic regression, LightGBM: light gradient boosting machine, LR: logistic regression, LWL: locally weighted
learning, MC-PLS: Monte Carlo partial least square, MD: molecular dynamic, MLogitR: multinomial logistic
regression, MLR: multiple linear regression, NB: naive Bayes, NN: neural network, PCA: principal components
analysis, QSAR: quantitative structure-activity relationship, QSTR: quantitative structure—toxicity relationship,
RF: random forest, RFR: random forest regression, SMO: sequential minimal optimization, SVM: support vector
machine, SVR: support vector regression.
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6. Computing in Other Aspects of Nanodrug R&D Process
6.1. Computing in Prediction of Nanomodeling

Traditionally, the properties of nanomaterials are often measured and evaluated
through experiments, but this is not only time-consuming and laborious but also may
face ethical problems in animal experiments. In addition, changes in physicochemical
properties of nanomaterials will also greatly affect their biological effects in vivo. For
the same type of nanomaterials, it is often necessary to evaluate properties of different
sizes and shapes. This has brought great challenges to the workload of the experiment
and preparation process. Therefore, it is an economically feasible alternative to model for
nanomaterials through computing method and then predict their properties.

For instance, Wang et al. [24] first synthesized a large library of gold nanoparticles
and obtained comprehensive data on their characteristics and biological activities. At the
same time, each nanoparticle in the library was simulated by calculating the nanostructure
characteristics of each nanoparticle, and a virtual gold nanoparticle library was established
using the in-house GNPrep program. In addition, a quantitative nanostructure—activity
relationship (QNAR) model was built using the kNN algorithm to predict and design
nanoparticles with required biological activities. The experimental results of the designed
nanoparticles are consistent with the model predictions (Figure 6a). These findings show
that it is completely feasible to predict the properties of nanomaterials through virtual mod-
eling and can significantly reduce the efforts and costs of nanomaterial discovery. Further,
Yan et al. [27] used the above GNPrep program to model for the real gold nanoparticles
dataset and built a virtual gold nanoparticles library. Based on these vGNPs, the authors
calculated new nano-descriptors and developed a quantitative nano-structure activity rela-
tionship (QNAR) model to predict the physicochemical properties and biological activities
of gold nanoparticles. The prediction results show that the model has high predictability
for physicochemical properties (log P and Zeta potential) and simple activities (two cellular
uptakes) but moderate accuracy for more complex bioactivities (GNP-enzyme bindings
and ROS induction). Similarly, Liu et al. [112] applied the above modeling strategy to build
a virtual carbon nanoparticle library based on experimental data. They developed the
QNAR model by calculating the nano-descriptors of the virtual carbon nanoparticles and
successfully predicted the cytotoxicity and four different inflammatory reactions induced
by the PM, 5 model.

6.2. Computing in High-Throughput Screening of Nanodrugs

With the increasing demand for nanodrugs, finding suitable new nanodrugs has
become a major task in nanodrug research. However, the traditional drug screening mode
is mainly based on the common cell model or animal model, which has limitations, such
as high cost and long cycle, and high requirements on the operating skills of technical
personnel [84]. It is difficult to carry out effective and economic screening of a certain
number of samples in a short time, which greatly limits the development process of
new nanodrugs. At present, computer-aided technologies (such as machine learning and
molecular simulation) have been widely used in virtual screening of small-molecular drugs
and have achieved impressive results. As an efficient and accurate means, computer-aided
technology has also been used for high-throughput screening of nanodrugs to replace
traditional methods.
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Figure 6. Computational applications in other aspects of nanodrug development. (a) Schematic
workflow of predictive modeling and QNAR model performance. Adapted with permission from [24],
American Chemical Society, 2017. (b) A drug screening system utilizing convolutional neural network
based on flow cytometry single-cell images provides accurate and rapid approach for screening drug
and nano-carrier drug system. Adapted with permission from [113], Wiley Online Library, 2021.
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Society, 2018.
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Recently, some studies have shown that some anticancer drugs can form stable
nanoparticles with ultra-high drug-loading volumes when combined with specific small-
molecular excipients. In view of this, Reker et al. [115] combined molecular dynamics (MD)
simulation and machine learning with a high-throughput experimental co-aggregation
platform to quickly identify effective drug—excipient combinations. In this work, they ex-
tracted drugs and excipients from DrugBank and FDA libraries, respectively, and produced
about 2.1 million drug—excipient combinations. Machine learning analysis of the dataset is
completed using a random forest classifier. In addition, high-throughput dynamic light
scattering (DLS) is also used to train and validate the platform. Although the relevant
characteristics of MD contribute a great deal to accurate prediction of co-aggregation and
help to understand stability of nanoparticles, considering the cost of calculation, it is obvi-
ously unrealistic to carry out MD for 2.1 million potential drug—excipient pairs. Therefore,
researchers have applied machine learning models specifically for training of physicochem-
ical properties. The improved model has slightly lower retrospective performance but
higher computational ability and predicts formation of copolymer with a precision of 0.94.
After that, several predicted condensates were verified in the test set through experiments,
proving the reliable prediction ability of the screening platform.

Further, Zhu et al. [113] developed a drug screening system (called DeepScreen)
utilizing convolutional neural network based on flow cytometry single-cell images. The
model can efficiently extract, identify and locate tiny variation from cell apoptosis and
slight changes in cellular period caused by drugs. Even under interference of nanomaterials
and spontaneous fluorescence of drugs, the effect of drugs can be accurately judged by
DeepScreen (Figure 6b). Compared with common experimental methods, using this model
to screen nanodrugs can greatly shorten detection time from a few days to 2-6 h and
significantly improve detection efficiency. Further, the experimental results show that the
detection accuracy of the model is as high as 0.966. All these superior performances show
that DeepScreen is a nanodrug screening system with broad application prospects.

6.3. Study on Mechanism of Action

When nanodrugs enter the body, they will interact with various components (such
as cell membrane and protein) in the biological environment. Understanding how nan-
odrugs interact with biological components is crucial to grasp the absorption, distribution,
metabolism and excretion process of nanodrugs in the body and clarify related risks to
human health. Relatively speaking, due to the complexity of the behavior of nanodrugs
in vivo, the existing in vitro experiments cannot completely simulate the internal environ-
ment. As a computational simulation tool, molecular simulation can simulate experiments
that are difficult to carry out under normal conditions, reduce costs of experiments and
also provide high security. Therefore, molecular simulation is a good alternative.

For example, Ding et al. [114] reported that virus-mimicking designer DNA nanostruc-
tures act like charge attraction on the interface of cell membrane. The results showed that
cellular internalization of tetrahedral DNA nanostructures (TDNs) mainly depended on
lipid mediation, where caveolin plays a key role in providing short-range attraction at the
membrane interface. After that, the authors studied the interaction between a tetrahedral
DNA nanostructure with edge length of 20 bp (TDN-20) and the simulated cell membrane
by conducting dissipative particle dynamics (DPD) simulation (Figure 6¢). Both simulation
and experimental data show that TDN approaches the membrane mainly through its cor-
ners to minimize electrostatic repulsion, and they cause uneven charge redistribution in
the membrane under the short-distance limit of caveolin. This work provides new insights
into the mechanism of charge attraction at the nanoscale.

In addition, the method based on machine learning can also be used to predict the
interaction sites of nanomaterials and proteins. Cha et al. [116] extended the machine
learning algorithm for protein—protein interaction training to interaction between inorganic
nanoparticles and proteins. The results showed that the predicted protein interaction sites
of nanoparticles almost matched the experimental results. These findings can be extended
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to other organic and inorganic nanoparticles to predict their interactions with biomolecules
and other chemical structures.

6.4. Guidance on Rational Design of Nanodrugs

Several studies have shown that the physicochemical properties of nanodrugs and
nanomaterials will greatly affect their behavior and activities in vivo, such as cycle time,
biological distribution, targeting and immunogenicity, and the physicochemical properties
are relatively easy to be controlled and adjusted. Therefore, it is an excellent choice to design
nanodrugs reasonably by adjusting physicochemical properties to build personalized
functional nanodrugs.

For example, Shamay et al. [117] described a targeted drug delivery system that is
accurately and quantitatively predicted to self-assemble into nanoparticles based on the
molecular structures of drugs themselves. These drugs can be assembled with the help of
sulfated indocyanines to form particles with up to 90% ultra-high drug loading. At the
same time, the authors designed a quantitative structure-nanoparticle assembly prediction
(QSNAP) model based on the decision tree algorithm, which can accurately predict nano-
assembly and nanoparticle size. Based on the above model, the authors found targeted
drug carrier nanoparticles (nanoparticles combined with kinase inhibitors sorafenib and
trametinib) formed by self-assembly of small molecules. The nanoparticles can selectively
target human colon cancer and liver cancer in in situ models expressing CAV1 to yield
significant therapeutic effects while preventing inhibition of healthy tissues. This study
provides guidance for computational design of nanodrugs based on the quantitative model
of drug payload selection.

Furthermore, from bottom to top, it is also a good choice to develop nanodrugs with
required functions based on the mechanism of action. However, there is still a lack of re-
search on the in vivo behavior mechanism of nanodrugs and nanomaterials, which greatly
increases blindness and uncertainty of nanodrug R&D. In view of this, Zhu et al. [118]
combined protein-based nanoprobes and image-segmentation-based machine learning to
establish a new technology for high-throughput quantifying single-vessel permeability
in tumor, named Nano-ISML. Through quantitative analysis of >67,000 individual blood
vessels from 32 tumor models, it is systematically revealed that there is great heterogeneity
in tumor vascular infiltration. It was found that the percentage of high-permeability vessels
in different tumors was more than 13 times and the penetration ability in vessels with the
highest permeability is >100 times more than vessels with the lowest permeability, which
mainly depended on tumor type and vessel type. The research data show that passive
extravasation and transendothelial transport were the dominant mechanisms for high- and
low-permeability tumor vessels, respectively. The authors proposed a new strategy for
classification of hypertonic and hypotonic tumors based on this mechanism. Based on the
research results of tumor vascular permeability mechanism of nanomaterials, the authors
developed genetically tailored protein nanoparticles with improved transendothelial trans-
port in low-permeability tumors with the help of nano-ISML-assisted nanodrug design,
which improved the therapeutic effect of drug delivery system on tumor models.

In addition to the above two cases that guide design of nanomedicine, it is also a new
perspective to build a virtual biological environment (such as tumor environment) to simu-
late the biological behavior of nanodrugs or nanomaterials and then realize optimization
of nanodrugs or nanomaterials [119]. However, the effectiveness of practical application
of this method should remain for further discussion. On the one hand, the research on
the mechanism of nanomaterials is still insufficient, which directly affects the rationality
of the constructed virtual environment. On the other hand, it is difficult to guarantee the
reliability of physiological parameters of the model.

6.5. Simulation Study of Nanodrug Delivery

As a computing method for simulation, application of molecular simulation can intu-
itively reflect structure and behavior of nanodrugs and obtain dynamic information under
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different conditions. Although there are still some limitations, simulation of nanodrug
delivery can provide sufficient reference information for implementation of an experiment
and help to improve design of a nanodrug delivery system. At present, application of
molecular simulation in nanodrug delivery mainly focuses on self-assembly, drug release,
stability and interaction with cell membrane of nanodrugs. For example, Kordzadeh
et al. [120] used molecular dynamics (MD) simulation and density functional theory (DFT)
methods to study the delivery, loading and release of doxorubicin using functionalized
carbon nanotubes (f-CNT) (functionalized by carboxyl and folic acid, respectively, named
CNT-COO and CNT-COO-FA) as carriers. The simulation results showed that, at pH =7,
CNT-COO-FA had stronger binding with drug molecules and could carry more drug. The
drug release simulation around the cancer cell model (pH = 5.5, containing folate receptor
on cell surface) shows that CNT-COO-FA, with a pH- and ligand-sensitive mechanism,
has strong interaction with cancer cells, resulting in higher drug release, which is con-
sistent with the experimental results. Based on the results obtained, it can be found that
the pH and ligand sensitivity mechanisms are the reasons for the higher drug delivery
efficiency of CNT-COO-FA. These results have certain guiding significance for design of
high-performance drug delivery systems.

Moreover, Katiyar et al. [121] studied the effect of media-drug and carrier-drug
interactions on pH-responsive drug carriers (using poly(acrylic acid)(PAA) oligomers)
through two sets of simulations with molecular dynamics simulation. The first set of
simulation results showed that PAA was relatively less ionized in the gastric juice model
and formed aggregates because the pH value of gastric fluid was significantly lower than
the pH value of intestinal fluid. The second group of simulation results showed that,
with an increase in pH, although PAA aggregation decreased, the diffusion coefficient
of DOX would decrease due to an increase in the ionic complexation of PAA with DOX.
The research results of these two groups show that carrier aggregation and carrier drug
interaction are competitive influences that jointly determine drug release of pH-responsive
polymers. The method in this paper can also be applied to other new polymers and drugs,
which is helpful to design and develop potential drug delivery systems. In short, as an
auxiliary tool, molecular simulation can accelerate development of drug delivery systems
to a certain extent, but it cannot completely rely on molecular simulation. The limitations
of simulation methods make the results inevitably different from the actual situation. More
work needs to be completed to explore these problems.

Overall, application space of computing in R&D of nanodrugs is very broad. For com-
plex applications, model prediction and molecular simulation are often used in combination
at the same time, which greatly promotes the development process of nanodrug discovery.
As an efficient and practical tool, computing has been widely used in development of
common drugs. Therefore, its application prospect in nanodrugs can learn from common
drugs. However, application of computing in these areas also has problems faced by the
above several computing topics, such as insufficient learning ability of algorithms and lack
of appropriate descriptors.

7. Conclusions

With progress in science and technology, development of computer technology has
entered a fast and new era. Significant improvement in computer performance and the
availability of big data have greatly promoted development of various algorithms and
simulations and further accelerated application of computer technology in artificial intelli-
gence, life science, materials science and other fields. Although drug R&D is a relatively
traditional and conservative field, the proportion of computing in drug development has
risen rapidly in the past decade. At present, computer technology has been successfully
applied in most aspects of the early stage of drug discovery, which has greatly promoted
development of drug R&D.

As innovative drugs developed by using nanotechnology, the research and develop-
ment process of nanodrugs also widely uses computing methods, such as model prediction
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and molecular simulation, including high-throughput screening, structural characteriza-
tion, physicochemical and biological properties prediction, pharmacokinetic analysis and
toxicity prediction. In the computing tools, application of ML algorithms in Al is dominant
and has achieved good research results, which is encouraging.

Although computational research can never replace laboratory experiments, applica-
tion of computational tools can reduce blindness and contingency in nanodrug develop-
ment, accelerate development progress and save time and costs. As a technology-intensive
and fast-updating discipline, computer technology is bound to be deeply integrated with
nanodrug R&D and become the engine to promote high-quality development of nanodrugs.

Despite having achieved many successes in regulation and design of nanodrug appli-
cations, computing still faces many challenges. In particular, obtaining a large amount of
reliable data remains the main challenge in the process of nanodrug R&D. Compared with
small molecular databases (such as PubChem database, containing 111 million compounds),
protein databases (such as uniport database, containing more than 200 million protein data)
and gene databases (such as KEGG database, containing more than 38 million biological
gene data), the amount of data in the nano-field is small and the quality of data is not ideal.
On the one hand, credibility of data is highly dependent on the experimental conditions
and technical level of the testers. At the same time, the biological system of nanodrugs is
extremely complex, which also has a great impact on the instability of the experimental re-
sults. On the other hand, the experimental methods related to nanomaterials are expensive,
time-consuming and laborious. It is difficult to determine the properties of nanomaterials
with a wide variety and large number by experimental methods. One way to solve this
dilemma is to build open databases to share data. In addition, nanomaterial data should
also be obtained through experimental methods or data mining, and these large amounts
of nanomaterial data should be unified into a standard database to facilitate data sharing
between different research groups. However, there are still some difficulties in this process
and there is a long way to go.

Lack of appropriate descriptors is also a problem we have to face. Construction of
nanodrug prediction models often requires participation of nano-descriptors. Appropri-
ate nano-descriptors can greatly improve prediction accuracy. Nano-descriptors used
in previous studies are mainly divided into experimental descriptors, ligand descriptors
and quantitative calculation descriptors [122]. However, experimental descriptors are
time-consuming and laborious and the repeatability is poor. Ligand description is only cal-
culated from the surface ligand and cannot fully include information of nanomaterials, such
as type, particle size, ligand distribution and density. Quantitative computing descriptors
consume a great deal of computing resources, and it is difficult to calculate nanomate-
rials with large particle size. Therefore, the lack of descriptors that can characterize the
overall structure of nanomaterials is an important obstacle to use of models to predict the
biological effects of nanodrugs. One way of thinking is to solve the descriptor problem
by using images directly converted from nanostructures. For example, inspired by face
recognition technology, researchers have developed a new nanostructure labeling method
that automatically converts nanostructures into images and performs convolutional neural
network modeling [122]. Compared with the traditional ML method, this kind of method
does not need complex nano-descriptors calculation and directly learns nanostructure
features from NM images. However, there are still defects in the current nanostructure
image and convolution neural network modeling. For example, a nanostructure image
shows diversity and difference in nanostructures, but, because of the complexity of nanos-
tructures, it still cannot fully reflect the experimental value. In the future, more advanced
3D or higher-dimensional nanostructure imaging methods are needed [122]. In addition,
through molecular dynamics simulation of nanostructures, simulation-derived descriptors
from computational simulation can also be regarded as a solution.

Another major challenge is the limitation of molecular simulation for complex systems.
Although molecular simulation based on force field is increasingly widely used in chemistry,
materials and life systems, it plays an important role in obtaining the structure and dynamic
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properties of complex molecular systems. However, in application of complex systems, such
as nanodrugs, molecular simulation still has bottlenecks, such as limited simulation scale,
low accuracy, slow calculation and unstable convergence, that need to be solved. In recent
years, development of deep learning methods and software and hardware architectures
has provided new technical support and ideas for progress in molecular simulation. The
precision of molecular dynamics simulation based on neural network can be comparable
with that based on quantum mechanics, but its operation speed is tens of thousands of
times faster than that of the latter. In general, achieving higher efficiency, simulating larger
systems, achieving longer evolution time and obtaining more accurate simulation results
are the future development trends of molecular simulation in application of nanomedicine.

8. Future Perspectives

With the rapid development of computer technology and nanotechnology, many of
the above challenges are likely to be solved in the near future. Application of computing
in the process of nanodrug research and development is bound to be more extensive and
deeper, which will also ameliorate the situation of high cost and high risk of failure in R&D
of nanodrugs. Similarly, nanodrugs will also have better ADMET characteristics, targeting
activity and safety under precise regulation and design. With the help of computer technol-
ogy, we will also have a deeper understanding of the biological effects and mechanism of
action of nanodrugs and provide more accurate treatment plans for more clinical treatment
groups. In addition, calculation will not only be limited to the development stage of nan-
odrugs but also applied to recruitment of patients in clinical trials. For a long time, it has
been time-consuming and laborious to recruit enough suitable patients for clinical trials.
Building models and forecasting disease data may help pharmaceutical companies identify
and recruit target patients more accurately and quickly.

On the other hand, popular Al technology can also further strengthen cooperation
with nanodrug R&D. For example, computer vision technology of Al can be used to
analyze the distribution imaging and tissue imaging of nanodrugs or nanomaterials in vivo,
and it is more likely to find information that is ignored by human beings. In addition,
with increasing research on nanodrugs, several related research papers have also been
published. How to retrieve high-quality nanodrug literature that meets requirements in a
short time and quickly find more hidden information from the intricate literature is still a
major problem for researchers. Further, text mining based on natural language processing
technology of Al is an effective way to solve the above problems.

In short, computing has shown potential in all stages of nanodrug R&D. In addition to
the content discussed above, there is more room for computing to be explored. However,
development of nanodrugs is still a slow business and application of computing in it
is just beginning. We are unlikely to see earth-shaking changes overnight. However,
there is no doubt that computing will change some processes in nanodrugs R&D and
accelerate progress.

Author Contributions: Conceptualization, K.X. and Y.L.; data curation, S.L., YZ., X.G. and ].M,;
writing—original draft, K.X.; writing—review and editing, Y.L.; funding acquisition, Y.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by National Key R&D Program of China of Ministry
of Science and Technology of the People’s Republic of China (2022YFA1104704), National Natural
Science Foundation of China (31971318 and 22027810), Key-Area Research and Development Program
of Guangdong Province (2020B0101020001).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.



Pharmaceutics 2023, 15, 1064 23 of 27

References

1.
2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

Fleming, N. How artificial intelligence is changing drug discovery. Nature 2018, 557, S55-S57. [CrossRef] [PubMed]

Li, S;; Xu, S.; Liang, X.; Xue, Y.; Mei, J.; Ma, Y,; Liu, Y,; Liu, Y. Nanotechnology: Breaking the Current Treatment Limits of Lung
Cancer. Adv. Healthc. Mater. 2021, 10, €2100078. [CrossRef] [PubMed]

Liu, Y.; Jiao, E; Qiu, Y,; Li, W,; Lao, E; Zhou, G.; Sun, B.; Xing, G.; Dong, J.; Zhao, Y.; et al. The effect of Gd@C82(OH)22
nanoparticles on the release of Th1/Th2 cytokines and induction of TNF-alpha mediated cellular immunity. Biomaterials 2009, 30,
3934-3945. [CrossRef] [PubMed]

Tang, J.; Zhang, R.; Guo, M,; Shao, L.; Liu, Y.; Zhao, Y.; Zhang, S.; Wu, Y.; Chen, C. Nucleosome-inspired nanocarrier obtains
encapsulation efficiency enhancement and side effects reduction in chemotherapy by using fullerenol assembled with doxorubicin.
Biomaterials 2018, 167, 205-215. [CrossRef]

Liu, J.; Feng, X.; Chen, Z,; Yang, X.; Shen, Z.; Guo, M.; Deng, E; Liu, Y.; Zhang, H.; Chen, C. The adjuvant effect of C(60)(OH)(22)
nanoparticles promoting both humoral and cellular immune responses to HCV recombinant proteins. Mater. Sci. Eng. C Mater.
Biol. Appl. 2019, 97, 753-759. [CrossRef]

Wang, L.; Liu, Y.; Li, W,; Jiang, X.; Ji, Y.; Wu, X; Xu, L.; Qiu, Y.; Zhao, K.; Wei, T; et al. Selective targeting of gold nanorods at the
mitochondria of cancer cells: Implications for cancer therapy. Nano Lett. 2011, 11, 772-780. [CrossRef]

Liu, Y,; Jiao, F; Qiu, Y;; Li, W.; Qu, Y;; Tian, C.; Li, Y,; Bai, R.; Lao, F;; Zhao, Y.; et al. Immunostimulatory properties and
enhanced TNEF- alpha mediated cellular immunity for tumor therapy by C¢o(OH),¢ nanoparticles. Nanotechnology 2009, 20, 415102.
[CrossRef]

Zhavoronkov, A.; Ivanenkov, Y.A.; Aliper, A.; Veselov, M.S.; Aladinskiy, V.A.; Aladinskaya, A.V.; Terentiev, V.A.; Polykovskiy,
D.A.; Kuznetsov, M.D.; Asadulaev, A.; et al. Deep learning enables rapid identification of potent DDR1 kinase inhibitors. Nat.
Biotechnol. 2019, 37, 1038-1040. [CrossRef]

Sadybekov, A.A.; Sadybekov, A.V; Liu, Y.; Iliopoulos-Tsoutsouvas, C.; Huang, X.P,; Pickett, J.; Houser, B.; Patel, N.; Tran, N.K,;
Tong, F; et al. Synthon-based ligand discovery in virtual libraries of over 11 billion compounds. Nature 2022, 601, 452—459.
[CrossRef]

Puzyn, T,; Rasulev, B.; Gajewicz, A.; Hu, X,; Dasari, T.P.,; Michalkova, A.; Hwang, H.M.; Toropov, A.; Leszczynska, D.; Leszczynski,
J. Using nano-QSAR to predict the cytotoxicity of metal oxide nanoparticles. Nat. Nanotechnol. 2011, 6, 175-178. [CrossRef]
Walkey, C.D.; Olsen, ].B.; Song, E; Liu, R.; Guo, H.; Olsen, D.W.; Cohen, Y.; Emili, A.; Chan, W.C. Protein corona fingerprinting
predicts the cellular interaction of gold and silver nanoparticles. ACS Nano 2014, 8, 2439-2455. [CrossRef]

Fourches, D.; Pu, D; Li, L.; Zhou, H.; Mu, Q.; Su, G.; Yan, B,; Tropsha, A. Computer-aided design of carbon nanotubes with the
desired bioactivity and safety profiles. Nanotoxicology 2016, 10, 374-383. [CrossRef]

Nagpal, S.; Braner, S.; Modh, H.; Tan, A.X.X.; Mast, M.P; Chichakly, K.; Albrecht, V.; Wacker, M.G. A physiologically-based
nanocarrier biopharmaceutics model to reverse-engineer the in vivo drug release. Eur. J. Pharm. Biopharm. 2020, 153, 257-272.
[CrossRef] [PubMed]

Chew, A.K.; Pedersen, J.A.; Van Lehn, R.C. Predicting the Physicochemical Properties and Biological Activities of Monolayer-
Protected Gold Nanoparticles Using Simulation-Derived Descriptors. ACS Nano 2022, 16, 6282-6292. [CrossRef] [PubMed]
Kinnear, C.; Moore, T.L.; Rodriguez-Lorenzo, L.; Rothen-Rutishauser, B.; Petri-Fink, A. Form Follows Function: Nanoparticle
Shape and Its Implications for Nanomedicine. Chem. Rev. 2017, 117, 11476-11521. [CrossRef] [PubMed]

Dufort, S.; Sancey, L.; Coll, ].L. Physico-chemical parameters that govern nanoparticles fate also dictate rules for their molecular
evolution. Adv. Drug Deliv. Rev. 2012, 64, 179-189. [CrossRef]

Duan, X,; Li, Y. Physicochemical characteristics of nanoparticles affect circulation, biodistribution, cellular internalization, and
trafficking. Small 2013, 9, 1521-1532. [CrossRef]

Deng, J.; Wang, ].; Shi, J.; Li, H.; Lu, M.; Fan, Z.; Gu, Z.; Cheng, H. Tailoring the physicochemical properties of nanomaterials for
immunomodulation. Adv. Drug Deliv. Rev. 2022, 180, 114039. [CrossRef]

Ding, HM.; Ma, Y.Q. Interactions between Janus particles and membranes. Nanoscale 2012, 4, 1116-1122. [CrossRef] [PubMed]
Wang, R.; Fu, Y;; Lai, L. A New Atom-Additive Method for Calculating Partition Coefficients. J. Chem. Inf. Comput. Sci. 1997, 37,
615-621. [CrossRef]

Lin, S.-T.; Sandler, S.I. Prediction of Octanol—Water Partition Coefficients Using a Group Contribution Solvation Model. Ind. Eng.
Chem. Res. 1999, 38, 4081-4091. [CrossRef]

Cherkasov, A.; Muratov, E.N.; Fourches, D.; Varnek, A.; Baskin, L.I.; Cronin, M.; Dearden, J.; Gramatica, P.; Martin, Y.C.; Todeschini,
R.; et al. QSAR modeling: Where have you been? Where are you going to? |. Med. Chem. 2014, 57, 4977-5010. [CrossRef]
[PubMed]

Muniswamy, V.J.; Raval, N.; Gondaliya, P.; Tambe, V.; Kalia, K.; Tekade, R.K. ‘Dendrimer-Cationized-Albumin’ encrusted
polymeric nanoparticle improves BBB penetration and anticancer activity of doxorubicin. Int. ]. Pharm. 2019, 555, 77-99.
[CrossRef] [PubMed]

Wang, W.; Sedykh, A.; Sun, H.; Zhao, L.; Russo, D.P.; Zhou, H.; Yan, B.; Zhu, H. Predicting Nano-Bio Interactions by Integrating
Nanoparticle Libraries and Quantitative Nanostructure Activity Relationship Modeling. ACS Nano 2017, 11, 12641-12649.
[CrossRef]

Danishuddin; Khan, A.U. Descriptors and their selection methods in QSAR analysis: Paradigm for drug design. Drug Discov.
Today 2016, 21, 1291-1302. [CrossRef] [PubMed]


http://doi.org/10.1038/d41586-018-05267-x
http://www.ncbi.nlm.nih.gov/pubmed/29849160
http://doi.org/10.1002/adhm.202100078
http://www.ncbi.nlm.nih.gov/pubmed/34019739
http://doi.org/10.1016/j.biomaterials.2009.04.001
http://www.ncbi.nlm.nih.gov/pubmed/19403166
http://doi.org/10.1016/j.biomaterials.2018.03.015
http://doi.org/10.1016/j.msec.2018.12.088
http://doi.org/10.1021/nl103992v
http://doi.org/10.1088/0957-4484/20/41/415102
http://doi.org/10.1038/s41587-019-0224-x
http://doi.org/10.1038/s41586-021-04220-9
http://doi.org/10.1038/nnano.2011.10
http://doi.org/10.1021/nn406018q
http://doi.org/10.3109/17435390.2015.1073397
http://doi.org/10.1016/j.ejpb.2020.06.004
http://www.ncbi.nlm.nih.gov/pubmed/32589926
http://doi.org/10.1021/acsnano.2c00301
http://www.ncbi.nlm.nih.gov/pubmed/35289596
http://doi.org/10.1021/acs.chemrev.7b00194
http://www.ncbi.nlm.nih.gov/pubmed/28862437
http://doi.org/10.1016/j.addr.2011.09.009
http://doi.org/10.1002/smll.201201390
http://doi.org/10.1016/j.addr.2021.114039
http://doi.org/10.1039/C1NR11425E
http://www.ncbi.nlm.nih.gov/pubmed/22116542
http://doi.org/10.1021/ci960169p
http://doi.org/10.1021/ie990391u
http://doi.org/10.1021/jm4004285
http://www.ncbi.nlm.nih.gov/pubmed/24351051
http://doi.org/10.1016/j.ijpharm.2018.11.035
http://www.ncbi.nlm.nih.gov/pubmed/30448308
http://doi.org/10.1021/acsnano.7b07093
http://doi.org/10.1016/j.drudis.2016.06.013
http://www.ncbi.nlm.nih.gov/pubmed/27326911

Pharmaceutics 2023, 15, 1064 24 of 27

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Winkler, D.A. Role of Artificial Intelligence and Machine Learning in Nanosafety. Small 2020, 16, e2001883. [CrossRef]

Yan, X.; Sedykh, A.; Wang, W.; Zhao, X.; Yan, B.; Zhu, H. In silico profiling nanoparticles: Predictive nanomodeling using
universal nanodescriptors and various machine learning approaches. Nanoscale 2019, 11, 8352-8362. [CrossRef]

Yan, X.; Zhang, J.; Russo, D.P.; Zhu, H.; Yan, B. Prediction of Nano-Bio Interactions through Convolutional Neural Network
Analysis of Nanostructure Images. ACS Sustain. Chem. Eng. 2020, 8, 19096-19104. [CrossRef]

Luan, F; Tang, L.; Zhang, L.; Zhang, S.; Monteagudo, M.C.; Cordeiro, M. A further development of the QNAR model to predict
the cellular uptake of nanoparticles by pancreatic cancer cells. Food Chem. Toxicol. 2018, 112, 571-580. [CrossRef]

Ali, R.; Balamurali, M.; Varamini, P. Deep Learning-Based Artificial Intelligence to Investigate Targeted Nanoparticles’ Uptake in
TNBC Cells. Int. . Mol. Sci. 2022, 23, 6070. [CrossRef]

He, Y; Ye, Z.; Liu, X.; Wei, Z.; Qiu, F; Li, H.E; Zheng, Y.; Ouyang, D. Can machine learning predict drug nanocrystals? J. Control.
Release 2020, 322, 274-285. [CrossRef]

Ban, Z.; Yuan, P; Yu, F; Peng, T.; Zhou, Q.; Hu, X. Machine learning predicts the functional composition of the protein corona and
the cellular recognition of nanoparticles. Proc. Natl. Acad. Sci. USA 2020, 117, 10492-10499. [CrossRef] [PubMed]

QOuassil, N.; Pinals, R.L.; Del Bonis-O’Donnell, ].T.; Wang, ].W.; Landry, M.P. Supervised learning model predicts protein
adsorption to carbon nanotubes. Sci. Adv. 2022, 8, eabm0898. [CrossRef]

Mikolajczyk, A.; Gajewicz, A.; Rasulev, B.; Schaeublin, N.; Maurer-Gardner, E.; Hussain, S.; Leszczynski, J.; Puzyn, T. Zeta
Potential for Metal Oxide Nanoparticles: A Predictive Model Developed by a Nano-Quantitative Structure—Property Relationship
Approach. Chem. Mater. 2015, 27, 2400-2407. [CrossRef]

Sizochenko, N.; Mikolajczyk, A.; Syzochenko, M.; Puzyn, T.; Leszczynski, J. Zeta potentials () of metal oxide nanoparticles: A
meta-analysis of experimental data and a predictive neural networks modeling. Nanolmpact 2021, 22, 100317. [CrossRef]
Ghorbanzadeh, M.; Fatemi, M.H.; Karimpour, M. Modeling the Cellular Uptake of Magnetofluorescent Nanoparticles in Pancreatic
Cancer Cells: A Quantitative Structure Activity Relationship Study. Ind. Eng. Chem. Res. 2012, 51, 10712-10718. [CrossRef]
Albanese, A.; Tang, P.S.; Chan, W.C. The effect of nanoparticle size, shape, and surface chemistry on biological systems. Annuu.
Rev. Biomed. Eng. 2012, 14, 1-16. [CrossRef]

Di, J.; Gao, X.; Du, Y.; Zhang, H.; Gao, J.; Zheng, A. Size, shape, charge and “stealthy” surface: Carrier properties affect the drug
circulation time in vivo. Asian J. Pharm. Sci. 2021, 16, 444-458. [CrossRef]

Qiu, Y,; Liu, Y,; Wang, L.; Xu, L.; Bai, R.; Ji, Y.; Wu, X.; Zhao, Y.; Li, Y.; Chen, C. Surface chemistry and aspect ratio mediated
cellular uptake of Au nanorods. Biomaterials 2010, 31, 7606-7619. [CrossRef] [PubMed]

Ge, C,; Li, Y; Yin, J.-].; Liu, Y.; Wang, L.; Zhao, Y.; Chen, C. The contributions of metal impurities and tube structure to the toxicity
of carbon nanotube materials. NPG Asia Mater. 2012, 4, €32. [CrossRef]

Sonavane, G.; Tomoda, K.; Makino, K. Biodistribution of colloidal gold nanoparticles after intravenous administration: Effect of
particle size. Colloids Surf. B Biointerfaces 2008, 66, 274-280. [CrossRef] [PubMed]

Yao, Y.; Zhou, Y; Liu, L.; Xu, Y.; Chen, Q.; Wang, Y.; Wu, S.; Deng, Y.; Zhang, ].; Shao, A. Nanoparticle-Based Drug Delivery in
Cancer Therapy and Its Role in Overcoming Drug Resistance. Front. Mol. Biosci. 2020, 7, 193. [CrossRef]

Zhao, F; Zhao, Y; Liu, Y.; Chang, X.; Chen, C.; Zhao, Y. Cellular uptake, intracellular trafficking, and cytotoxicity of nanomaterials.
Small 2011, 7, 1322-1337. [CrossRef] [PubMed]

Monopoli, M.P.; Aberg, C.; Salvati, A.; Dawson, K.A. Biomolecular coronas provide the biological identity of nanosized materials.
Nat. Nanotechnol. 2012, 7, 779-786. [CrossRef]

Ke, P.C,; Lin, S.; Parak, W.J.; Davis, T.P.,; Caruso, F. A Decade of the Protein Corona. ACS Nano 2017, 11, 11773-11776. [CrossRef]
[PubMed]

Aggarwal, P; Hall, ].B.; McLeland, C.B.; Dobrovolskaia, M.A.; McNeil, S.E. Nanoparticle interaction with plasma proteins as it
relates to particle biodistribution, biocompatibility and therapeutic efficacy. Adv. Drug Deliv. Rev. 2009, 61, 428-437. [CrossRef]
Deng, Z.].; Liang, M.; Monteiro, M.; Toth, I.; Minchin, R.F. Nanoparticle-induced unfolding of fibrinogen promotes Mac-1 receptor
activation and inflammation. Nat. Nanotechnol. 2011, 6, 39-44. [CrossRef]

Ge, C,; Du, J.; Zhao, L.; Wang, L.; Liu, Y.; Li, D.; Yang, Y.; Zhou, R.; Zhao, Y.; Chai, Z; et al. Binding of blood proteins to carbon
nanotubes reduces cytotoxicity. Proc. Natl. Acad. Sci. USA 2011, 108, 16968-16973. [CrossRef]

Moros, M.; Mitchell, S.G.; Grazd, V.; de la Fuente, ].M. The fate of nanocarriers as nanomedicines in vivo: Important considerations
and biological barriers to overcome. Curr. Med. Chem. 2013, 20, 2759-2778. [CrossRef]

Giodini, L.; Re, EL.; Campagnol, D.; Marangon, E.; Posocco, B.; Dreussi, E.; Toffoli, G. Nanocarriers in cancer clinical practice: A
pharmacokinetic issue. Nanomedicine 2017, 13, 583-599. [CrossRef]

Harashima, H.; Iida, S.; Urakami, Y.; Tsuchihashi, M.; Kiwada, H. Optimization of antitumor effect of liposomally encapsulated
doxorubicin based on simulations by pharmacokinetic/pharmacodynamic modeling. J. Control. Release 1999, 61, 93-106.
[CrossRef] [PubMed]

Li, M.; Al-Jamal, K.T.; Kostarelos, K.; Reineke, J. Physiologically based pharmacokinetic modeling of nanoparticles. ACS Nano
2010, 4, 6303-6317. [CrossRef] [PubMed]

Ji, Z.; Guo, W.; Wood, E.L.; Liu, ]J.; Sakkiah, S.; Xu, X.; Patterson, T.A.; Hong, H. Machine Learning Models for Predicting
Cytotoxicity of Nanomaterials. Chem. Res. Toxicol. 2022, 35, 125-139. [CrossRef]


http://doi.org/10.1002/smll.202001883
http://doi.org/10.1039/C9NR00844F
http://doi.org/10.1021/acssuschemeng.0c07453
http://doi.org/10.1016/j.fct.2017.04.010
http://doi.org/10.3390/ijms232416070
http://doi.org/10.1016/j.jconrel.2020.03.043
http://doi.org/10.1073/pnas.1919755117
http://www.ncbi.nlm.nih.gov/pubmed/32332167
http://doi.org/10.1126/sciadv.abm0898
http://doi.org/10.1021/cm504406a
http://doi.org/10.1016/j.impact.2021.100317
http://doi.org/10.1021/ie3006947
http://doi.org/10.1146/annurev-bioeng-071811-150124
http://doi.org/10.1016/j.ajps.2020.07.005
http://doi.org/10.1016/j.biomaterials.2010.06.051
http://www.ncbi.nlm.nih.gov/pubmed/20656344
http://doi.org/10.1038/am.2012.60
http://doi.org/10.1016/j.colsurfb.2008.07.004
http://www.ncbi.nlm.nih.gov/pubmed/18722754
http://doi.org/10.3389/fmolb.2020.00193
http://doi.org/10.1002/smll.201100001
http://www.ncbi.nlm.nih.gov/pubmed/21520409
http://doi.org/10.1038/nnano.2012.207
http://doi.org/10.1021/acsnano.7b08008
http://www.ncbi.nlm.nih.gov/pubmed/29206030
http://doi.org/10.1016/j.addr.2009.03.009
http://doi.org/10.1038/nnano.2010.250
http://doi.org/10.1073/pnas.1105270108
http://doi.org/10.2174/0929867311320220003
http://doi.org/10.1016/j.nano.2016.07.012
http://doi.org/10.1016/S0168-3659(99)00110-8
http://www.ncbi.nlm.nih.gov/pubmed/10469906
http://doi.org/10.1021/nn1018818
http://www.ncbi.nlm.nih.gov/pubmed/20945925
http://doi.org/10.1021/acs.chemrestox.1c00310

Pharmaceutics 2023, 15, 1064 25 of 27

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Bachler, G.; Losert, S.; Umehara, Y.; von Goetz, N.; Rodriguez-Lorenzo, L.; Petri-Fink, A.; Rothen-Rutishauser, B.; Hungerbuehler,
K. Translocation of gold nanoparticles across the lung epithelial tissue barrier: Combining in vitro and in silico methods to
substitute in vivo experiments. Part. Fibre Toxicol. 2015, 12, 18. [CrossRef]

Cao, M.; Li, B.; Guo, M; Liu, Y,; Zhang, L.; Wang, Y.; Hu, B.; Li, J.; Sutherland, D.S.; Wang, L.; et al. In vivo percutaneous
permeation of gold nanomaterials in consumer cosmetics: Implication in dermal safety assessment of consumer nanoproducts.
Nanotoxicology 2021, 15, 131-144. [CrossRef] [PubMed]

Wong, C.Y.; Al-Salami, H.; Dass, C.R. Potential of insulin nanoparticle formulations for oral delivery and diabetes treatment. J.
Control. Release 2017, 264, 247-275. [CrossRef]

des Rieux, A.; Fievez, V.; Garinot, M.; Schneider, Y.J.; Préat, V. Nanoparticles as potential oral delivery systems of proteins and
vaccines: A mechanistic approach. J. Control. Release 2006, 116, 1-27. [CrossRef]

Oberdorster, G.; Oberdorster, E.; Oberdorster, J. Nanotoxicology: An emerging discipline evolving from studies of ultrafine
particles. Environ. Health Perspect. 2005, 113, 823-839. [CrossRef]

Li, M.; Zou, P, Tyner, K.; Lee, S. Physiologically Based Pharmacokinetic (PBPK) Modeling of Pharmaceutical Nanoparticles. Aaps.
J. 2017, 19, 26-42. [CrossRef]

Conner, S.D.; Schmid, S.L. Regulated portals of entry into the cell. Nature 2003, 422, 37—44. [CrossRef]

Bachler, G.; von Goetz, N.; Hungerbiihler, K. A physiologically based pharmacokinetic model for ionic silver and silver
nanoparticles. Int. |. Nanomed. 2013, 8, 3365-3382. [CrossRef]

Selmani, A.; Kovacevi¢, D.; Bohinc, K. Nanoparticles: From synthesis to applications and beyond. Adv. Colloid Interface Sci. 2022,
303, 102640. [CrossRef] [PubMed]

Lin, Z.; Monteiro-Riviere, N.A.; Kannan, R.; Riviere, J.E. A computational framework for interspecies pharmacokinetics, exposure
and toxicity assessment of gold nanoparticles. Nanomedicine 2016, 11, 107-119. [CrossRef]

Rajoli, RK; Back, D.J.; Rannard, S.; Freel Meyers, C.L.; Flexner, C.; Owen, A.; Siccardi, M. Physiologically Based Pharmacokinetic
Modelling to Inform Development of Intramuscular Long-Acting Nanoformulations for HIV. Clin. Pharmacokinet. 2015, 54,
639-650. [CrossRef]

Fu, C; Liu, T; Li, L.; Liu, H.; Chen, D.; Tang, F. The absorption, distribution, excretion and toxicity of mesoporous silica
nanoparticles in mice following different exposure routes. Biomaterials 2013, 34, 2565-2575. [CrossRef]

Cho, W.S.; Kang, B.C.; Lee, ].K,; Jeong, J.; Che, ].H.; Seok, S.H. Comparative absorption, distribution, and excretion of titanium
dioxide and zinc oxide nanoparticles after repeated oral administration. Part. Fibre Toxicol. 2013, 10, 9. [CrossRef]

Wang, L.; Li, Y.E; Zhou, L.; Liu, Y;; Meng, L.; Zhang, K.; Wu, X.; Zhang, L.; Li, B.; Chen, C. Characterization of gold nanorods
in vivo by integrated analytical techniques: Their uptake, retention, and chemical forms. Anal. Bioanal. Chem. 2010, 396, 1105-1114.
[CrossRef]

Pang, C.; Brunelli, A.; Zhu, C.; Hristozov, D.; Liu, Y.; Semenzin, E.; Wang, W.; Tao, W,; Liang, ].; Marcomini, A.; et al. Demonstrating
approaches to chemically modify the surface of Ag nanoparticles in order to influence their cytotoxicity and biodistribution after
single dose acute intravenous administration. Nanotoxicology 2016, 10, 129-139. [CrossRef]

Li, M.; Panagi, Z.; Avgoustakis, K.; Reineke, ]. Physiologically based pharmacokinetic modeling of PLGA nanoparticles with
varied mPEG content. Int. |. Nanomed. 2012, 7, 1345-1356. [CrossRef]

Li, D.; Morishita, M.; Wagner, ].G.; Fatouraie, M.; Wooldridge, M.; Eagle, W.E.; Barres, J.; Carlander, U.; Emond, C.; Jolliet, O.
In vivo biodistribution and physiologically based pharmacokinetic modeling of inhaled fresh and aged cerium oxide nanoparticles
in rats. Part. Fibre Toxicol. 2016, 13, 45. [CrossRef] [PubMed]

Lin, P; Chen, J W,; Chang, L.W.; Wy, ].P; Redding, L.; Chang, H.; Yeh, TK.; Yang, C.S.; Tsai, M.H.; Wang, H.]J.; et al. Computational
and ultrastructural toxicology of a nanoparticle, Quantum Dot 705, in mice. Environ. Sci. Technol. 2008, 42, 6264—6270. [CrossRef]
[PubMed]

Choi, H.S.; Liu, W.; Misra, P,; Tanaka, E.; Zimmer, J.P,; Itty Ipe, B.; Bawendi, M.G.; Frangioni, J.V. Renal clearance of quantum dots.
Nat. Biotechnol. 2007, 25, 1165-1170. [CrossRef] [PubMed]

Longmire, M.; Choyke, P.L.; Kobayashi, H. Clearance properties of nano-sized particles and molecules as imaging agents:
Considerations and caveats. Nanomedicine 2008, 3, 703-717. [CrossRef] [PubMed]

Zhang, Y.N.; Poon, W.; Tavares, A.J].; McGilvray, I.D.; Chan, W.C.W. Nanoparticle-liver interactions: Cellular uptake and
hepatobiliary elimination. J. Control. Release 2016, 240, 332-348. [CrossRef]

Avgoustakis, K.; Beletsi, A.; Panagi, Z.; Klepetsanis, P.; Livaniou, E.; Evangelatos, G.; Ithakissios, D.S. Effect of copolymer
composition on the physicochemical characteristics, in vitro stability, and biodistribution of PLGA-mPEG nanoparticles. Int. J.
Pharm. 2003, 259, 115-127. [CrossRef]

Aborig, M.; Malik, PR.V,; Nambiar, S.; Chelle, P.; Darko, J.; Mutsaers, A.; Edginton, A.N.; Fleck, A.; Osei, E.; Wettig, S. Biodistri-
bution and Physiologically-Based Pharmacokinetic Modeling of Gold Nanoparticles in Mice with Interspecies Extrapolation.
Pharmaceutics 2019, 11, 179. [CrossRef]

Lin, Z.; Monteiro-Riviere, N.A.; Riviere, ].E. A physiologically based pharmacokinetic model for polyethylene glycol-coated gold
nanoparticles of different sizes in adult mice. Nanotoxicology 2016, 10, 162-172. [CrossRef]

Shinohara, N.; Danno, N.; Ichinose, T.; Sasaki, T.; Fukui, H.; Honda, K.; Gamo, M. Tissue distribution and clearance of
intravenously administered titanium dioxide (TiO,) nanoparticles. Nanotoxicology 2014, 8, 132-141. [CrossRef]


http://doi.org/10.1186/s12989-015-0090-8
http://doi.org/10.1080/17435390.2020.1860264
http://www.ncbi.nlm.nih.gov/pubmed/33370537
http://doi.org/10.1016/j.jconrel.2017.09.003
http://doi.org/10.1016/j.jconrel.2006.08.013
http://doi.org/10.1289/ehp.7339
http://doi.org/10.1208/s12248-016-0010-3
http://doi.org/10.1038/nature01451
http://doi.org/10.2147/ijn.S46624
http://doi.org/10.1016/j.cis.2022.102640
http://www.ncbi.nlm.nih.gov/pubmed/35358806
http://doi.org/10.2217/nnm.15.177
http://doi.org/10.1007/s40262-014-0227-1
http://doi.org/10.1016/j.biomaterials.2012.12.043
http://doi.org/10.1186/1743-8977-10-9
http://doi.org/10.1007/s00216-009-3302-y
http://doi.org/10.3109/17435390.2015.1024295
http://doi.org/10.2147/ijn.S23758
http://doi.org/10.1186/s12989-016-0156-2
http://www.ncbi.nlm.nih.gov/pubmed/27542346
http://doi.org/10.1021/es800254a
http://www.ncbi.nlm.nih.gov/pubmed/18767697
http://doi.org/10.1038/nbt1340
http://www.ncbi.nlm.nih.gov/pubmed/17891134
http://doi.org/10.2217/17435889.3.5.703
http://www.ncbi.nlm.nih.gov/pubmed/18817471
http://doi.org/10.1016/j.jconrel.2016.01.020
http://doi.org/10.1016/S0378-5173(03)00224-2
http://doi.org/10.3390/pharmaceutics11040179
http://doi.org/10.3109/17435390.2015.1027314
http://doi.org/10.3109/17435390.2012.763001

Pharmaceutics 2023, 15, 1064 26 of 27

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Carlander, U.; Li, D.; Jolliet, O.; Emond, C.; Johanson, G. Toward a general physiologically-based pharmacokinetic model for
intravenously injected nanoparticles. Int. J. Nanomed. 2016, 11, 625-640. [CrossRef]

Cho, W.S.; Cho, M,; Jeong, J.; Choi, M.; Han, B.S.; Shin, H.S.; Hong, J.; Chung, B.H.; Jeong, J.; Cho, M.H. Size-dependent tissue
kinetics of PEG-coated gold nanoparticles. Toxicol. Appl. Pharmacol. 2010, 245, 116-123. [CrossRef]

Lu, X;; Liu, Y.; Kong, X.; Lobie, PE.; Chen, C.; Zhu, T. Nanotoxicity: A growing need for study in the endocrine system. Small
2013, 9, 1654-1671. [CrossRef]

Cao, M; Cai, R.; Zhao, L.; Guo, M.; Wang, L.; Wang, Y.; Zhang, L.; Wang, X.; Yao, H.; Xie, C.; et al. Molybdenum derived from
nanomaterials incorporates into molybdenum enzymes and affects their activities in vivo. Nat. Nanotechnol. 2021, 16, 708-716.
[CrossRef]

Liu, Y;; Zhao, Y.; Sun, B.; Chen, C. Understanding the toxicity of carbon nanotubes. Acc. Chem. Res. 2013, 46, 702-713. [CrossRef]
[PubMed]

Wang, M.; Li, S.; Chen, Z.; Zhu, J.; Hao, W.; Jia, G.; Chen, W.; Zheng, Y.; Qu, W,; Liu, Y. Safety assessment of nanoparticles in food:
Current status and prospective. Nano Today 2021, 39, 101169. [CrossRef]

Weng, Q.; Hu, X.; Zheng, J.; Xia, F.; Wang, N.; Liao, H.; Liu, Y.; Kim, D.; Liu, J.; Li, E; et al. Toxicological Risk Assessments of
Iron Oxide Nanocluster- and Gadolinium-Based TIMRI Contrast Agents in Renal Failure Rats. ACS Nano 2019, 13, 6801-6812.
[CrossRef]

Bai, R.; Zhang, L.; Liu, Y;; Li, B.; Wang, L.; Wang, P.; Autrup, H.; Beer, C.; Chen, C. Integrated analytical techniques with high
sensitivity for studying brain translocation and potential impairment induced by intranasally instilled copper nanoparticles.
Toxicol. Lett. 2014, 226, 70-80. [CrossRef] [PubMed]

Feng, L.; Ning, R.; Liu, J.; Liang, S.; Xu, Q.; Liu, Y,; Liu, W,; Duan, J.; Sun, Z. Silica nanoparticles induce J]NK-mediated
inflammation and myocardial contractile dysfunction. J. Hazard. Mater. 2020, 391, 122206. [CrossRef]

Zhang, L.; Bai, R.; Liu, Y,; Meng, L.; Li, B.; Wang, L.; Xu, L.; Le Guyader, L.; Chen, C. The dose-dependent toxicological effects
and potential perturbation on the neurotransmitter secretion in brain following intranasal instillation of copper nanoparticles.
Nanotoxicology 2012, 6, 562-575. [CrossRef]

Wang, J.; Chen, C,; Liu, Y,; Jiao, F; Li, W,; Lao, F; Li, Y,; Li, B.; Ge, C.; Zhou, G.; et al. Potential neurological lesion after nasal
instillation of TiO, nanoparticles in the anatase and rutile crystal phases. Toxicol. Lett. 2008, 183, 72-80. [CrossRef] [PubMed]
Wang, J.; Liu, Y;; Jiao, E; Lao, F,; Li, W,; Gu, Y; Li, Y;; Ge, C,; Zhou, G.; Li, B.; et al. Time-dependent translocation and potential
impairment on central nervous system by intranasally instilled TiO, nanoparticles. Toxicology 2008, 254, 82-90. [CrossRef]

Li, J.; Ning, M.; Zhang, Y.; Liu, Q.; Liu, K.; Zhang, H.; Zhao, Y.; Chen, C.; Liu, Y. The potential for nanomaterial toxicity affecting
the male reproductive system. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2022, 14, €1806. [CrossRef]

Huang, Y,; Li, X.; Xu, S.; Zheng, H.; Zhang, L.; Chen, J.; Hong, H.; Kusko, R.; Li, R. Quantitative Structure-Activity Relationship
Models for Predicting Inflammatory Potential of Metal Oxide Nanoparticles. Environ. Health Perspect. 2020, 128, 67010. [CrossRef]
[PubMed]

Ban, Z.; Zhou, Q.; Sun, A.; Mu, L.; Hu, X. Screening Priority Factors Determining and Predicting the Reproductive Toxicity of
Various Nanoparticles. Environ. Sci. Technol. 2018, 52, 9666-9676. [CrossRef] [PubMed]

Yu, E; Wei, C.; Deng, P; Peng, T.; Hu, X. Deep exploration of random forest model boosts the interpretability of machine learning
studies of complicated immune responses and lung burden of nanoparticles. Sci. Adv. 2021, 7, eabf4130. [CrossRef] [PubMed]
Concu, R;; Kleandrova, V.V.; Speck-Planche, A.; Cordeiro, M. Probing the toxicity of nanoparticles: A unified in silico machine
learning model based on perturbation theory. Nanotoxicology 2017, 11, 891-906. [CrossRef] [PubMed]

Fjodorova, N.; Novic, M.; Gajewicz, A.; Rasulev, B. The way to cover prediction for cytotoxicity for all existing nano-sized metal
oxides by using neural network method. Nanotoxicology 2017, 11, 475-483. [CrossRef]

Shirokii, N.; Din, Y.; Petrov, I; Seregin, Y.; Sirotenko, S.; Razlivina, ].; Serov, N.; Vinogradov, V. Quantitative Prediction of Inorganic
Nanomaterial Cellular Toxicity via Machine Learning. Small 2023, €2207106. [CrossRef]

Regonia, PR.; Olorocisimo, J.P.; De Los Reyes, F.; Ikeda, K.; Pelicano, C.M. Machine learning-enabled nanosafety assessment of
multi-metallic alloy nanoparticles modified TiO, system. Nanolmpact 2022, 28, 100442. [CrossRef]

Huang, Y.; Li, X; Cao, J.; Wei, X,; Li, Y.; Wang, Z.; Cai, X,; Li, R.; Chen, J. Use of dissociation degree in lysosomes to predict metal
oxide nanoparticle toxicity in immune cells: Machine learning boosts nano-safety assessment. Environ. Int. 2022, 164, 107258.
[CrossRef]

Tsukanov, A.A.; Turk, B.; Vasiljeva, O.; Psakhie, S.G. Computational Indicator Approach for Assessment of Nanotoxicity of
Two-Dimensional Nanomaterials. Nanomaterials 2022, 12, 650. [CrossRef]

Liu, L.; Zhang, Z.; Cao, L.; Xiong, Z.; Tang, Y.; Pan, Y. Cytotoxicity of phytosynthesized silver nanoparticles: A meta-analysis by
machine learning algorithms. Sustain. Chem. Pharm. 2021, 21, 100425. [CrossRef]

Subramanian, N.A.; Palaniappan, A. NanoTox: Development of a Parsimonious In Silico Model for Toxicity Assessment of
Metal-Oxide Nanoparticles Using Physicochemical Features. ACS Omega 2021, 6, 11729-11739. [CrossRef]

Kotzabasaki, M.; Sotiropoulos, I.; Charitidis, C.; Sarimveis, H. Machine learning methods for multi-walled carbon nanotubes
(MWCNT) genotoxicity prediction. Nanoscale Adv. 2021, 3, 3167-3176. [CrossRef] [PubMed]

Kar, S.; Pathakoti, K.; Tchounwou, P.B.; Leszczynska, D.; Leszczynski, J. Evaluating the cytotoxicity of a large pool of metal oxide
nanoparticles to Escherichia coli: Mechanistic understanding through In Vitro and In Silico studies. Chemosphere 2021, 264, 128428.
[CrossRef]


http://doi.org/10.2147/IJN.S94370
http://doi.org/10.1016/j.taap.2010.02.013
http://doi.org/10.1002/smll.201201517
http://doi.org/10.1038/s41565-021-00856-w
http://doi.org/10.1021/ar300028m
http://www.ncbi.nlm.nih.gov/pubmed/22999420
http://doi.org/10.1016/j.nantod.2021.101169
http://doi.org/10.1021/acsnano.9b01511
http://doi.org/10.1016/j.toxlet.2014.01.041
http://www.ncbi.nlm.nih.gov/pubmed/24503010
http://doi.org/10.1016/j.jhazmat.2020.122206
http://doi.org/10.3109/17435390.2011.590906
http://doi.org/10.1016/j.toxlet.2008.10.001
http://www.ncbi.nlm.nih.gov/pubmed/18992307
http://doi.org/10.1016/j.tox.2008.09.014
http://doi.org/10.1002/wnan.1806
http://doi.org/10.1289/EHP6508
http://www.ncbi.nlm.nih.gov/pubmed/32692251
http://doi.org/10.1021/acs.est.8b02757
http://www.ncbi.nlm.nih.gov/pubmed/30059221
http://doi.org/10.1126/sciadv.abf4130
http://www.ncbi.nlm.nih.gov/pubmed/34039604
http://doi.org/10.1080/17435390.2017.1379567
http://www.ncbi.nlm.nih.gov/pubmed/28937298
http://doi.org/10.1080/17435390.2017.1310949
http://doi.org/10.1002/smll.202207106
http://doi.org/10.1016/j.impact.2022.100442
http://doi.org/10.1016/j.envint.2022.107258
http://doi.org/10.3390/nano12040650
http://doi.org/10.1016/j.scp.2021.100425
http://doi.org/10.1021/acsomega.1c01076
http://doi.org/10.1039/D0NA00600A
http://www.ncbi.nlm.nih.gov/pubmed/36133654
http://doi.org/10.1016/j.chemosphere.2020.128428

Pharmaceutics 2023, 15, 1064 27 of 27

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Yu, H.; Zhao, Z.; Cheng, F. Predicting and investigating cytotoxicity of nanoparticles by translucent machine learning. Chemosphere
2021, 276, 130164. [CrossRef]

To, K.T.; Truong, L.; Edwards, S.; Tanguay, R.L.; Reif, D.M. Multivariate modeling of engineered nanomaterial features associated
with developmental toxicity. Nanolmpact 2019, 16, 100185. [CrossRef]

Sayes, C.; Ivanov, I. Comparative study of predictive computational models for nanoparticle-induced cytotoxicity. Risk Anal.
2010, 30, 1723-1734. [CrossRef]

Pathakoti, K.; Huang, M.].; Watts, ].D.; He, X.; Hwang, H.M. Using experimental data of Escherichia coli to develop a QSAR
model for predicting the photo-induced cytotoxicity of metal oxide nanoparticles. J. Photochem. Photobiol. B 2014, 130, 234-240.
[CrossRef]

Toropov, A.A.; Toropova, A.P; Benfenati, E.; Gini, G.; Puzyn, T.; Leszczynska, D.; Leszczynski, ]. Novel application of the
CORAL software to model cytotoxicity of metal oxide nanoparticles to bacteria Escherichia coli. Chemosphere 2012, 89, 1098-1102.
[CrossRef] [PubMed]

Cao, J.; Pan, Y; Jiang, Y.; Qi, R; Yuan, B; Jia, Z.; Jiang, J.; Wang, Q. Computer-aided nanotoxicology: Risk assessment of metal
oxide nanoparticles via nano-QSAR. Green Chem. 2020, 22, 3512-3521. [CrossRef]

Mu, Y,; Wu, E; Zhao, Q.; Ji, R.; Qie, Y.; Zhou, Y; Hu, Y.; Pang, C.; Hristozov, D.; Giesy, J.P,; et al. Predicting toxic potencies of metal
oxide nanoparticles by means of nano-QSARs. Nanotoxicology 2016, 10, 1207-1214. [CrossRef] [PubMed]

Liu, G,; Yan, X,; Sedykh, A.; Pan, X.; Zhao, X.; Yan, B.; Zhu, H. Analysis of model PM(2.5)-induced inflammation and cytotoxicity
by the combination of a virtual carbon nanoparticle library and computational modeling. Ecotoxicol. Environ. Saf. 2020, 191, 110216.
[CrossRef] [PubMed]

Zhu, Y.; Huang, R.; Zhu, R.; Xu, W,; Zhu, R.; Cheng, L. DeepScreen: An Accurate, Rapid, and Anti-Interference Screening
Approach for Nanoformulated Medication by Deep Learning. Adv. Sci. 2018, 5, 1800909. [CrossRef]

Ding, H; Li, J.; Chen, N.; Hu, X,; Yang, X.; Guo, L.; Li, Q.; Zuo, X.; Wang, L.; Ma, Y.; et al. DNA Nanostructure-Programmed
Like-Charge Attraction at the Cell-Membrane Interface. ACS Cent. Sci. 2018, 4, 1344-1351. [CrossRef] [PubMed]

Reker, D.; Rybakova, Y.; Kirtane, A.R.; Cao, R.; Yang, ].W.; Navamajiti, N.; Gardner, A.; Zhang, R.M.; Esfandiary, T.; L'Heureux, J.;
et al. Computationally guided high-throughput design of self-assembling drug nanoparticles. Nat. Nanotechnol. 2021, 16, 725-733.
[CrossRef]

Cha, M.; Emre, E.S.T,; Xiao, X.; Kim, J.-Y,; Bogdan, P.; VanEpps, ].S.; Violi, A.; Kotov, N.A. Unifying structural descriptors for
biological and bioinspired nanoscale complexes. Nat. Comput. Sci. 2022, 2, 243-252. [CrossRef]

Shamay, Y.; Shah, J.; Isik, M.; Mizrachi, A.; Leibold, ]J.; Tschaharganeh, D.F.; Roxbury, D.; Budhathoki-Uprety, J.; Nawaly, K,;
Sugarman, J.L.; et al. Quantitative self-assembly prediction yields targeted nanomedicines. Nat. Mater. 2018, 17, 361-368.
[CrossRef] [PubMed]

Zhu, M.; Zhuang, J.; Li, Z.; Liu, Q.; Zhao, R.; Gao, Z.; Midgley, A.C.; Qi, T,; Tian, J.; Zhang, Z.; et al. Machine-learning-assisted
single-vessel analysis of nanoparticle permeability in tumour vasculatures. Nat. Nanotechnol. 2023. [CrossRef]

Stillman, N.R.; Balaz, I.; Tsompanas, M.-A.; Kovacevic, M.; Azimi, S.; Lafond, S.; Adamatzky, A.; Hauert, S. Evolutionary
computational platform for the automatic discovery of nanocarriers for cancer treatment. npj Comput. Mater. 2021, 7, 150.
[CrossRef]

Kordzadeh, A.; Zarif, M.; Amjad-Iranagh, S. Molecular dynamics insight of interaction between the functionalized-carbon
nanotube and cancerous cell membrane in doxorubicin delivery. Comput. Methods Programs Biomed. 2023, 230, 107332. [CrossRef]
Katiyar, R.S.; Jha, PK. Molecular Insights into the Effects of Media-Drug and Carrier-Drug Interactions on pH-Responsive Drug
Carriers. Mol. Pharm. 2018, 15, 2479-2483. [CrossRef] [PubMed]

Jin, S.E; Jin, H.E. Synthesis, Characterization, and Three-Dimensional Structure Generation of Zinc Oxide-Based Nanomedicine
for Biomedical Applications. Pharmaceutics 2019, 11, 575. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.chemosphere.2021.130164
http://doi.org/10.1016/j.impact.2019.100185
http://doi.org/10.1111/j.1539-6924.2010.01438.x
http://doi.org/10.1016/j.jphotobiol.2013.11.023
http://doi.org/10.1016/j.chemosphere.2012.05.077
http://www.ncbi.nlm.nih.gov/pubmed/22704203
http://doi.org/10.1039/D0GC00933D
http://doi.org/10.1080/17435390.2016.1202352
http://www.ncbi.nlm.nih.gov/pubmed/27309010
http://doi.org/10.1016/j.ecoenv.2020.110216
http://www.ncbi.nlm.nih.gov/pubmed/31972454
http://doi.org/10.1002/advs.201800909
http://doi.org/10.1021/acscentsci.8b00383
http://www.ncbi.nlm.nih.gov/pubmed/30410972
http://doi.org/10.1038/s41565-021-00870-y
http://doi.org/10.1038/s43588-022-00229-w
http://doi.org/10.1038/s41563-017-0007-z
http://www.ncbi.nlm.nih.gov/pubmed/29403054
http://doi.org/10.1038/s41565-023-01323-4
http://doi.org/10.1038/s41524-021-00614-5
http://doi.org/10.1016/j.cmpb.2022.107332
http://doi.org/10.1021/acs.molpharmaceut.8b00151
http://www.ncbi.nlm.nih.gov/pubmed/29737861
http://doi.org/10.3390/pharmaceutics11110575
http://www.ncbi.nlm.nih.gov/pubmed/31689932

	Introduction 
	Computing in Prediction of Physicochemical Properties 
	Computing in Prediction of Hydrophilic–Hydrophobic Property 
	Computing in Prediction of Surface Charge 
	Computing in Prediction of Other Physicochemical Properties 

	Computing in Prediction of Biological Activities 
	Computing in Prediction of Cellular Uptake 
	Computing in Prediction of Protein Adsorption 

	Computing in Prediction of ADME 
	Computing in Prediction of Absorption 
	Computing in Prediction of Distribution 
	Computing in Prediction of Metabolism 
	Computing in Prediction of Excretion 

	Computing in Prediction of Toxicological Assessment 
	Computing in Other Aspects of Nanodrug R&D Process 
	Computing in Prediction of Nanomodeling 
	Computing in High-Throughput Screening of Nanodrugs 
	Study on Mechanism of Action 
	Guidance on Rational Design of Nanodrugs 
	Simulation Study of Nanodrug Delivery 

	Conclusions 
	Future Perspectives 
	References

