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ABSTRACT: Low tumor delivery efficiency is a critical barrier in
cancer nanomedicine. This study reports an updated version of
“Nano-Tumor Database”, which increases the number of time-
dependent concentration data sets for different nanoparticles
(NPs) in tumors from the previous version of 376 data sets with
1732 data points from 200 studies to the current version of 534
data sets with 2345 data points from 297 studies published from
2005 to 2021. Additionally, the current database includes 1972
data sets for five major organs (i.e., liver, spleen, lung, heart, and
kidney) with a total of 8461 concentration data points. Tumor
delivery and organ distribution are calculated using three
pharmacokinetic parameters, including delivery efficiency, max-
imum concentration, and distribution coefficient. The median tumor delivery efficiency is 0.67% injected dose (ID), which is
low but is consistent with previous studies. Employing the best regression model for tumor delivery efliciency, we generate
hypothetical scenarios with different combinations of NP factors that may lead to a higher delivery efficiency of >3%ID, which
requires further experimentation to confirm. In healthy organs, the highest NP accumulation is in the liver (10.69%ID/g),
followed by the spleen 6.93%ID/g and the kidney 3.22%ID/g. Our perspective on how to facilitate NP design and clinical
translation is presented. This study reports a substantially expanded “Nano-Tumor Database” and several statistical models
that may help nanomedicine design in the future.
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number of studies have shown that nanoparticles
(NPs) or NP-based drug formulations are effective as
diagnostic agents to detect tumors or as therapeutic
agents to treat cancer in preclinical models, including mice and
rats." Compared to conventional drug delivery systems, NP-
based systems have several advantages, potentially including
high stability with a longer half-life, high carrier capacity,
precise delivery to the targeted tissue to reduce toxic side
effects, and high drug bioavailability.z’3 However, in the last 20
years, only a small number of NP-based drug formulations
have been successfully translated for clinical use in humans.*
The reasons for this low clinical translation rate are, in part,
due to very low delivery efficiency (DE) of NPs to the tumor
site and insufficient understanding of interactions between NPs
and cells.”’

To improve the targeting DE of NPs to tumors and reduce
their adverse effects in the rest of the body, the main approach
is to optimize the targeting strategy through active targeting to
a tumor site or to increase the enhanced permeability and
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retention (EPR) effect and improve NP’s physicochemical
properties, such as the core material, surface charge, size, and
shape.® In addition, numerous studies have investigated the
impacts of NP design on tumor DE. Several meta-analyses
were conducted to summarize tumor DE of different types of
NPs and to determine the impacts of physicochemical
properties on NP delivery to tumors. For example, Wilhelm
et al. (2016)° analyzed the literature data on NP distribution to
tumors published from 2005 to 2015 using a traditional
noncompartmental pharmacokinetic (PK) approach and
reported a median tumor DE of 0.7% of the injected dose
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Figure 1. Flowchart and inclusion/exclusion criteria for the literature search and data collection. Built upon the Cheng et al. “Nano-Tumor
Database” that contains 376 data sets on nanoparticle tumor delivery from 200 studies published from 01/01/2015 to 09/04/2018, we
included an additional 97 studies with 158 data sets from 09/01/2018 to 06/30/2021. As a result, the total number of data sets in the
updated “Nano-Tumor Database” is 534 with a total of 2345 data points for tumors. Note: among 158 collected data sets, 155 data sets were
from the 97 newer studies and the remaining 3 data sets from three earlier studies that were not collected in the original version of “Nano-
Tumor Database”. For healthy major organs, there are 1972 data sets: 340 for heart, 456 for liver, 367 for lung, 413 for spleen, and 396 for
kidney with a total of 8461 concentration data points. Please refer to the Supporting Information “Nano-Tumor Database” Excel file for

details about the data.

(ID) following intravenous (IV) administration. Based on the
Wilhelm et al. study, Cheng et al. (2020)” collected additional
NP tumor DE data from 2005 to 2018 (termed as “Nano-
Tumor Database” thereafter) and constructed a physiologically
based pharmacokinetic (PBPK) model of NPs in tumor-
bearing mice. Using the PBPK model, Cheng et al. were able to
predict NP DE in tumors at 24 and 168 h after IV
administration, and at the last sampling time point, as well as
the maximum DE.” However, this study found that NP tumor
DE did not improve from 2015 to 2018 because the median
DE remained at 0.76% injected dose (ID). Low NP tumor DE
was also associated with low distribution and permeability
coefficients at the tumor site.’

The trend of NPs’ tumor DE did not increase over time,
which indicates little improvement in tumor DE of NPs over
the last 20 years and represents a critical barrier in the field of
nanomedicine.””~"" One of the potential reasons for this
stagnation is the inadequate analysis of some crucial factors in
computational analysis and the lack of taking the impacts of
these factors into consideration for NP design scenarios.
Therefore, it is essential to evaluate and interpret the tumor
delivery of NPs from alternative perspectives. Price et al
(2020)"° reanalyzed the NP tumor delivery data from the
Wilhelm et al. study’ with other parameters (e.g, the
maximum observed concentration [C,,,.] and area under the
curve ratio [AUC,,.,/AUCyo0q ratio]).'" The authors found
that the median tumor/blood AUC ratio was substantially
different (i.e., ~100-fold) from the %ID result from the
Wilhelm et al. study.” Later, based on the data from the Chen%
et al. study,” another research group (Fan et al, 2021)
reported that it was important to consider the physiological
parameters including blood flow and NP-specific parameters
such as cellular uptake in the analysis of NP tumor delivery
data. In addition, since NP tumor DE is generally low (ie.,
<1%ID), a large proportion of the ID is distributed to healthy
organs and tissues. Thus, changes in the distribution to healthy
organs and tissues could also substantially affect tumor DE.
Therefore, it is important to analyze whole-body NP

distribution, not only tumors but also blood and healthy
organs, in order to fully understand the key determinants of
NP tumor delivery.

To address the aforementioned challenges, the objectives of
the present study were: (1) to perform a systemic literature
search to curate and collect recently published NP tissue
distribution and tumor delivery data to expand the “Nano-
Tumor Database”; (2) to evaluate the NP delivery to tumors
and healthy organs/tissues using different PK parameters; and
(3) to identify key physiological and physicochemical
determinants of NP tissue distribution and tumor delivery.
The updated “Nano-Tumor Database” is provided in the
Supporting Information of this article. Compared to our earlier
version of the “Nano-Tumor Database”,” the current study
expanded the number of tumor time-dependent concentration
data sets from 376 to 534 and added 1972 recently published
data sets for major organs (i.e,, liver, spleen, lungs, kidneys, and
heart) with a total of more than 10,000 concentration data
points for both tumors and major organs. The tumor delivery
was calculated with both classical AUC-based DE and two
other PK parameters (C,, and tumor/blood distribution
coefficient) in two different units (%ID and %ID/g tissue).
Moreover, the analysis of organ distribution implies com-
petitive roles of major reticuloendothelial system (RES) organs
in tumor delivery of NPs. The best multivariate regression
models were used to generate hypothetical scenarios with a
combination of parameters that might result in a higher tumor
DE of >3 or even >5%ID, which provides a basis to design
more effective nanomedicines in the future.

RESULTS AND DISCUSSION

Overview of the Methods. Briefly, this study included
relevant studies published between 1/1/2005 and 6/30/2021
(Figure 1). The raw tumor concentration data from 200
articles published between 2005 and 2018 were obtained in an
earlier study by Cheng et al. (2020).” Based on the same
inclusion and exclusion criteria, a total of 158 recently
published tumor data sets, mainly from 97 articles published
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Figure 2. Schematic of PK parameter (delivery efficiency, C,,,,, and distribution coefficient) calculation. The concentration vs time profile in
tumor is represented by the solid green dots and green line. The concentration vs time profile in blood is represented by open red circles and
red line. The linear trapezoidal method was used to calculate the area-under-the-curve (AUC) for both tumor and blood. The distribution
coefficient of tumor is calculated as AUC,,,,,/AUC;,0q (This figure was created with BioRender.com).

between 2018 and 2021, was also extracted for analysis in this
study.'” "% Compared to the Cheng et al. study’ that only
collected concentration data in tumor tissues, the present study
also extracted the concentration data in the blood and five
major organs (heart, liver, spleen, lung, and kidney) from all
relevant studies (i.e., a total of 297 articles published between
2005 and 2021) in order to have a more comprehensive
understanding of the tissue distribution of NPs in tumor-
bearing mice. For each data set, the relevant parameters of the
physicochemical properties of the NPs, including the
composition, organic/inorganic materials, targeting strategy,
zeta potential measured at pH 7.4, surface chemistry,
hydrodynamic diameter, core diameter measured via trans-
mission electron microscopy (TEM), polydispersity index
(PDI), and shape as well as the experimental methods,
including tumor model, cancer type, tumor cell type, tumor
size, tumor weight, experimental animal, sex, body weight,
strain, administration position, administration dose, and raw
NP concentration data in the tumor, blood, and tissues were
collected.

To compare data from different articles having different
experimental designs and data expressed using different units,
the raw concentration data from all studies were collected and
converted to the units of “percentage of the injected dose” (%
ID) and “%ID per gram of tissue” (%ID/g) (detailed methods
are provided in Section 1 of the Supporting Information).
Tumor delivery and organ distribution of NPs were calculated
using three PK parameters: (1) DE in the unit of %ID or %ID/
g tissue calculated based on AUC (the AUC from t-zero to t-
last), (2) the maximum observed concentration (C,,,,) in the
unit of %ID or %ID/g tissue, and (3) distribution coefficient,
which refers to the ratio of tumor and blood AUC (AUC,, .0,/
AUC404)."° The details of the calculation are described in the
Materials and Methods section and illustrated in Figure 2.

The impacts of physiological and physicochemical properties
on the calculated PK parameters were assessed by univariate
and multivariate analyses on tumors. The univariate analyses
were conducted using one-way analysis of variance (ANOVA)

(or the Kruskal-Wallis test as appropriate), while the
multivariate analyses were completed using multivariable linear
regression. The effects of the physicochemical parameters on
the distribution of NPs in major healthy organs were assessed
by using a multivariate analysis of variance (MANOVA).

Tumor Delivery of Different Subgroups by the
Physicochemical Parameters. The tumor delivery was
summarized based on different physicochemical properties
and experimental designs of the studies analyzed (Figures 3, 4,
and S1—S4; Tables 1 and S1). The number of data sets that
involved each of the physicochemical properties was also
provided in these tables (designated as the “Count” column).
The number of data sets involving passive targeting strategy
was much higher than that using active targeting strategy (340
vs 194) (Table 1). The number of data sets on organic NPs
was much larger than those of inorganic and hybrid NPs (358
vs 160 vs 16). Among all organic NPs, most of the data sets
were on polymeric NPs (59%). In terms of shape, most of the
data sets used spherical NPs (84%). Regarding the size, most
data sets were in the range from 10—200 nm (72%). In terms
of surface charge, the number of data sets using positive-charge
NPs was much less than negative or neutral NPs (38 vs 211 vs
212). In terms of tumor models, most studies used allograft or
xenograft heterotopic tumor models (77%). For the cancer
type, breast cancer was the most often studied among all
cancer types (34%).

The tumor DE in different subgroups ranged from 0.29%ID
(liposome NPs) to 7.41%ID (dendrimer NPs) with an overall
median of 0.67%ID (Figure 3F, Table 1). Compared to the
studies published between 2005 and 2018, the collected NP
data published from 2018 to 2021 had no increase in the
median DE,,,, (0.74% vs 0.52%ID, P = 0.086). Using the unit
of %ID/g, the subgroup DEs were between 0.81%ID/g (NPs
in gliomas) and 11.45%ID/g (dendrimer NPs) with a median
of 3.45%ID/g (Figure S1, Table 1). The median DE,
between 2005 and 2018 was 3.41%ID/g, and the correspond-
ing value was 3.61%ID/g for the data between 2018 and 2021.
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Table 1. Summary of Tumor Delivery for Different Types of Nanoparticles Using Delivery Efficiency and Maximum
Concentration®

Category DE (%ID) DE (%ID/g) Cinax (ID%) Conax (ID%/g) Count
All data sets 0.67 (2.12) 3.45 (10.28) 1.01 (3.11) 4.96 (15.45) 534
Year
2005—2009 1.03 (2.00) 4.87 (9.79) 1.77 (3.09) 6.07 (15.62) 52
2010-2015 0.62 (2.11) 3.23 (10.10) 0.92 (3.12) 4.76 (14.59) 261
2016—2021 0.59 (2.15) 3.47 (10.62) 0.94 (3.10) 5.08 (16.43) 221
Targeting Strategy
Active 0.79 (2.97) 4.12 (14.19) 1.08 (4.22) 5.52 (20.65) 194
Passive 0.61 (1.63) 3.11 (8.05) 0.98 (2.47) 4.65 (12.47) 340
Nanomaterial Type
Hybrid 1.51 (4.23) 6.59 (17.16) 1.84 (5.59) 8.66 (22.13) 16
Inorganic 0.84 (2.80) 3.85 (10.97) 1.26 (4.06) 5.19 (16.20) 160
Organic 0.54 (1.71) 3.24 (9.67) 0.85 (2.57) 4.80 (14.81) 358
Inorganic Nanomaterial
Gold 1.17 (3.21) 3.07 (5.79) 1.97 (4.87) 4.41 (8.29) 70
Iron Oxide 0.70 (3.17) 4.11 (31.90) 1.03 (4.91) 4.56 (50.83) 11
Silica 0.65 (2.39) 4.12 (11.25) 0.75 (3.16) 4.89 (15.99) 30
Others 0.65 (2.39) 4.71 (13.50) 1.06 (3.27) 6.49 (19.86) 49
Organic Nanomaterial
Dendrimer 741 (8.48) 1145 (49.63) 9.32 (11.59) 14.22 (64.33) 14
Hydrogel 0.34 (0.48) 2.76 (3.46) 0.51 (0.86) 4.39 (6.00) 20
Liposome 0.29 (1.57) 1.88 (6.60) 0.44 (2.08) 2.91 (9.01) 48
Polymeric 0.62 (1.37) 3.31 (7.63) 0.92 (2.15) 4.97 (12.07) 211
Others 0.68 (1.88) 3.41 (11.82) 0.77 (2.88) 4.51 (19.94) 65
Shape
Plate 0.47 (0.93) 3.89 (5.54) 0.70 (1.35) 4.62 (7.95) 21
Rod 1.13 (2.76) 3.61 (15.19) 1.50 (3.89) 6.10 (19.94) 41
Spherical 0.69 (2.17) 3.47 (10.34) 1.02 (3.20) 4.97 (15.80) 450
Others 0.46 (1.00) 2.69 (4.45) 0.72 (1.51) 3.82 (7.01) 22
Hydrodynamic Diameter
<10 nm 1.22 (2.46) 2.85 (15.43) 1.96 (3.77) 4.16 (20.48) 34
10—100 nm 0.78 (1.98) 3.66 (8.67) 1.14 (2.88) 5.47 (12.67) 180
100—200 nm 0.55 (2.10) 3.54 (10.23) 0.81 (3.22) 4.87 (16.79) 204
>200 nm 0.70 (2.28) 3.06 (13.35) 1.15 (3.22) 5.03 (19.08) 75
Surface Charge
Negative (<—10 mV) 0.47 (1.75) 2.34 (8.56) 0.73 (2.65) 3.57 (13.71) 211
Neutral (—10 to 10 mV) 0.79 (2:21) 4.00 (9.91) 1.22 (3.26) 5.96 (14.74) 212
Positive (>10 mV) 1.08 (4.23) 2.59 (15.24) 1.57 (5.90) 3.02 (21.17) 38
Tumor Model
Allograft Heterotopic 0.55 (1.43) 3.27 (6.66) 0.77 (2.13) 4.73 (10.07) 158
Allograft Orthotopic 0.89 (2.20) 2.90 (10.66) 1.24 (3.17) 4.59 (15.70) 64
Xenograft Heterotopic 0.70 (2.20) 3.61 (12.66) 1.02 (3.16) 5.12 (18.97) 252
Xenograft Orthotopic 0.91 (3.49) 2.85 (9.45) 1.45 (5.40) 4.58 (14.58) 60
Cancer Type
Brain 0.72 (1.22) 3.64 (6.62) 0.91 (1.76) 4.89 (8.42) 27
Breast 0.82 (1.76) 3.49 (10.64) 1.17 (2.49) 4.96 (15.20) 180
Cervix 1.00 (2.30) 6.18 (12.48) 1.54 (3.07) 7.93 (16.11) 37
Colon 0.54 (1.58) 3.10 (6.03) 0.97 (2.47) 6.10 (9.66) 39
Glioma 0.04 (0.86) 0.81 (6.97) 0.07 (1.12) 1.38 (9.05) 11
Liver 0.43 (1.82) 3.41 (9.31) 0.63 (2.70) 4.77 (14.83) 83
Lung 0.36 (3.14) 1.91 (23.63) 0.74 (5.66) 343 (45.82) 29
Ovary 0.39 (1.34) 1.08 (1.24) 0.81 (2.98) 2.32 (2:29) 18
Pancreas 0.54 (0.91) 4.22 (6.56) 0.73 (1.46) 6.10 (10.02) 12
Prostate 0.62 (1.24) 2.34 (6.46) 0.98 (1.74) 3.26 (9.08) 17
Sarcoma 1.96 (4.59) 7.52 (27.76) 2.60 (5.95) 9.96 (36.94) 19
Skin 1.23 (4.32) 2.90 (7.08) 2.08 (6.29) 3.76 (10.96) 44
Others 1.31 (2.67) 3.48 (6.43) 2.05 (3.54) 4.86 (8.55) 18

“Note: The values of delivery efficiencies are presented as median (mean). Abbreviations: DE, delivery efficiency; C,,,,, maximum concentration.
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Figure 3. Box-and-whisker plots of the tumor DE data by (A) year, (B) material type, (C) targeting strategy, (D) surface charge, (E)
inorganic material, (F) organic material, (G) hydrodynamic diameter, (H) shape, (I) tumor model, and (J) cancer type calculated using the
classical AUC method with the unit of injected dose percentage (%ID).” The boxes represent the 25th to 75th percentile, and the black lines
are the median values. The blue dash lines indicate the overall median of the tumor delivery efficiency derived from all 534 data sets.

There were no significant differences between the earlier data
and the more recent data (P = 0.96).

The highest median of subgroup C,, was 9.32%ID for
dendrimer NPs (Figure S2F, Table 1), while the lowest value
was 0.07%ID for the NPs in gliomas (Figure S2J, Table 1), and
the overall median C,, was 1.01%ID. Compared to the
median C,, of 1.08%ID based on data between 2005 and
2018, the corresponding value of 0.85%ID for the newer data
between 2018 and 2021 was not statistically different (P =
0.15). By taking the tumor weight into account, the maximum
and minimum median C_, values were 14.22%ID/g for
dendrimers and 1.38%ID/g for gliomas, and the overall median
Croax Was 4.95%ID/g. Compared to the result from the earlier
version of the “Nano-Tumor Database”, the tumor C,, did
not show a significant increase for the newer data between
2018 and 2021 based on the median values (4.82% vs 5.16%
ID/g, P = 0.701).

Additionally, we used the parameters of the tumor/blood
distribution coeflicient to evaluate the tumor delivery of NP.
Within 534 tumor data sets, there were 343 data sets with
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available blood data. The range for subgroup medians of the %
ID-based tumor distribution coefficient data was between 0.04
(NPs in gliomas) and 1.83 (i.e., 1.83-fold in tumor compared
to blood for positive-charged NPs) with an overall median of
0.21 (Figure 4, Table S1). The subgroup medians of the tumor
distribution coefficient (based on %ID/g) were between 0.20
(NPs in prostate cancer) and 3.44 (positive-charged NPs) with
an overall median of 1.03 (Figure S4, Table S1).

In summary, the medians of PK Parameter #1, NP DE, using
AUC-based method (0.67%ID and 3.45%ID/g) were com-
parable to previous meta-analyses.”” Wilhelm et al. (2016)°
summarized the studies between 2005 and 2015 and calculated
the median NP delivery efficiency of 0.7%ID. Cheng et al.
(2020)” also derived a median NP delivery efficiency in tumor
of 0.76%ID at the last sampling time point using the PBPK
method. According to these earlier results, it appears there was
little improvement in the tumor delivery efficiency of NPs from
more recent studies, which is a persistent critical barrier in the
field for over the past 15 years. This raises the need to take into
account the impact of other factors, such as NP distribution in
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Figure 4. Box-and-whisker plots of the tumor/blood distribution coefficient (PK Parameter #3) data by (A) year, (B) material type, (C)
targeting strategy, (D) surface charge, (E) inorganic material, (F) organic material, (G) hydrodynamic diameter, (H) shape, (I) tumor
model, and (J) cancer type based on the concentration data in the unit of injected dose percentage (%ID).'® The boxes represent the 25th to
75th percentile, and the black lines are the median values. The blue dash lines indicate the overall median of the distribution coefficient of
0.21 derived from the 343 data sets that reported the blood data in the original articles.

the blood. Therefore, we applied multiple PK parameters to
evaluate the tumor delivery (ie., DE, C,,, and tumor/blood
distribution coefficient) and performed regression analyses of
tumor delivery by considering the effects of various
physicochemical properties and study design factors, as
described below.

THE IMPACTS OF INDIVIDUAL PHYSICOCHEMICAL
PROPERTIES

Several physicochemical properties have been shown to affect
the delivery of NP to the target site, such as particle size, shape,
and surface chemistry. These properties may determine the NP
tumor entry rate, residence time, penetration depth, and the
sequestering proportion by the reticuloendothelial system
(RES)."” Therefore, we collected multiple physicochemical
properties of NPs from the enrolled studies and investigated
their contributions to NP tumor delivery quantitatively. Before
performing the univariate analysis, Shapiro-Wilk normality
tests were initially performed, of which results suggested that

19815

log-transformed PK parameters were (or more likely to be)
normally distributed. Therefore, the log-transformed PK
parameters were employed for the following analyses. To
evaluate the impacts of single physiochemical properties on the
tumor delivery, one-way ANOVA/Kruskal-Wallis test and
simple linear regression were conducted for categorical and
continuous variables, respectively. The Bartlett’s test was used
to examine the assumption of equal variance for the one-way
ANOVA test. For the data sets that cannot be assumed for
equal variance, a Kruskal-Wallis test was performed, which
was considered the nonparametric equivalent to a one-way
ANOVA."'? The results showed that the tumor deliveries of
NPs were significantly different due to certain physicochemical
properties (Tables S2—S4), as described in detail below.
Overall, the critical factors that affected tumor delivery of NPs
are the core material, surface charge, and cancer type.

To be more specific, the variables that significantly impacted
the tumor DE (PK Parameter #1) included NP type, core
material, targeting strategy, cancer type, log-transformed

https://doi.org/10.1021/acsnano.3c04037
ACS Nano 2023, 17, 19810—19831


https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c04037/suppl_file/nn3c04037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c04037/suppl_file/nn3c04037_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04037?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04037?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04037?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04037?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c04037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

hydrodynamic size [log(HD)], surface charge, and zeta
potential (Table S2). In terms of NP type, the tumor DE in
organic nanomaterials (ONMs) was much lower than that in
inorganic nanomaterials (INMs) (Median: 0.54% vs 0.84%ID;
P =0.001) and hybrid NPs (Median: 0.54% vs 1.51%ID; P =
0.042), but the difference between INMs and hybrid NPs was
insignificant (Median: 0.84% vs 1.51%ID; P = 0.360; Table 1
and Table S3). The pairwise comparisons of core material
suggested that there were no differences in tumor DE for
different types of INMs, while the tumor DE for dendrimer
NPs (Median: 7.41%ID) was much higher than that of the
group of other ONMs (Medians: 0.29%—0.68%ID). The DE
was ranked as dendrimer > gold > other materials. In addition,
the active-targeting NPs had higher tumor delivery efficiency
than passive-targeting ones (Median: 0.79% vs 0.61%ID; P =
0.015). Regarding cancer types, the tumor delivery efficiency
was not significant for most types of cancer except that the
tumor DE for the liver tumor model was a little lower than that
for skin tumors (Median: 0.43% vs 1.23%ID; P = 0.020). In
the unit of %ID/g tumor tissue, only the variables of the core
material, targeting strategy, cancer type, zeta potential, and
surface charge were significant for the tumor delivery
efficiency. The Dwass—Steel—Critchlow—Fligner (DSCF)
tests were performed for significant categorical predictors,
which depicted dendrimer NPs (Median: 11.45%ID/g) had
higher delivery efficiencies than other ONMs (Medians:
1.88%—3.41%ID/g, Table S3). Active-targeting NPs had a
higher delivery efficiency than passive-targeting NPs (Median:
4.12% vs 3.11%ID/g, P = 0.031). Considering tumor type, the
DE in ovarian tumors (Median: 1.08%ID/g) was significantly
lower than those in some other tumors, including breast
(Median: 3.49%ID/g), brain (Median: 3.64%ID/g), cervical
(Median: 6.18%ID/g), pancreatic (Median: 4.22%ID/g),
colon (Median: 3.10%ID/g), and liver (Median: 3.41%ID/g)
tumors. The difference between skin and liver tumors was
statistically insignificant. The DE of the neutral NPs was
significantly higher than the NPs with a negative surface charge
(Median: 4.00% vs 2.34%ID/g, P = 0.001).

Similarly, multiple variables had significant effects on the
tumor C,,,, (PK Parameter #2) in the unit of %ID, including
NP type, core material, targeting strategy, cancer type, tumor
model, log(HD), zeta potential, and surface charge, while only
a few remained significant in the unit of %ID/g tumor tissue,
including core material, cancer type, zeta potential, and surface
charge. In the unit of %ID, the pairwise comparisons showed
that the tumor C,,,, of INMs was comparable to that of hybrid
NPs but significantly higher than that of ONMs (P = 0.003;
Table S3). Among inorganic materials, there were no
significant differences between different types of INMs. For
core materials, the C, . for dendrimers (Median: 9.32%ID)
was higher than that of all other organic materials (Median:
0.44%—0.92%ID) and certain inorganic materials, including
gold NPs (Median: 1.97%ID, P = 0.043), silica NPs (Median:
0.75%ID, P = 0.008), and other inorganics (Median: 1.06%ID,
P = 0.003). For surface charge, the tumor C,, for negative
NPs was lower than those for positive NPs and neutral ones
(Medians: 0.73% vs 1.57% vs 1.22%ID), which is consistent
with the findings from tumor DE. For tumor cell lines, the C_,,,
in gliomas (Median: 0.07%ID) was significantly lower than
that in skin (Median: 2.08%ID) (P = 0.024) and cervical
tumors (Median: 1.54%ID) (P = 0.153). In the unit of %ID/g
tumor tissue, the dendrimer NPs (Median: 14.22%ID/g) were
delivered to tumors substantially more than other NPs, such as

liposomes (Median: 2.91%ID/g, P = 0.004), polymeric NPs
(Median C,,,: 4.97%ID/g, P = 0.011), and gold NPs (Median:
4.41%ID/g, P = 0.028). Consistent with AUC-based tumor
DE, the C,, in ovarian tumors (Median: 2.32%ID/g) was
lower than other tumors based on the unit of %ID/g tumor
tissue, including breast (Median: 4.96%ID/g, P = 0.035), brain
(Median: 4.89%ID/g, P = 0.016), cervical (Median: 7.93%ID/
g, P < 0.001), pancreatic (Median: 5.29%ID/g, P = 0.017),
colon (Median: 6.10%ID/g, P = 0.006), and liver (Median:
4.77%ID/g, P = 0.019; Table 1 and Table S3) tumors.

Regarding the tumor distribution coeflicient, more variables
were significant than the DE and C,,, using the unit of %ID,
including NP type, core material, targeting strategy, cancer
type, tumor model, shape, log(HD) (or HD category), and
surface charge (Table S4). Regarding core materials, the
ONMs had a lower tumor distribution coefficient than hybrid
NPs (Median: 0.17 vs 0.65, P = 0.026; Table S3). Among
different types of NPs, the tumor distribution coeflicient was
the highest for gold NPs (median: 0.69) and the lowest for
liposomes. For ONMs, the tumor distribution coeflicient of
liposomes (Median: 0.04) was significantly lower than those of
hydrogels (Median: 0.26, P = 0.047) and polymeric NPs
(Median: 0.17, P = 0.008). The tumor distribution coefficient
for the NPs with passive targeting was lower than those with
active targeting (Median: 0.18 vs 0.25). In terms of surface
charge, the tumor distribution coefficient (%ID) for positively
charged NPs was higher than negative and neutral NPs
(Medians: 1.83 vs 0.26 vs 0.11). The tumor distribution
coeflicient based on the data in the unit of %ID for plate-
shaped NPs was lower than that for rod- or spherical-shaped
NPs (Median: 0.12 vs 0.18 vs 0.34). For tumor types, the
distribution coefficient was lower in colon cancer (Median:
0.05) than for breast (Median: 0.17, P = 0.031), brain
(Median: 0.30, P = 0.021), skin (Median: 1.07, P < 0.001), and
liver (Median: 0.23, P = 0.006) tumors. Using the
concentration data in the unit of %ID/g tumor tissue, there
were fewer physicochemical parameters significantly affecting
the tumor distribution coeflicient, including NP type, core
material, targeting strategy, and surface charge. The INMs and
hybrid NPs had a higher median of distribution coeflicient in
tumor than the ONMs (1.18 vs 2.08 vs 0.92). In the ONM:s,
the tumor distribution coeflicient was ranked as follows:
hydrogel > dendrimer > polymer > liposome. The tumor
model and cancer type were also significant predictors of the
tumor distribution coefficient. Compared to colon cancer
(Median: 0.44), the distribution coefficients to liver tumors
(Median: 1.59, P = 0.002) and brain tumors (Median: 2.17, P
= 0.022) were much higher.

In the pairwise comparisons for all PK parameters, gold NPs
were highlighted with higher delivery than other materials,
which supports the application of gold NPs in cancer
diagnostics and therapeutics."'"''> Based on PK Parameters
#1 and #2, the median tumor delivery was ranked as dendrimer
> gold > other materials. However, based on PK Parameter #3
of the tumor distribution coefficient, the difference between
dendrimers and gold NPs was not significant when the blood
PK profiles were taken into consideration. In contrast, the
tumor delivery in liposomes was lower than that in other
materials regardless of which PK parameters were used,
particularly when blood PK was considered in PK Parameter
#3. This finding is surprising as liposomes are one of the most
commonly used types of NPs in biomedical sciences, including
in cancer therapeutics.''> One of the potential reasons is the
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Table 2. Multivariable Linear Regression Analysis Results for the Log-Transformed Pharmacokinetic Parameters”

Sample
NP Model Formula Size R? Adj. R? P-value AIC  BIC
PK Parameter #1: DE (in the unit of %ID)
All Full model Y ~ gType + MAT + TS + CT + TM + Shape + log (HD) + PDI + 534 0.308 0211 <0.001%** 553 672
P
All Best model Y ~ (MAT + CT + Shape + log (HD) + PDI + ZP) 534 0297 0213 <0.001%%* 545 643
ONMs Full model Y ~ (MAT + TS + CT + TM + Shape + log (HD) + PDI + ZP) 358 0244 0141  <0.001%** 462 547
ONMs Best model Y ~ (MAT + TS + CT + Shape + log (HD) + ZP) 358 0245  0.184 <0.001%** 618 707
Polymeric ~ Full model Y ~ (TS + CT + TM + Shape + log (HD) + PDI + ZP) 213 0.234  0.105 0.029* 252 312
Polymeric ~ Best model Y ~ (TS + CT + TM + Shape + log (HD) + ZP) 213 0.232 0.136 0.002%%* 314 380
INMs Full model Y ~ (MAT + TS + CT + TM + Shape + log (HD) + PDI + ZP) 160 0.825  0.591 0.008%* 60 98
INMs Best model Y ~ (MAT + CT + TM + log (HD) + PDI) 160 0798 0626  <0.001%** 62 93
Gold Full model Y ~ (TS + CT + TM + Shape + log (HD) + PDI + ZP) 70 0.861  0.670 0.021%* 36 S1
Gold Best model Y ~ (TS + CT + log (HD) + PDI) 70 0.842 0727  0.002%* 28 38
PK Parameter #1: DE (in the unit of %ID/g)
All Full model Y ~ gType + MAT + TS + CT + TM + Shape + log (HD) + PDI + 534 0.226 0.117 0.002%%* 539 658
zp
All Best model Y ~ (MAT + TS + CT + Shape + log (HD) + PDI + ZP) 534 0.223 0.126 <0.001%#%%* 529 631
ONMs Full model Y ~ (MAT + TS + CT + TM + Shape + log (HD) + PDI + ZP) 358 0.203 0.094 0.011%* 449 535
ONMs Best model Y ~ (MAT + CT + Shape + log (HD) + ZP) 358 0205  0.144 <0.001%** 590 675
Polymeric ~ Full model Y ~ (TS + CT + TM + Shape + log (HD) + PDI + ZP) 213 0333 0221 <0.001%%*%* 226 286
Polymeric ~ Best model Y ~ (CT + TM + Shape + PDI + ZP) 213 0336 0.246 <0.001%** 251 307
INMs Full model Y ~ (MAT + TS + CT + TM + Shape + log (HD) + PDI + ZP) 160 0.793 0.517 0.021%* 57 95
INMs Best model Y ~ (MAT + TS + CT + TM + log (HD) + PDI) 160 0.776 0.564 0.004%*%* 56 88
Gold Full model Y ~ (TS + CT + TM + Shape + log (HD) + PDI + ZP) 70 0.802 0.529 0.068 35 50
Gold Best model Y ~ (TS + CT + TM + log (HD) + PDI) 70 0.800 0578  0.033* 30 4
PK Parameter #2: C,,,, (in the unit of %ID)
All Full model Y ~ gType + MAT + TS + CT + TM + Shape + log (HD) + PDI + 534 0.307  0.210 <0.001%%#%* 545 664
zp
All Best model Y ~ (MAT + CT + Shape + log (HD) + PDI + ZP) 534 0299 02116  <0.001%**  $36 634
ONMs Full model Y ~ (MAT + TS + CT + TM + Shape + log (HD) + PDI + ZP) 358 0.249 0.147 <0.001%#%%* 456 542
ONMs Best model Y ~ (MAT + Shape + log (HD) + PDI) 358 0203 0171  <0.001*** 446 480
Polymeric ~ Full model Y ~ (TS + CT + TM + Shape + log (HD) + PDI + ZP) 213 0207  0.074 0.081 244 304
Polymeric ~ Best model Y ~ (TS + CT + TM + Shape + log (HD) + PDI + ZP) 213 0218  0.121 0.004** 311 377
INMs Full model Y ~ (MAT + TS + CT + TM + Shape + log (HD) + PDI + ZP) 160 0.842  0.630 <0.001%%%* 57 95
INMs Best model Y ~ (MAT + CT + TM + log (HD) + PDI) 160 0.811 0.650 <0.001%#%%* 60 91
Gold Full model Y ~ (TS + CT + TM + Shape + log (HD) + PDI + ZP) 70 0881 0716  0.013* 2 47
Gold Best model Y ~ (TS + CT + PDI + ZP) 70 0.864  0.752 0.002%** 28 39
PK Parameter #2: C,,,, (in the unit of %ID/g)
All Full model Y ~ gType + MAT + TS + CT + TM + Shape + log (HD) + PDI + 534 0.211 0.101 0.005%%* 527 646
P
All Best model Y ~ (MAT + TS + CT + Shape + log (HD) + PDI + ZP) 534 0208  0.110 0.002%* 518 620
ONMs Full model Y ~ (MAT + TS + CT + TM + Shape + log (HD) + PDI + ZP) 358 0.195 0.085 0.018%* 441 527
ONMs Best model Y ~ (MAT + CT + Shape + log (HD) + ZP) 358 0189 0127  <0.001%%* 578 663
Polymeric ~ Full model Y ~ (TS + CT + TM + Shape + log (HD) + PDI + ZP) 213 0.286  0.166 0.003%** 210 271
Polymeric  Best model Y ~ (TS + CT + TM + PDI + ZP) 213 0.315 0.229 <0.001%%%* 238 292
INMs Full model Y ~ (MAT + TS + CT + TM + Shape + log (HD) + PDI + ZP) 160 0.796 0.524 0.019% 54 92
INMs Best model Y ~ (MAT + TS + CT + TM + log (HD) + PDI) 160 0778  0.568  0.003** s4 87
Gold Full model Y ~ (TS + CT + TM + Shape + log (HD) + PDI + ZP) 70 0.796  0.516 0.074 32 47
Gold Best model Y ~ (TS + CT + PDI + ZP) 70 0.766 0.575 0.030% 27 39
PK Parameter #3: Distribution Coefficient (based on the concentration data in the unit of %ID)
All Full model Y ~ gType + MAT + TS + CT + TM + Shape + log (HD) + PDI + 343 0411 0292 <0.001%** 424 529
zpP
All Best model Y ~ (MAT + CT + TM + Shape + log (HD) + PDI + ZP) 343 0.403  0.288 <0.001%*%* 420 51§
ONMs Full model Y ~ (MAT + TS + CT + TM + Shape + log (HD) + PDI + ZP) 238 0443 0340  <0.001%** 356 431
ONMs Best model Y ~ (MAT + CT + Shape + log (HD) + PDI) 238 0407  0.325 <0.001%** 357 417
Polymeric ~ Full model Y ~ (TS + CT + TM + Shape + log (HD) + PDI + ZP) 145 0.514 0418 <0.001%%*%* 196 246
Polymeric ~ Best model Y ~ (CT + TM + log (HD) + PDI + ZP) 145 0506 0429  <0.001%%* 191 233
INMs Full model Y ~ (MAT + TS + CT + TM + Shape + log (HD) + PDI + ZP) 94 0.856 0.280 0.380 35 56
INMs Best model Y ~ (MAT + CT + PDI) 94 0.828 0.670 0.004%*%* 22 37
Gold Full model Y ~ (TS + CT + TM + Shape + log (HD) + PDI + ZP) 43 0.899 —0.107  0.685 24 31
Gold Best model Y ~ (CT + PDI) 43 0.875 0.786 0.005%%* 13 16
PK Parameter #3: Distribution Coefficient (based on the concentration data in the unit of %ID/g)
19817 https://doi.org/10.1021/acsnano.3c04037
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Table 2. continued

Sample
NP Model Formula Size R? Adj. R? P-value AIC  BIC
All Full model Y ~ gType + MAT + TS + CT + TM + Shape + log (HD) + PDI + 343 0.376  0.25 <0.001%%* 390 49§
zp
All Best model Y ~ (MAT + CT + TM + Shape + log (HD) + PDI + ZP) 343 0371 025 <0.001%%% 386 480
ONMs Full model Y ~ (MAT + TS + CT + TM + Shape + log (HD) + PDI + ZP) 238 0446 0344  <0.001%%* 321 396
ONMs Best model Y ~ (MAT + CT + TM + Shape + log (HD) + PDI + ZP) 238 0446 0348  <0.001*** 320 391
Polymeric ~ Full model Y ~ (TS + CT + TM + Shape + log (HD) + PDI + ZP) 145 0.575 0491 <0.001%** 162 212
Polymeric ~ Best model Y ~ (CT + TM + log (HD) + PDI + ZP) 145 0.574  0.496 <0.001%#%%* 160 208
INMs Full model Y ~ (MAT + TS + CT + TM + Shape + log (HD) + PDI + ZP) 94 0.813 0.067 0.522 35 56
INMs Best model Y ~ (MAT + TS + CT + PDI) 94 0814 0612  0.014* 21 38
Gold Full model Y ~ gType + MAT + TS + CT + TM + Shape + log (HD) + PDI + 43 0.858  —0.557 0.771 24 31
zp
Gold Best model Y ~ (CT + PDI) 43 0.856  0.752 0.007** 10 14

kD < 0,001, ** P < 0.01, and * P < 0.05. R%: coefficient of determination; Adj-R*: adjusted R%; AIC: Akaike information criterion; BIC: Schwarz
Bayesian information criterion; Type: nanoparticle type (inorganic, organic or hybrid NPs); MAT: core material; TS: targeting strategy; CT:
cancer type; TM: tumor model; log(HD): log-transformed hydrodynamic size; ZP: zeta potential; DE: delivery efficiency; PK: pharmacokinetic.

limitations of liposomes, including relatively large particle size
and shorter systemic circulation period of less than 24 h.''*'"
Additionally, while more than 1000 articles about liposomes
and tumors were published every year since 2017, there
were 33 studies with 48 data sets that met our inclusion criteria
and were included in our analysis. Among these 48 data sets,
46 of the data sets used the encapsulation method to load the
drug (the rest are NP only or have no clear statement of the
drug loading strategy). Therefore, it is possible that liposome-
based nanomedicines do a better job of protecting the drug
during the systemic circulation, leading to their better clinical
translation despite a lower delivery.

In terms of surface charge, our analysis suggests that neutral
and positively charged NPs had a higher tumor delivery than
negatively charged NPs. This finding is consistent with our
earlier study.” Unlike the results of DE and C,,, which
suggested that the delivery in the positive NPs and neutral NPs
were comparable, the delivery measured by PK Parameter #3
showed a significantly higher tumor distribution coefficient for
positive NPs than for neutral ones. Mechanistically, positive
NPs can be effectively internalized by cells through electro-
static interactions since cell plasma membranes are negatively
charged."'® In a previous study, positive-charged NPs exhibited
shorter blood circulation than neutral ones."'” Since the tumor
distribution coeflicients were calculated based on the ratios of
AUC between tumor and blood, the shorter blood circulation
time might be a potential reason that the distribution
coeflicient of positive-charged NPs became higher than that
of other NPs. A mixed effect of surface charge on NP tumor
delivery was previously reported.''® In one study, neutral NPs
were suggested to diffuse faster than other NPs because
positive-charged and anionic NPs can form aggregates with
opposite charge components of the matrix."'” Some special
negative-charged NPs with larger size (~100 nm) were more
likely to enter cells through caveolae-independent path-
ways."'“""® Overall, the relationship between the surface
charge and the tumor delivery of NPs has not been fully
understood. More mechanistic studies need to be conducted
on this topic, but caution must be taken to identify what PK
parameters are used.

In addition, we assessed the impact of the administrative
dose on tumor delivery to examine whether there is a threshold
of the dose to achieve maximum tumor delivery. According to
the correlation and linear regression results, there was not a

significant linear relationship between the administration dose
to tumor-bearing mice and the tumor delivery (Figure SS).
The correlations were also very small using different PK
parameters in different units (Table SS). However, the
ANOVA analyses and pairwise comparisons of the tumor
delivery in dose groups suggested that the tumor delivery may
have a bell-shaped curve in which the tumor delivery achieved
the peak at the dose group 10° (i.e., the dose ranges from 1 to
9.9 mg/kg) (Figures S6 & S7, Tables S6 & S7). Such a
threshold did not exist using PK Parameter #3 of the
distribution coefficient (Figures S8 & S9, Tables S8 & S9).
Overall, our results suggest that there may be a threshold-like
dose of 10 mg/kg to maximize the tumor DE based on PK
Parameter #1 (i.e, the traditional method of representing
tumor DE). Higher administration doses beyond this value
may not increase the tumor DE in the tumor-bearing mice. In
the study by Ouyang et al. (2020),"*° they derived a dose
threshold for NP tumor delivery of 1 trillion NPs. Since our
study and the Ouyang et al. study'*” used different units and
were based on different data sources, it is difficult to compare
our results. However, assuming an average molecular weight of
5000 kDa for NPs and an average mouse body weight of 20 g,
a dose of 1 trillion NPs can be converted to 0.01 mg/kg, which
is actually below the most administration doses in our selected
studies as well as our results of the dose threshold.
Nevertheless, our study and the study by Ouyang et al
(2020)"*° together suggest the existence of a threshold-like
dose for NP tumor delivery to achieve the maximum delivery
efficiency. Further studies are needed to derive a more precise
threshold dose value for different types of NPs with different
units.

Subgroup Multivariable Linear Regressions of Tumor
Delivery. Multivariable linear regressions were performed to
assess the log-transformed subgroups of NPs, including gold
NPs, polymeric NPs, INMs, ONMs, and all NPs. In total, we
report 60 regression models from 3 log-transformed PK
parameters (DE, C,., and distribution coefficient) based on
the concentration data in two units (%ID and %ID/g tissue).
For each PK parameter, we included both full (ie. the full
model including all testing variables) and best (i.e., the best
subset model with the highest adjusted R? and lowest AIC/
BIC values) models for all NP subgroups.

The results of multivariable linear regression are listed in
Table 2 and Table S10. In Table 2, we performed the analyses
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with the original data of the zeta potential (i.e., as a continuous
variable), while in Table S10, we explored the use of surface
charge as a categorized variable based on the zeta potential to
investigate whether categorized physicochemical parameters
can better predict the tumor DE of NPs.

Based on the continuous variable zeta potential, the best
regression models describing the tumor DE based on all 534
data sets using PK Parameter #1 of tumor DE in the unit of %
ID were: all NPs (R* = 0.297, P < 0.001), ONMs (R = 0.245,
P < 0.001), INMs (R* = 0.798, P < 0.001), polymeric NPs (R*
= 0.232, P = 0.002), and gold NPs (R* = 0.842, P = 0.002)
(Table 2). The key predictors included cancer type, log-
transformed hydrodynamic size, and PDI for all groups. Zeta
potential and shape were also significant factors for the organic
NPs, including the group of ONM:s and the group of polymeric
NPs as well as the composite group in which the proportion of
the ONMs data was 67%. The regression results of PK
Parameter #2 C,,, were similar to the results of PK Parameter
#1 DE with a similar goodness of fit and key predictors in both
units.

Taking the blood PK profile into account, for inorganic NPs,
the regression models of the distribution coefhicient demon-
strated a high but similar goodness of fit with physicochemical
and experimental variables (R* > 0.8) compared to the other
two parameters, tumor DE and C_,. For organic NPs,
compared to DE and C,,, the distribution coefficient (%ID)
improved the R? for the composite group of all NPs (R* =
0.403, P < 0.001 vs R* = 0.297 (DE) vs R* = 0.299 (C....)),
ONMs (R* = 0.407, P < 0.001 vs R* = 0.245 (DE) vs R* =
0.203 (C,0)), and polymeric NPs (R* = 0.506, P < 0.001 vs R
= 0.232 (DE) vs R* = 0.218 (C,,.)). Similar results were
derived based on the concentration data in the unit of %ID/g.
Besides, the regression with surface charge showed comparable
results with zeta potential (Table S10). We used the results
with the original data of the zeta potential (Table 2) for further
discussion and drew the conclusions of this study as described
below.

Since different physicochemical properties affected the
tumor delivery of different types of NPs differentially, we
also presented the specific regression coefficient values (i.e.,
positive impact or negative impact) and prediction profilers of
significant physicochemical properties on tumor DE in the unit
of %ID of all NPs, INMs, ONMs, and gold NPs based on the
best multivariate regression model results. The results are
presented in Section 2 of the Supporting Information.
Ultimately, one potential application of our regression models
is to determine what combinations of parameters may lead to a
higher tumor DE. To illustrate this application, we applied our
best multivariate regression models to generate several
hypothetical scenarios of different combinations of NP factors
for 1000 iterations, and representative scenarios that had a
relatively higher tumor DE of >3%ID or even >S%ID are
presented in Tables S11—S14. For example, gold NPs with
features of hydrodynamic size between 10 and 100 nm, active
targeting, and a low PDI may achieve a DE exceeding S%ID in
skin, breast, ovary, prostate, and other cancers (Table S14).
We note that these are hypothetical simulated scenarios, which
will need further experimentation to confirm.

Nanoparticle Biodistribution in Main Organs. In
addition to the evaluation of tumor delivery, we summarized
NP biodistribution in the major healthy organs, including
heart, liver, spleen, lung, and kidney, and simultaneously
assessed the relation between the physicochemical factors and

NP biodistributions in these major healthy organs and tumors.
This analysis was performed to evaluate the impact of the
distribution to major healthy organs on NP tumor delivery.
The organ distributions of NPs are summarized in Figures 5 &

A. I
Heart- = — L R
Liver- . ) .
Lung- - D B
Spleen- - - °
Kidney -
2.5 0.0 2.5
B.
Heart- Y '@'. y
Liver- W
Lung- ~ el ] —
Spleen- —_— o s2dRe C
Kidney -
-2 0 2 4

Log Distribution Coefficient

Figure S. Summary of nanoparticle (NP) biodistributions in the
major organs. The biodistribution is presented with distribution
coefficient calculated with the data in the unit of (A) %ID and (B)
%ID/g tissue. The spots under each biodistribution curve showed
the individual biodistribution data of each NP from each data set.
The box indicates the 50th percentile interval from the 25th to
75th percentile estimate; the whisker indicates the 95th percentile
interval from 2.5% to 97.5%.

$10—S13. Using the parameter of DE (PK Parameter #1), the
median biodistributions of NPs were as follows: heart: 0.19%
ID (95% CI: 0.002% — 5.52%ID), lung: 0.33%ID (95% CI:
0.005% — 8.31%ID), spleen: 0.66%ID (95% CI: 0.009% —
13.30%ID), kidney: 0.97%ID (95% CI: 0.017% — 14.59%ID),
and liver: 11.25%ID (95% CL: 0.17% — 75.98%ID) (Figure
$10).

The MANOVA results suggested that the NP type, core
material, targeting strategy, cancer type, tumor model, shape,
hydrodynamic size, and surface charge all contributed to the
distribution differences among organs. For each organ, the key
predictors are different. For example, the liver accumulation
was affected by many factors including NP type, core material,
cancer type, tumor model, shape, and size, while the heart
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Table 3. Multivariate and Univariate Associations of Physicochemical Characteristics with Organ Biodistribution Presented as
Distribution Coefficient (Parameter #3) Based on the Concentration Data in the Unit of %ID*

Organs
Heart Liver Spleen Kidney Lung P-value

Nanoparticle Type 0.434 0.270 0.025%* 0.625 0.416 0.037%*
Core Materials 0.064 0.005** <0.00 1%+ <0.001#%% 0.029* <0.001#%%
Targeting Strategy 0.859 0.984 0.969 0.229 0.970 0.275
Cancer Type <0.00 1%+ 0.002%* <0.001%%% 0.001%** <0.001%%% <0.001#%%
Tumor Model 0.952 0.936 0.568 0.926 0.620 0.023*
Shape 0.088 <0.001##%* <0.001##%* 0.079 0.005%** <0.001##%*
Size 0.093 0.023%* 0.014 0.118 0.021%* <0.001#%%*
Surface Charge 0.254 0.338 0.295 0.109 0.301 0.148

“The result of this table is presented as distribution coefficient (Parameter #3) based on the concentration data in the unit of %ID. The results
based on other methods using different units are presented in Tables S15—S19 in Supporting Information. ***P < 0.001, **P < 0.01, and *P <

0.0S. Size: log-transformed hydrodynamic size.

accumulation was only affected by core material, cancer type,
tumor model, size, and surface charge (Table S15). In terms of
liver accumulation, the ONMs had less distribution than INMs
(Median: 8.90% vs 16.01%ID, P < 0.001) and hybrid NPs
(Median: 8.90% vs 22.54%ID, P = 0.042). Rod-shaped NPs
were more likely to accumulate in the liver compared to other
shapes, particularly compared to spherical NPs (Median:
24.81% vs 10.19%ID, P = 0.001). Moreover, the effects of
hydrodynamic size on accumulation in the liver showed a
significant positive correlation, with larger NPs being more
likely to accumulate. Compared to the NPs less than 10 nm,
the liver distributions were relatively high for those in 10—100
nm (Median: 4.50% vs 11.89%ID, P = 0.003), those in 100—
200 nm (Median: 4.50% vs 10.72%ID, P = 0.107), and those
larger than 200 nm (Median: 4.50% vs 16.60%ID, P = 0.002).
The difference between the groups of 10—100 and 100—200
nm was not significant (11.89% vs 10.72%ID, P = 0.197). A
similar effect of size was found in heart accumulation, with the
NPs less than 10 nm having the least accumulation (Median:
0.07%ID for <10 nm vs 0.22%ID for 10—100 nm vs 0.15%ID
for 100—200 nm vs 0.31%ID for >200 nm). In contrast, the
effects of NP type and shape were not significant on heart
accumulation.

Considering organ weights, the biodistributions were heart:
1.52%ID/g (95% CI: 0.012% — 46.45%1D/g), lung: 2.44%ID/
g (95% CI: 0.04% — 63.67%ID/g), kidney: 3.22%ID/g (95%
CI: 0.05% - 51.04%1D/g), spleen: 6.93%ID/g (95% CI:
0.10% — 127.85%ID/g), and liver: 10.69%ID/g (95% CI:
0.16% — 75.01%ID/g) (Figure S11). The significant predictors
were the same as those for the unit of %ID except for the
surface charge, which was barely significant (P = 0.078). The
pairwise comparison results were similar to those based on the
concentration unit of %ID. For example, the ONM:s
accumulated less than INMs (Median: 8.56% vs 15.44%ID/
g, P < 0.001) and hybrid NPs (Median: 8.56% vs 22.25%ID/g,
P = 0.048) in the liver. Polymeric NPs had a lower liver
accumulation than gold NPs (Median: 7.11% vs 18.43%ID/g,
P = 0.034).

The organ biodistribution trends were similar for the results
based on the other two PK parameters of C,, and the
distribution coefficient, in which NP accumulation was
significantly higher in the liver than other organs, followed
by the spleen and the kidney. The significant predictors for
each PK parameter are listed in Tables 3 & S15—S19. Using
the parameter of distribution coefficient calculated using the
data in the unit of %ID, the heart accumulation for the NPs
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was only different with cancer types, indicating the difficulty to
predict the heart accumulation of NPs by using physicochem-
ical parameters and study design factors compared to other
organs. The results of higher accumulation in the liver than
other organs are consistent with the observation in healthy
animals.'”*”"*" This result showed competition between the
RES system (e.g, liver and spleen) and the tumor for
distribution of NPs.

Mechanistically, liver, spleen, and kidney are the main
accumulative organs for NPs regardless of exposure routes,
animal models, and physicochemical properties of NPs.'** The
effects of physicochemical parameters on organ biodistribution
are more complicated than those on tumor delivery, because
organs are more differentiated and functionalized and generally
have highly regulated blood flows. As the hydrodynamic
diameters of most current NP designs are within 10—200 nm,
the main excretion route for these NPs is via feces.'”’
Additionally, the fenestrations in the endothelial cells in the
liver allow for relatively larger (compared to the NPs mainly
cleared in the renal system) foreign particles such as NPs, to be
trapped in a manner similar to the enhanced permeability and
retention (EPR) effect, which partially contributes to the
nonspecific accumulation of NPs within the liver."**'** Several
studies have shown that the majority of nonspecific
accumulation of NPs in the liver is due to Kupffer
cells.'?”'?5126 Tn 3 review of NP-liver interactions, the liver
was estimated to sequester 30%—99% of administered NPs
from the bloodstream."”’

As another important component of the RES system, the
spleen was shown to also significantly contribute to the
removal of NPs. In our study, the amount of NP in the spleen
was comparable to that in the kidney. In a study by Tsoi et
al,'** significant uptakes of NPs by splenic macrophages were
found, which, however, were still lower than Kupffer cells in
the liver.'””> Taveres et al. (2017) found compensatory
increases of gold NP intake in the spleen after removing
Kupffer cells in tumor-bearing mice.'”* Besides, the ultrasmall
NPs with a size <8 nm can be excreted via the urine.'””
Therefore, many ultrasmall NPs will have access to renal tissue
and may produce higher kidney accumulation."**"*" However,
high renal clearance of these ultrasmall NPs does not always
coincide with high kidney retention or accumulation, since
they can be quickly cleared into urine. For example, 5 nm Ng
gold composite nanodevice ((Au®)¢,s-PAMAM_E4.5-
(COOH)g,: S nm Ng-Au-CND) had a kidney biodistribution
of 2.75%ID at 24 h, whereas the liver accumulation was 22.1%
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ID at the same time point.”” In contrast, high kidney
accumulation can occur with some large NPs (>10 nm) having
certain characteristics. In our database, Kanazaki et al.
(2015)"** developed antibody-conjugated iron oxide NPs
(antiepidermal growth factor receptor 2 (HER2) scFv-
conjugated IONPs-20 nm: SNP20) and found comparable
accumulation in the liver and kidney at 24 h (10.6 vs 22.9%ID/
g). In the ANOVA results of liver biodistribution, the
significant factors affecting the distribution of NPs included
the use of the cancer cell line and core material for all PK
parameters.

Future efforts on the design of NPs need to consider the
competitive effects of organs with tumors in systemic
circulation and tissue distribution.'”” The more NPs that are
trapped by nontumor cells, the lower tumor delivery efliciency
will be. To enhance tumor delivery, future NP designs can
improve certain NP properties to reduce potential accumu-
lation in healthy tissues or even the toxicity of NPs, which
would reduce the competition and thus increase NP tumor
delivery.

Strengths and Limitations of the Current Study
Compared to Existing Relevant Studies. Compared to
our earlier version of the “Nano-Tumor Database”,’ the
present study increased the number of tumor time-dependent
concentration data sets from 376 to 534 and increased the
number of tumor concentration data points from 1381 to
23485, adding 97 studies published between 2018 and 2021
(Table 4). The current database also added 1972 data sets in
several major healthy organs (340 data sets for heart, 456 for
liver, 367 for lung, 413 for spleen, and 396 for kidney) with a
total of 8461 concentration data points, which were not
available in the previous version of the database, enabling us to
provide a comprehensive analysis on the whole body
biodistribution as well as tumor delivery of different NPs.
Moreover, we calculated the PK parameters based on the
concentration data in two units: %ID and %ID/g tissue.
Typically, the delivery efficiency is expressed in the unit of %
ID. However, as the tumor sizes differ between different
studies, it may not be accurate to measure the NP disposition
in tumors without considering the tumor size and weight.
Therefore, the units of %ID and %ID/g tissue were used to
represent the absolute distribution to individual organs and the
relative distribution among different organs, respectively.
Tumor delivery could be quite different using different units.

Besides substantially increasing the type and size of the
“Nano-Tumor Database”, another strength of the present study
is the use of multiple PK parameters to simultaneously evaluate
the NP delivery to the tumor and major healthy organs as well
as interpret the impacts of physiochemical properties and
experimental conditions. Traditionally, the AUC-based DE is
usually used to assess the NP delivery to tumor. For example,
Wilhelm et al. (2016) analyzed the tumor DE studies of NPs
from 200S to 2015 and derived a median DE of 0.7%ID to a
solid tumor.” Cheng et al. (2020) also predicted the tumor DE
of different NPs using a PBPK method based on AUC-based %
ID with a comparable result.” Using the same method, we also
yielded a median AUC-based tumor DE (%ID) of 0.67%ID.
Besides, we calculated and compared the tumor delivery using
two other PK parameters, C,,, and distribution coeflicient,
which was defined as the AUC ratio between the target tissue
and blood.

It should be noted that each PK parameter has its own
strengths and limitations for the evaluation of NP delivery and

Table 4. Differences of the Current Study Compared to Existing Relevant Studies”

19821

Current study by Chen et al.

Fan et al. (2021)

Cheng et al. (2020)

Price et al. (2020)

Wilhelm et al. (2016)

Tumor, blood, and major organs

2005—-021
297

Tumor and major organs

2005—2018

Tumor only Tumor only

Tumor only

Scope of the data

2005-2015 2005—-2018

2005-2015
117

Years of the data

Number of

117 (Based on Wilhelm 200

200 (Based on Cheng et al. 2020)

et al. 2016)

256 for tumors

publications
Number of data

534 for tumors and 1972 for major organs (heart: 340, liver:

376 for tumors and 1381 for major organs (heart: 227, liver:

376 for tumors

232 for tumors

kidney: 396)

At least 3 time points for each data set

kidney; 283)

At least 3 time points for each data set

456; lung: 367, spleen: 413,

327, lung: 292, spleen: 252,

sets

for each data set

At least 3 time points
1722 for tumors

multiple time points

NA

Single time point or

multiple time points

NA

data sets

Characteristics of ~ Single time point and
Number of data

234S for tumors and 8461 for major organs

1732 for tumors and 6039 for major organs

points
Unit of data

DE, C,,, and DC for both tumors and major organs

%ID and %ID/g

Yes

%ID and %ID/g
DE for tumors only

method

%ID
Yes

DE and the PBPK
for tumors only

No

four different parameters

%ID

DE for tumors only

%ID
Yes

Yes
data
“Note: Please refer to the Methods section regarding definitions of pharmacokinetic (PK) Parameter #1 — #3. DE: delivery efficiency; DC: distribution coefficient; NA: not available.

PK parameters
Availability of
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Figure 6. A strategic cycle in facilitating the design of nanoparticles/nanomedicines which consists of animal experiments, databases, and

computational models (This figure was created with BioRender.com).

the interpretation of the physiochemical impacts. The
advantages of DE and C_,,, have been discussed previously in
the literature.>"’ Regarding the distribution coefficient, it
represents a holistic consideration of tumor within the context
of the whole body by taking the blood PK profile into account.
In the blood, NPs can be bound to plasma proteins to form
NP-protein coronas. Formation of NP-protein coronas can
alter the PK, biodistribution, and toxicity of NPs.'**!3° Based
on various physicochemical properties and different exper-
imental conditions, such as administration route and animal
disease state, the NPs can retain the protein corona as a
specific “fingerprint”."*® Therefore, protein binding informa-
tion in vivo will be very important to predict the tumor delivery
efficiency of NPs and the biodistribution, which warrants
further investigation.

Additionally, the information on blood flow dynamics can
also be indirectly taken into consideration by including the
blood PK profile in our analysis. The tumor DE was suggested
to be influenced by the blood flow."" The treatment of mild
hyperthermia, which can increase tumor blood flow locally, was
suggested to enhance the tumor-targeting delivery efhiciency of
NPs by up to 3-fold."" Furthermore, the blood flow speed can
vary in different organs and tissues. For example, the velocity
of NP travel in arteries and veins can be over 10-fold of that in
liver sinusoid, which promotes the NP liver accumulation.'*®
Accordingly, when analyzing tumor DE of NPs,” it may be
beneficial to account for the impacts of more biological factors,
such as the tumor weight, blood PK profile, and distribution of
NPs to healthy organs.

There are some limitations in this study. First, this analysis
was based on a few assumptions due to the lack of more
granular data. The type of blood collected was not included in
the analysis. To calculate the distribution coeflicient of the

19822

tumor and healthy organs, we categorized blood data as blood,
plasma, and serum. In 343 blood data sets, there were 218 data
sets for blood, 124 data sets for plasma, and 1 for serum. To
address the different volumes of plasma and blood, we used
4.9% and 3.55% for relative blood and g)lasma volume fractions
in the data calculation, res.pectively.13 However, the cell-NP
interactions in blood cannot be fully addressed due to the lack
of cellular reactivity and binding information on NPs. We had
to assume that only a limited number of NPs were trapped in
the cells and proteins in the blood. The number of NPs in the
blood was assumed to be approximately equal to that in the
plasma or serum. In the blood or plasma, the formation of
biomolecular coronas will substantially affect the PK profile of
NPs.” In previous studies, the changes in targeting capabilities
of NPs were reported to be impacted by the physicochemical
properties, such as NP surface modification. Therefore, the PK
profiles of NPs will be different in blood and plasma. Thus, we
conducted the subgroup multivariable linear regressions using
the PK parameter of the distribution coefficient (i.e., the AUC
ratio between tumor versus blood and/or plasma). The results
suggested that the R for the blood subgroups was higher than
the overall results for both all NPs and organic NPs, and the
results for the plasma subgroup were also higher than the
overall result for all NPs (Table S20). Therefore, the model
can be better fitted if the blood composition criteria for the
NPs can be included.

Second, the interactions between the dispersive media and
NPs were not taken into account. Previous studies have shown
that the dispersive media, such as phosphate-buffered saline
(PBS), can interact with certain NPs and subsequently change
the surface charge and zeta potential of NPs, such as silica NPs
and poly(acrylic acid) (PAA)-coated cobalt ferrite NPs."*® The
measured zeta potential for PAA NPs ranged from —14 mV
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(RPMI-1640 medium +10% fetal bovine serum (FBS)) to —59
mV (distilled water). In contrast, the silica NPs had relatively
stable zeta potential measurements from —1 mV (NaCl) to
—10 mV (PBS with 10% FBS). In another study of inorganic
NPs including gold, silver, ZnO, Fe,O;, and TiO, NPs, the
measured zeta potentials were different in cell culture media
and human serum from the water."*” In our analysis, most
studies used water as the dispersive media, but some studies
used other media, such as PBS (pH = 7.4)."”*" This should be
considered a caveat that may limit the validity of our
conclusion. Also, it is important to note that this study focuses
on the PK of NPs, which is different from the PK of the
delivered drug. Further studies are needed to evaluate the
delivery efficiency of NPs versus that of the delivered drug.

Third, a potential issue of overfitting in the full models may
occur in the analysis of multivariable linear regression due to
the number of physicochemical parameters and relatively small
sample sizes. Consequently, the linear regression analysis for
the INMs and gold NPs may be overfitted using the parameter
of distribution coefficient, which caused some negative
adjusted R* values for the full models (Tables 2 & S10).
However, in the best subset regression models, the number of
physicochemical properties was reduced, and the adjusted R*
became positive. For example, using the tumor distribution
coefficient (%ID), the adjusted R* for the gold NPs was
—0.107 for the full model, while it became 0.786 for the best
model (P = 0.005). We closely examined the extreme values of
the delivery efficiency in tumors in the subgroups of INMs and
gold NPs using a sensitivity analysis for the methods with
negative R> values [i.e, tumor distribution coefficient
calculated based on the data in the units of %ID and %ID/g,
respectively] and the classic method of AUC-based delivery
efficiency. The results are presented in Table S21. The R* and
adjusted R* values for the distribution coefficients were not
significantly changed. Moreover, using the Rosner’s outlier
test' 0 to verify the sensitivity analysis results, the negative
adjusted R* was not changed by removing the outliers (data
not shown). Therefore, the full data sets in our analysis were
used, as the results were not affected by potential outliers after
a data quality check. More sophisticated machine learning and
deep learning algorithms should be considered to build more
robust quantitative models to predict tumor delivery efliciency
of NPPs based on this updated “Nano-Tumor Database”."*"'**
Additionally, higher-quality data and more standardized data
collection and reporting methods will be helpful for these types
of meta-analyses.

Perspective. To apply the data compiled in this study to
support nanomedicine research, we propose a long-term
strategic cycle to optimize NP design and improve the NPs’
DE and efficacy in tumors (Figure 6). Animal experiments are
still the fundamental basis and the initial step in the design,
DE, efficacy, and safety evaluation of NPs. In animal
experiments, tumor delivery, blood or plasma PK, and organ
biodistribution data can be generated for different types of
NPs. By leveraging animal experimental data, databases
containing NPs’ physicochemical properties, study design
information, and blood/tissue PK data can be compiled in a
structurally consistent and comparable format, such as what
was done in this and previous studies.””"'" This will make vast
experimental data accessible and readily useful to a broader
community of researchers in various disciplines for promoting
nanomedicine research. With the availability of large databases,
computational models and mathematical tools can play a

pivotal role in this cycle, not only summarizing the existing
knowledge but also developing insights and generating
hypotheses, such as the hypothetical scenarios presented in
this study (Tables S11—S14). These hypotheses can
subsequently be verified or refined through animal experi-
ments, thus creating a productive and iterative cycle that
continuously advances nanomedicine research.'*’

Currently, the establishment of the NP databases and
utilization for computational modeling approaches are
witnessing notable progress. Based on a large number of
animal studies, several databases have been developed and
continuously updated, including the present study.””"" Taking
advantage of existing databases, there are many studies
analyzing the existing data and predicting the in vivo fate of
NPs by using cutting-edge computational methodologies, such
as PBPK modeling and artificial intelligence methods.”"**'**
However, the application of computational modeling results to
inform animal experiments has progressed at a slower pace.
Current animal experiments of NP designs have not embraced
and capitalized on the insights gained from computational
modeling of existing knowledge. This limitation hinders the
realization of the full potential of these computational tools for
improving NP designs. To overcome this hurdle, we advocate
for a more cohesive integration of computational modeling
into the design of NPs. As a starting step, we hope the several
multivariate regression models (Table 2 and Tables S10 and
S20) and the several hypothetical scenarios (Tables S11—S14)
presented in this study will help guide animal experimental
designs for NPs with a higher tumor DE in the future. We
believe this will lead to significant improvements in the
physicochemical properties of NPs and ultimately facilitate the
clinical translation of nanomedicines.

CONCLUSIONS

In summary, the present study reports an updated version of
the “Nano-Tumor Database”. This curated database contains
534 data sets on tumor concentrations of different NPs
collected from 297 studies published from 2005 to 2021. Each
data set has at least three data points (a total of 2345 data
points for 534 data sets) so that the data are minimally
sufficient to perform a PK analysis. In this updated version of
the database, we also collected NP distribution in blood (or
plasma) and major healthy organs from each of the studies
when available, resulting in 1972 data sets (340 for heart, 456
for liver, 367 for lung, 413 for spleen, and 396 for kidney) and
8461 data points. All data are published as a Supporting
Information Excel file with this manuscript and are also
available in a public repository in GitHub (https://github.
com/UFPBPK/Nano-Tumor-Database-Version2023).

Based on the curated data, we calculated the tumor delivery
and organ distribution using three PK parameters based on the
concentration data in two different units (%ID and %ID/g
tissue). Our study highlights the importance of using a variety
of PK parameters to evaluate the tumor delivery of NPs from
different perspectives. Notably, the values of these three
parameters themselves are not comparable due to different
definitions.

Moreover, our multivariate regression analysis suggests that
certain physicochemical and experimental factors, such as core
material, surface charge, and cancer type, are crucial to
predicting the tumor delivery and organ accumulation of NPs.
These factors can impact tumor DE indirectly through the
influence on organ biodistribution competing with tumor
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delivery. Overall, this study improves our understanding of the
interaction between NPs and tumors and the effects of the
physicochemical properties on tumor DE. Several statistical
regression models were established that could be used to
predict tumor DE and to help design NPs based on different
physicochemical and experimental factors, which may in turn
facilitate the NP design in the future and improve the clinical
translation in the field of cancer nanomedicine. As an example,
we applied our best multivariate regression models to generate
several hypothetical scenarios of different combinations of
factors that might lead to a relatively higher tumor delivery
efficiency of >3%ID or even >5%ID (Tables S11—S14), which
will definitely need further experimentation to confirm. We
envision that the updated “Nano-Tumor Database” will
provide a rich and publicly available data source for other
researchers, enabling further computational analysis and
fostering advancements in nanomedicine research by facilitat-
ing NP design optimization and improving clinical translation
from bench work to bedside.

MATERIALS AND METHODS

Data Collection. The processes of searching the literature,
screening the papers, and applying the inclusion and exclusion
criteria are listed in Figure 1. Briefly, this study included relevant
studies published between 1/1/2005 and 6/30/2021. The raw tumor
concentration data from studies published between 2005 and 2018
were extracted in an earlier study by Cheng et al. (2020).” The studies
published between 2018 and 2021 were screened from PubMed with
the keywords “nanoparticle delivery” or “nanomaterial delivery”,
“biodistribution” or “pharmacokinetics”, “mice” or “rats”, and “tumor”
or “tumour”. A total of 134S studies were identified in PubMed. The
literature screening consisted of two steps based on the abstract and
the manuscript, respectively. Step one was to screen out some studies
if they were: (1) retracted papers; (2) reviews or meta-analyses; (3)
lack of biodistribution or pharmacokinetics data, or (4) conducted in
healthy rodents. Second, by reviewing the entire manuscript, we
excluded additional studies if the study (1) contained less than 3
sampling time points; (2) had more than one type of tumor per
animal; (3) used other administration routes rather than IV injection;
and (4) the percentage of injected dose (%ID) in the tumor could not
be calculated based on the data. Finally, we also excluded the rat
studies, as most studies were conducted in tumor-bearing mice and
the present study was focused on mice. The amount of data in rats
was not sufficient for comparison of the tumor delivery efficiency of
NPs between different animal models.

Based on the inclusion and exclusion criteria, a total of 158 recent
data sets mainly from 97 articles published between 2018 and 2021
were included for analysis in this study.'>™'°® For each data set, the
relevant parameters of the physicochemical properties of the NPs,
including the composition, organic/inorganic materials, targeting
strategy, zeta potential measured at pH 7.4, surface chemistry,
hydrodynamic diameter, core diameter measured via TEM, PDI, and
shape as well as the experimental methods, including tumor model,
cancer type, tumor cell type, tumor size, tumor weight, experimental
animal, sex, body weight, strain, administration position, admin-
istration dose, and the raw NP concentration data in the tumor were
collected. Compared to the earlier study by Cheng et al. (2020) that
only collected concentration data in tumors,” this study also collected
the concentration data in the blood and five major organs (heart, liver,
spleen, lung, and kidney) to have a more comprehensive under-
standing of the tissue distribution of NPs in tumor-bearing mice. By
adding the 158 recent data sets to the “Nano-Tumor Database” that
already contained 376 data sets,” there are now 534 data sets on the
distribution to tumor and healthy tissues of different NPs from 297
articles.

Biodistribution Data Conversion. To compare data from
different articles having different experimental designs and data

expressed using different units, the raw concentration data from all
studies were collected and converted to the units of %ID and “%ID
per gram tissue” (%ID/g). (Detailed methods are provided in Section
1 of the Supporting Information). The density of blood and main
organs was assumed to be 1 g/mL, while the density of solid tumors
was assumed to be 1.2 g/cm>.” The weights of healthy organs were
calculated by multiplying the body weight by a fraction for each organ,
which were obtained from the literature and are listed in Table S22. If
available, the actual body weight reported in the original articles was
used in the calculation. Otherwise, an assumed body weight of 20 g
was applied based on earlier studies.”

Some studies reported the biodistribution data using the
concentration of a single element of the components of the NPs,
such as the inorganic material of the NP formulation or the loading
drug. For example, Bao et al. (2018)”* reported the biodistribution of
the poly(ethylene glycol) (PEG)-modified, platinum-doped, carbon
NPs (denoted as PEG-PtCNPs) with the %ID of platinum in tissues.
In another instance, Mu et al. (2020)'** assessed the biodistribution
of PEGylated NPs in female BALB/c mice and presented the data
using the total drug (paclixel) percentage in the tumor and organs.'**
However, it may not be accurate to use a single element or the loading
drug of the NPs to calculate the NP biodistribution in the tumor and
organs as well as to compare the results across different studies. In
these cases, we applied the method from the Wilhelm et al. study® and
calculated the administered dose and tissue concentrations of the
whole NP formulation using the concentrations of partial components
or the loading drug. The details of the dose estimation method are
described in the Additional Methods of the Supporting Information.
The default values of the parameters are given in Table S22.

Pharmacokinetic Parameter Calculation. After the raw
biodistribution data were converted to the units of %ID and %ID/
g, tumor delivery and organ distribution of NPs were calculated using
three different PK parameters, including (1) delivery efficiency (DE)
in the unit of %ID or %ID/g tissue calculated based on AUC (the
AUC from t-zero to t-last), (2) the maximum observed NP
concentration in a particular tissue (C,,,), and (3) the tissue/blood
distribution coefficient calculated as the AUC ratio of the tissue and
bIOOd (AUCtissue/AUCblood)'lo

A summary of the definitions and significance of these three PK
parameters is presented in Table S. Besides involving the classic PK
parameter of DE to evaluate tumor delivery and organ biodistribution,
the use of C,,,, can be related to the maximum therapeutic effect and
potential toxicity, while the distribution coeflicient of the target tissue
enables the consideration of drug delivery holistically within the
organism. When the distribution coefficient is calculated based on the
concentration data in the unit of %ID, it assesses the ratio of the total
drug amount between the target tissue and the blood, whereas when
the distribution coeflicient is calculated based on the concentration
data in the unit of %ID/g, it can assess the ratio of the drug
concentration between the target tissue and the blood.

In PK Parameter #1, AUC-based tumor delivery efficiency was
calculated using a noncompartmental linear trapezoidal integration
method (Figure 2). The trapezoidal rule is shown with the following
equations5

1
AUC, = —(C_, + C) x (t_, + t,
i 2( i—1 ) ( 1 ) (1)

AUC = ) AUC,
i=1 (2)

delivery efficiency = AUC/t; (3)

where C;_; and C; are the corresponding concentrations of the NPs at
the time points ,_; and ¢, respectively. According to the units of the
corresponding concentrations, the AUC can be expressed in %ID-h or
%ID/g-h. Thus, the unit of the delivery eficiency is %ID or %ID/g
tissue.
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Table 5. Summary of the Pharmacokinetic Parameters Used in This Study for Evaluation of Tumor Delivery and Organ Biodistribution

Significance

Calculation
AUC/t where AUC is the area under the

curve of the concentration in the target tissue, while t is the
last measured time point in the data set. AUC is calculated

based on a noncompartmental linear trapezoidal model.

Delivery efficiency is a classical pharmacokinetic parameter to assess the average drug amount or concentration in a particular tissue during the measured
period.

Delivery efficiency

Delivery effi-
ciency (DE)

Cpnax is @ standard measurement in pharmacokinetics to evaluate the maximum concentration that a drug can achieve in the plasma or tissue.

The maximum observed concentration in the target tissue

which is determined by visual inspection.

Cinax

AUCtissue/AUCblood  Distribution coefficient represents the extent of distribution of a drug or a NP to a tissue relative to the blood. It is a composite parameter that considers the

Distribution coeflicient tissue/blood

Distribution

ratio in the amount or concentration of the drug or NP between tissue and blood. When the AUC is calculated based on the data in the unit of %ID, the
distribution coefficient assesses the ratio of the total drug amount between the target tissue and the blood, whereas when the AUC is calculated based on the

data in the unit of %ID/g, distribution coefficient can assess the ratio of the concentration between the target tissue and the blood.

Coefficient

In PK Parameter #2, the maximum concentration (C,,) was
defined as the highest concentration in the unit of %ID or %ID/g
tissue determined by visual inspection.

In PK Parameter #3, the AUC in blood was also calculated from 0
to t, using the same method as PK Parameter #1. Thus, the
distribution coeflicient, which is expressed as the ratio of tumor AUC
and blood AUC, was calculated with the following equation (Figure
2).

Distribution Coefficient ;o /5100d = AUC ymor/AUC100q (4)

Notably, unlike PK Parameter #1 and Parameter #2, the third PK
parameter of the distribution coeflicient was calculated using ratios
instead of percentages. Based on eq 4, the distribution coefficient is
unitless. Hereinafter, the distribution coefficient (%ID) and
distribution coefficient (%ID/g) represent the distribution coefficient
that was derived using the concentration data in the units of %ID and
%ID/g tissue, respectively.

Subgroup Statistical Analyses. To assess the impacts of
physiological and physicochemical properties and other experimental
factors, the tumor delivery, presented as tumor DE, tumor C,,,, and
tumor distribution coefficient, was summarized in various subgroups,
including NP type, core material, shape, hydrodynamic size, PD], zeta
potential/surface charge, administrative dose, targeting strategy,
tumor model, and the year of publication. For surface charge, the
zeta potential ranges of less than —10 mV, —10 to 10 mV, and >10
mV were categorically defined as negative, neutral, and positive,
respectively. Based on the hydrodynamic size, NPs were categorized
into “<10 nm”, “10—100 nm”, “100—200 nm”, and “>200 nm”. The
impact of administrative dose was also assessed using the magnitude
group (ie, “<107%, “107%, “107", “10”, “10", “10%", “>10”, and
“Unknown”). A magnitude group, 10°, for example, included an
administrative dose ranging from 1 to 9.99 mg/kg.

To test whether there is a significant difference between different
subgroups, one-way ANOVA (or Kruskal—Wallis test as appropriate)
and simple linear regression were conducted to examine the
significance of categorical and continuous variables, respectively.
The medians of the tumor delivery efficiency data from the earlier
version” of the “Nano-Tumor Database” based on data from 2005 to
2018 and the recently collected data were compared using a Mann—
Whitney test. The variables with p-value < 0.05 were identified as
statistically significant. Before testing, Shapiro-Wilk tests were
conducted to test the normality of the PK parameter data with or
without log-transformation. According to these results, the log-
transformed data were (or more likely to be) normally distributed.
Therefore, the data of these three PK parameters were log-
transformed for further statistical analysis.

Before conducting the one-way ANOVA test, the assumption of
equal variance was examined for log-transformed parameter data using
Bartlett’s test. A p-value of less than 0.05 indicates that the variance
among subgroups was not significantly different. For the subgroup
with a p-value less than 0.05, a Kruskal—Wallis test was performed,
which was considered the nonparametric equivalent to a one-way
ANOVA.'"? For the significant single categorical predictor derived
from one-way ANOVA and Kruskal-Wallis test, pairwise compar-
isons were performed using a DSCF test.'*>~"*

Multivariable linear regression was applied to investigate the
impacts of the physicochemical characteristics on tumor delivery,
including the core material, hydrodynamic size, zeta potential/surface
charge, NP type, targeting strategy, cancer type, and tumor model.
Multivariable linear regression was also conducted in some main
subgroups, including ONMs, INMs, polymeric NPs, and gold NPs.
To investigate the optimal NP design with a relatively higher tumor
DE (PK Parameter #1), a simulation was performed for different
combinations of NP features 1000 times. Representative simulated
scenarios with the calculated percentage of injected dose of >3% or
even >5% are presented for the group of all NPs and the subgroups of
INMs, ONMs, and gold NPs, respectively.

To investigate the effects of the physicochemical parameters on the
distribution of NPs in major healthy organs, multivariate analysis of
variance (MANOVA) was applied to the NP type, core material,
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targeting strategy, cancer type, tumor model, shape, size, and surface
charge to test the effects of the physicochemical properties on the
biodistribution difference among organs.

The calculation of PK parameters and all subgroup statistical
analyses were conducted using R program (Version 422).1%
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