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Experimental and theoretical explorations 
of nanocarriers’ multistep delivery performance 
for rational design and anticancer prediction
Weier Bao1,2*, Falin Tian3*, Chengliang Lyu2*, Bin Liu1*, Bin Li3, Luyao Zhang3, Xianwu Liu1,2, 
Feng Li2, Dan Li1, Xiaoyong Gao2, Shuo Wang2, Wei Wei2,4†, Xinghua Shi3,4†, Yuan Li1†

The poor understanding of the complex multistep process taken by nanocarriers during the delivery process limits 
the delivery efficiencies and further hinders the translation of these systems into medicine. Here, we describe a 
series of six self-assembled nanocarrier types with systematically altered physical properties including size, shape, 
and rigidity, as well as both in vitro and in vivo analyses of their performance in blood circulation, tumor penetra-
tion, cancer cell uptake, and anticancer efficacy. We also developed both data and simulation-based models for 
understanding the influence of physical properties, both individually and considered together, on each delivery 
step and overall delivery process. Thus, beyond finding that nanocarriers that are simultaneously endowed with 
tubular shape, short length, and low rigidity outperformed the other types, we now have a suit of theoretical 
models that can predict how nanocarrier properties will individually and collectively perform in the multistep 
delivery of anticancer therapies.

INTRODUCTION
Nanocarrier-based drug delivery platforms have emerged as attrac-
tive tools for delivering anticancer drugs into tumors, where they can 
exploit the pathophysiological conditions of the tumor to specifically 
deliver drugs (1, 2). Many nanocarriers such as gold nanoparticles 
and liposome are produced as colloidal delivery vehicles with parti-
cle sizes typically around 10 to 200 nm (3, 4). Although these nano-
carriers show promising results in vitro, they still have to face a complex 
series of biological barriers after they entered the body (5–8). It has 
been reported that the effective delivery rate of medical nanoparticles 
into solid tumors may represent less than 1% of the administered 
doses, which substantially limited the clinical translation of these 
materials into medicine (9). Thus, there is a growing awareness that 
we need to improve our understanding of the factors that contrib-
ute to poor delivery efficiency and of the nanoscale interactions be-
tween nanocarriers and biological systems if we want to develop new 
nanocarrier materials and platforms that can achieve high delivery 
efficiency.

Many studies have explored nanomaterials with diverse proper-
ties seeking to understanding nanocarrier-biological interaction mech-
anisms, with the aim of reducing physical barriers and physiological 
hurdles and increasing the delivery efficiency of nanocarriers, espe-
cially into tumors (10–14). However, most of these studies have fo-
cused on a single aspect of the delivery process, for example, blood 
circulation dynamics (15, 16), extracellular matrix penetration (17), 

or cellular uptake (18), producing results and prediction models that 
often conflict or contradict findings from other authors. For instance, 
according to the Stokes-Einstein equation, decreasing the size of the 
nanocarriers leads to an increased diffusion coefficient and further 
improves their diffusion ability in the extracellular matrix of tumor. 
However, with the Helfrich membrane elastic model, smaller nano-
carriers need to overcome higher membrane deformation energy 
during cellular uptake, yielding inefficient cellular uptake (19, 20). 
In the aspect of nanocarrier rigidity on the effect of delivery effi-
ciency, based on combined experimental data and molecular simu-
lations, Sun et al. (21) concluded that the rigidity of nanocarriers 
can markedly alter their cellular uptake efficiency, reporting that high-
ly rigid nanocarriers able to pass through cell membranes more eas-
ily. In contrast, a recent study showed that cellular uptake efficiency 
of highly rigid nanocarriers was lower than for semirigid nanocarriers 
when the cell was covered by a matrix layer (22).

In general, it is agreed that the transport of therapeutic nanocarriers 
from blood circulation into cancer cells is a sequential process com-
prising the following steps: Nanocarriers flow via blood circulation 
to tumor sites, cross the vessel wall, then begin to penetrate into the 
interior of the solid tumor (to varying depths), and are lastly taken 
up into target cells via diverse mechanisms depending on the phys-
iochemical properties of the nanocarriers (23). There is, at present, 
a lack of design principles—for each transport phase individually 
and for the overall process as an integrated whole—to guide the de-
sign of nanomaterials with combinations of properties predicted to 
offer efficient delivery performance (9).

Seeking to rigorously characterize and thus better understand the 
contributions of particular properties of nanocarriers on their de-
livery performance, we here developed a set of six self-assembled 
nanocarrier types prepared from hydrolyzed peptide fragments of 
-lactalbumin (-lac) to use as a “test bed” in which we could sys-
tematically alter physical properties. We altered nanocarrier size, shape, 
and rigidity, and we conducted both experiments and simulations 
to explore the performance of each type of nanocarriers in blood 
circulation and intratumoral invasion, which included both tumor 
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penetration and cancer cell uptake. Specifically, we combined data 
from experiments using cancer cell lines, tumor cell spheroids, mice, 
and xenograft tumor models with multiple coarse-grained molecu-
lar dynamics (CGMD) simulations and generated a suite of theoretical 
models to evaluate the impacts of multiple physical properties, in-
cluding several models for blood pharmacodynamics, intratumoral 
penetration, cancer cell uptake, and an integrated theoretical model 
for overall delivery efficiency (Fig. 1). We believe that the data, sim-
ulations, and models are helpful to unseal and predict nanocarrier 
perform in multistep delivery for anticancer therapy.

RESULTS
Production of nanocarriers with systematically altered 
physical properties
Previous studies have investigated the effects of the individual phys-
ical property of nanocarriers on their delivery performance (24, 25). 
For systematical and accurate investigation of the relationship be-
tween multiple physical properties and delivery performance, a crit-
ical prerequisite is the construction of nanocarriers with identical 
material but diverse and univariate physical properties. To this end, 
we developed a set nanocarrier types with differing physical proper-
ties that were variously produced from hydrolyzed peptide fragments 
of -lac. That is, building from previous understanding about how 
these -lac peptide fragments can undergo a self-assembly process 
to produce nanostructures (26, 27), we here systematically altered 
three separate production conditions to produce six different types 
of nanocarriers from the same starting material. The first condition 
that we altered was the controlled shape of the nanocarriers. It is 
known that altering the concentration of Ca2+ ions in the produc-
tion solution can control whether the -lac peptide fragments self- 
assemble into nanospheres (NS) or nanotubes (NT) based on differential 

Ca2+ coordination dynamics. The second production condition that 
we altered was the inclusion or exclusion of a sonication step to con-
trol the size of the nanocarriers: This step fragmented the self-assembled 
“long” NTs (LNTs; ~1000 nm in length) into “short” NTs (SNTs; 
~200 nm in length) (fig. S1A). Last, we were able to control the ri-
gidity of the variously shaped and variously sized nanocarriers by 
selectively subjected them to a glutaraldehyde for cross-linking the 
amino group inside. On the basis of identical material, we were thus 
able to generate NSs, cross-linked NSs (CNSs), SNTs, cross-linked 
SNTs (CSNTs), LNTs, and cross-linked LNTs (CLNTs).

Transmission electron microscope (TEM), atomic force micro-
scope (AFM), and dynamic light scattering analyses (Fig. 2, A and C) 
revealed that all six -lac nanocarrier types had an equal diameter of 
~20 nm. The sonication step produced NTs with lengths of ~200 or 
~1000 nm. Moreover, cross-linking step had almost no effect on nano-
carrier morphology (Fig. 2A), or surface charge density in Fig. 2D, 
while increased nanocarrier rigidity by about threefold in all of the 
paired cases (assessed as the Young’s modulus; Fig. 2B and fig. S1B), 
i.e., from ~400 to ~1200 MPa after cross-linking for NS versus CNS, 
etc. Note that these nanocarriers had narrow size distribution with 
almost no overlay, which could assure the certainty for further sim-
ulations and experiments. Meanwhile, all these nanocarriers exhib-
ited constant size during 1-week storage in the cell culture medium, 
demonstrating their favorable stability for intravenous injection 
(fig. S1C). Moreover, we loaded the chemotherapy agent doxorubicin 
(Dox) into the hydrophobic domain of each of the six nanocarrier 
types. Compared with naked nanocarriers, the results showed that 
the loading of the Dox has few effects on the size, charge, or rigidity 
(fig. S1, D to F). In addition, none of the empty nanocarrier types 
exerted cytotoxicity on in vitro [incubation time, 24  to 72 hours; 
dose range, 0 to 100 g/ml; cell types, breast cancer cells (4T1), mouse 
macrophage cells (J774A.1), mouse primary macrophages, mouse 

Fig. 1. Schematic illustration of the construction of six self-assembled nanocarrier types and prediction for overall delivery efficiency in vivo through experiments in vitro 
and simulation analysis. (A) The production of six different types of nanocarriers with various physical properties (size, shape, and rigidity). These nanocarriers from the same starting 
material (-Lac) were produced by three separate production conditions (the concerntration of Ca2+, sonication, and cross-linking). (B) In vivo predicted delivery efficiency evaluated by 
in vitro experimental data  and simulation analysis. The Eff means the predicted ratio of the total accumulation of various nanocarriers at the tumor site over time to the injected dose.
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macrophage cells (RAW 264.7), human cervical cancer cells (HeLa), 
and human umbilical vein endothelial cells (HUVECs)] and in vivo 
(healthy Balb/c mice) in fig. S2 (A to E). Such a good biocompatibility 
of these nanocarriers will facilitate our comparative investigation.

Effects of nanocarrier physical properties on macrophage 
capture and blood circulation
Given our goal of applying these nanocarriers to in vivo antitumor 
drug delivery applications, we next evaluated their circulation in mice. 
Recall that the ability of intravenously delivered nanocarriers to de-
liver their cargo ultimately requires their arrival at a targeted site 
and that the propensity for successful targeting therefore depends 
on their circulation in blood. We assessed their overall circulation 
dynamics using a combination of standard in vitro macrophage cap-
ture assays and blood pharmacokinetics experiment. It is now well 
established that macrophages act as effective scavengers for foreign 
nanomaterials in circulating blood (28, 29). Upon various uptake 
pathways, macrophages exhibited distinct appetites to these nano-
carriers with univariate physical properties. We produced the six nano-
carrier types harboring the fluorescent dye Cy5 as cargo and used 
them in 36-hour assays with 10,000 macrophages exposed to vary-
ing concentrations of each nanocarrier type. Flow cytometry (FCM)–
based Cy5 signal intensity measurement enabled quantification and 
generation of time/dose-dependent uptake profiles, which we pre-
sent as three-dimensional (3D) parametric graphs. Fundamentally, 
this analysis indicated that the sequence (from least to most likely) 
of macrophage capture (assessed as Ymax) was NS, SNT, CNS, LNT, 
CSNT, and CLNT. Similar tendency was also observed in the images 
captured by confocal laser scanning microscopy (CLSM), again 
suggesting that the physical properties of spherical shape, low rigidity, 

and short size were the favorable physical properties for avoiding 
scavenging by macrophages (Fig. 3A). These results were further 
verified by primary macrophage and RAW 264.7 cell lines (fig. S3, 
A and B).

We also intravenously injected Balb/c mice with Cy5-harboring 
nanocarriers of all six types and used analytical process of Cy5 signal 
in whole blood to facilitate standard pharmacokinetics analysis of 
blood. This analysis revealed that the circulation time in the mouse 
circulatory system followed the same trend that we had observed in 
the macrophage capture assays, with spherical, nonrigid, and short 
nanocarriers apparently having the most favorable physical proper-
ties for prolonged circulation time (Fig. 3B). Correspondingly, the 
half-life period (T1/2) values for the nanocarrier types followed the 
same order, with NS exhibiting the maximal value of ~18.9 hours 
(Fig. 3C). Notably, these T1/2 values in vivo showed positive correla-
tion (R2 = 0.8025) with in vitro  value, which was fitted by a first- 
order decay kinetics model with the J774A.1 macrophage uptake assay 
data (fig. S5A). Similar positive correlation relationships were fur-
ther found on other two types of macrophages (primary macrophage 
and RAW 264.7) (fig. S3, C and D). This finding thus emphasized 
the reliability of using in  vitro data to predict in  vivo circulation 
fates for these nanomaterials (Fig. 3D). Upon this fitting, the simple 
equation was used to simplify this complicated process, and further, 
a parameter () was used for the prediction of in vivo circulation.

Evaluation of nanocarrier physical properties 
on intratumoral invasion
Having demonstrated that various nanocarriers exhibited differen-
tial retention properties in blood, we next assessed their capacity for 
intratumoral invasion. Subsequently, we use the multicellular tumor 

Fig. 2. Characterizations of -lac nanocarriers. (A) TEM and AFM images of various nanocarriers. (B) Young’s modulus E (×100 MPa) of various nanocarriers measured 
by AFM. Data represent the means ± SD (n = 50). (C) Size distribution of various nanocarriers in phosphate-buffered saline (PBS). (D) Surface charge density of various 
nanocarriers. Data represent the means ± SD (n = 3).
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spheroids (MCTSs) to mimic the microenvironment of the tumor 
because of the tightly packed cell population and extracellular matrix 
(30–32). Moreover, the MCTS is also more suitable and convenient 
for the design and data extrapolation of nanocarriers. Simply, the 
4T1 MCTSs were initially seeded with around 2000 cells per well, 
and after 4 days of culture, they had reached about 500 m in diam-
eter, at which point they were treated for different time durations 
with Cy5-harboring nanocarriers of each of the six types.

The CLSM images in Fig. 4A indicated that the MCTS invasion 
abilities of the different nanocarrier types differed greatly and strongly 
suggested that smaller size and reduced rigidity are particularly in-
fluential physical properties in terms of spheroid invasion. Specifi-
cally, we found that whereas the long and rigid nanocarriers (e.g., 
CSNT, LNT, and CLNT) only had observable signals around the out-
most layers of the MCTS (Fig. 4A), SNT signals were evident in the 
deep areas of the spheroids, outperforming each of the other types. 
Beyond the obvious trends from the images, quantitation of the to-
tal fluorescence intensity of each MCTS and the inward coefficient 
further confirmed the superior MCTS invasion ability of the SNT 
nanocarriers.

Simulations and theoretical model for intratumoral invasion
During the invasion process, the nanocarriers should also have efficient 
uptake by cancer cell and deep penetration within extracellular matrix. 
Definitely, these two aspects are closely interrelated, but the traditional 

experiments omitted this and often investigated them individually. 
To this end, we constructed and performed a series of CGMD sim-
ulations for a deeper insight about the interrelated and complex re-
lationship between penetration and cellular uptake during nanocarriers’ 
intratumoral invasion. In the “cancer cell uptake dynamics” (CCUD) 
simulation, the system is composed of a piece of lipid membrane 
and modeled versions of each nanocarrier type (see details in Mate-
rials and Methods and fig. S4, A to D) (33, 34). We ran CCUD sim-
ulations and revealed the cellular uptake processes of the various 
nanocarriers, which could be verified by FCM and CLSM experimental 
data (fig. S4, E and F). Both spherical nanocarrier types (NS and 
CNS) could be fully engulfed by the membrane in a short time (CNS, 
~500 s; NS, ~750 s). The tubular CSNT type could also be fully 
engulfed, but this required a longer time (~1550 s) accompanied 
by a remarkable rotation during the uptake process. Simulation of 
the SNTs suggested that they could be fully wrapped after ~2380 s 
and intriguingly revealed that the structure of these nanocarriers un-
dergoes an obvious shape change during the cellular uptake process. 
For the long tubular nanocarriers (LNT and CLNT), they had not 
been extensively wrapped after a relatively long time (longer than 
~3000 s), suggesting that the large size limits their uptake by mem-
branes (Fig. 4B and fig. S4, G and H).

To elucidate the inward penetration within extracellular matrix, 
we continued to conduct another additional CGMD simulations 
[named “tumor extracellular diffusivity” (TED) simulation] with a 

Fig. 3. Effects of nanocarrier physical properties on macrophage capture and blood circulation. (A) CLSM images and FCM analysis of nanocarriers in J774A.1 cells 
with different times and doses. t1/2 represents the time of the half maximum uptake. Green, cell membrane; blue, nucleus; red, nanocarriers. a.u., arbitrary units; FI, fluorescence 
intensity. (B) Pharmacokinetic profiles of nanocarriers in blood. flu. int., fluorescence intensity. (C) The half-life time (T1/2) of nanocarriers in vivo. (D) Correlation analysis of 
 value in vitro and T1/2 in vivo. Data in (B) and (C) represent the means ± SD (n = 3).
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model system, in which a linked random polymer network represented 
the structure of the extracellular matrix in tumor (fig. S4) (35). These 
TED simulations succeeded in monitoring 3D centroid trajectories 
of the diffusion of the six nanocarriers in the polymer network. Com-
pared with other counterparts, SNT nanocarriers were thus able to 
occupy the largest overall volume of the simulation box with the high-
est mean square displacement (MSD) (Fig. 4C and fig. S4I). Such a 
superior migration capacity within extracellular matrix could be 
attributed to moderate aspect ratios and low rigidity. Obviously, the 
large size of the LNTs and CLNTs significantly limited their diffu-
sivity among the simulated polymer matrix (movies S1 and S2). Al-
though the NS and CNS nanocarriers are smaller than the SNTs, the 
shape isotropy of these nanocarriers makes them trapped in the 
pores of the network due to the lacking of the rotational motion, 
which is driven by the heterogeneous adhesive interactions between 
nanocarriers and host polymer and is the key factor to improve the 
diffusivity of nanocarriers (36) (movies S5 and S6). In addition, the 

low rigidity of non–cross-linked nanocarrier types further endowed 
them with the ability of self-modulate their shape to adjust to the 
network pores, therefore enhancing their overall migration (movies 
S3 and S4). Moreover, movie S1 represents Supplementary Video 
LNT. Movie S2 represents Supplementary Video CLNT. Movie S3 
represents Supplementary Video SNT. Movie S4 represents Supple-
mentary Video CSNT. Movie S5 represents Supplementary Video 
NS. Movie S6 represents Supplementary Video CNS.

Having unsealed the behaviors of each nanocarrier type on can-
cer cell uptake and extracellular matrix penetration, we next sought 
to investigate these interrelated aspects together using a theoretical 
model, which were based on the stacked image data of MCTS cap-
tured at different time points. Specifically, we were aiming to gener-
ate a function to model the radial distance traveled by a nanocarrier 
within the spheroid for specific time interval. Thus, a spherical radi-
al diffusion function with special initial and boundary condition is 
used to describe the diffusion process of the nanocarriers in tumor 

Fig. 4. Evaluation and simulation of nanocarrier physical properties on intratumoral invasion. (A) CLSM images and corresponding quantification of the invasion 
of different nanocarriers in 4T1 MCTSs after 24 hours. Quantitation of the total fluorescence intensity (right top) of each MCTS and the apparent diffusion coefficient (left 
bottom) were calculated and analyzed. Red, nanocarriers. (B) CGMD simulation for the cellular uptake processes of various nanocarriers. (C) CGMD simulation for 3D tra-
jectories of various nanocarriers’ diffusion in tumor matrix, with the color maps of simulation times. The scale bar and the grid size are 8. (D) CLSM images of terminal 
deoxynucleotidyl transferase–mediated deoxyuridine triphosphate nick end labeling (TUNEL) analysis of 4T1 spheroids after treatment with different nanocarriers/Dox. 
Green, live cells; red, apoptosis cells. (E) The inhibitory effect on the growth curve of 4T1 spheroids of nanocarriers/Dox. Data in (E) represent the means ± SD (n = 3).
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extracellular matrix. To additionally consider the contribution of can-
cer cell uptake in our model, we used an equation to fit the uptake 
rate from the cultured 4T1 uptake assay data (see details in Materials 
and Method and fig. S5B), and once we had a cancer cell uptake rate 
parameter for each type of nanocarriers, we were able to predict the 
number of particles uptake by each cell. Last, we combined the two 
data-derived models to build our theoretical model of intratumoral 
accumulation.

After obtaining the parameters for cancer cell uptake (k) and ex-
tracellular tumor matrix diffusion (DM) in fig. S5 (C to E), we next 
used the intratumoral invasion model to calculate the concentra-
tion distribution of the nanocarriers in the tumor. As shown in fig. 
S5F, for all of the nanocarrier types, the highest concentrations were 
predicted to be occurred at the interface of the tumor spheroid with 
the surrounding medium (r = R, where R is the radius of the tumor), 
and the concentrations of all types decreased closer to the center of 
the tumor (r = 0). Specifically, SNT with a moderate engulfment effi-
cacy by cell membrane and a much superior extracellular penetration 
together resulted in the prediction that they would extensively in-
vade into the center of the tumor within a relatively short time window 
(less than 12 hours). On the contrary, CLNT with high aspect ratio 
and high rigidity only reside around the tumor surface and hardly 
invade into the core region of the tumor (even with extended time 
window modeling), owing to the most difficult engulfment by cell 
membrane and very low diffusivity within extracellular matrix.

To experimentally validate the utility of our theoretical intratumoral 
invasion model in predicting the delivery efficiency of nanocarrier 
cargoes into spheroid tumors, we loaded each of the six nanocarrier 
types with the chemotherapy agent Dox and treated 4T1 spheroids, 
which we subsequently assessed for evaluating apoptosis and inhi-
bition on MCTS growth. As shown in Fig. 4D, the above-mentioned 
nanocarriers with various invasion abilities further led to distinct 
cytotoxic effect, which could be verified by the different amounts of 
apoptotic cells [determined by terminal deoxynucleotidyl transferase–
mediated deoxyuridine triphosphate nick end labeling (TUNEL) 
assay] and their nonuniform distribution in MCTSs. Owing to the 
efficient invasion, SNT induced more extensive cell death (indicat-
ed by red color), resulting in remain of a few live cells in the core 
while exfoliating apoptotic cells at the outmost layer. On the other 
hand, the apoptotic rate gradually decreased in other groups, since 
the invasion was compromised with various extents. The different 
levels of apoptosis further resulted in significant disparity on the 
MCTSs growth inhibition (Fig. 4E and fig. S6A). The performance 
of the nanocarriers (assessed as growth inhibition rates) decreased 
in following sequence: SNT, NS, CNS, CSNT, LNT, and CLNT, which 
again support the smaller-size, nonrigid, tube-shaped properties as 
most advantageous for effective intratumoral invasion.

Evaluation and prediction of integral delivery efficiency 
in vivo
Given the apparent predictive utility for in vitro MCTS invasion of 
our theoretical model, we next complement and develop the model 
to evaluate the overall delivery efficiency from blood circulation into 
cancer cells. In this situation, the concentrations of the nanocarriers 
around the tumor are not fixed, which could change with the blood 
circulation. Therefore, obviously, circulation (and the impact of vari-
ous physical properties on it) is also relevant parameters to consider. 
In this aspect, combination of blood pharmacokinetics model with 
our intratumoral invasion model to generate an integrated model is 

required. To this end, we introduced the parameter  (obtained from 
the blood circulation experiment) and modified boundary condi-
tions to the main model, which enabled us to predict a final overall 
delivery efficiency, as well as its performance information for three 
intermediate stages (circulation, intratumoral penetration, and can-
cer cell uptake). Actually, considering the relationship between blood 
half-life period (T1/2) for the nanocarriers and macrophage uptake, 
we can predict the blood circulation of the nanocarriers using in vitro 
macrophage uptake  indirectly. That is, upon the hypothetical in-
travenous injection of a given nanocarrier structure, we can use this 
model to predict its in vivo overall delivery efficiency (denoted as 
prediction value of nanocarrier at tumor site) only using three pa-
rameters (, k, and D) from in vitro tests.

As shown in Fig. 5A, the predicted circulation capacity of six nano-
carrier type increased in the sequence of CLNT, CSNT, LNT, CNS, 
SNT, and NS. As the first delivery process after intravenous injec-
tion, the circulation of nanocarriers was mainly determined by the 
macrophage interception. In this case, our prediction for blood cir-
culation trends is most informative in explaining the accumulation 
of nanocarriers in the liver and spleen. Although NS was predicted 
to perform best in the circulation stage and the cancer cell uptake 
stage, the drop of performance predicted in the intratumoral pene-
tration stages leads to the compromised prediction value in tumor 
(Fig. 5B). On the contrary, SNT, even following the circulation, was 
still predicted to have the most efficient intratumoral penetration 
and a relative higher cancer cell uptake, thus taking the lead on the 
overall delivery efficiency. Once cross-linked, CSNT was predicted 
to show significant decrease in each stage and the prediction value, 
reflecting deleterious effect of high rigidity on the anticancer drug 
delivery.

To testify the utility of our integrated model, we next monitor the 
biodistribution of different nanocarriers in a 4T1-xenografted mouse 
model after intravenous injection. As foreign nanomaterials, all nano-
carriers could be intercepted by macrophage in the liver and spleen 
with various degrees during the blood circulation (Fig. 5C and fig. 
S6B). The less interception at these two reticuloendothelial organs, 
the more accumulation at tumor site could be observed for these six 
nanocarrier types. Correspondingly, the signal intensity at tumor 
area increased in the sequence of CLNT, LNT, CSNT, CNS, NS, and 
SNT, which could also be verified by the brightness of euthanized 
tumor tissues after 120 hours (Fig. 5, D and E). With further quan-
tification, the peak tumor-to-liver fluorescent intensity value achieved 
in SNT was 3.6 times higher compared to that in the CLNT group 
(fig. S6C), which again emphasized that the tubular shape, low ri-
gidity, and small aspect ratio are the preferred physical properties in 
the aspect of integral delivery process. Notably, we observed theo-
retical prediction values were in the same order as the experimental 
values at tumor sites, again demonstrating that we can use the in vi-
tro data for comparatively predicting the in vivo delivery efficiency 
(Fig. 5F).

Comparative evaluation of anticancer efficacy for various 
nanocarriers/Dox in vivo
Last, we were in the position to evaluate and verify the in vivo anti-
tumor effects of these nanocarriers with distinct physical properties 
based on overall in vitro data. To this end, nanocarriers were loaded 
with Dox and intravenously injected into Balb/c mice bearing 4T1 
tumor xenografts with the dose of equivalent Dox (0.5 mg/ml, 200 l 
for each mouse). Compared with the rapid tumor development in 
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the phosphate-buffered saline (PBS) group, free Dox failed to inhibit 
tumor growth (Fig. 6A). This could be ameliorated in various degrees 
by the delivery with nanocarriers. Specifically, SNT/Dox with a most 
superior delivery performance significantly outperformed other 
counterparts on suppression of tumor development and had almost 
no side effects (fig. S7, A and B, and table S1). Correspondingly, 
the treatment of SNT/Dox resulted in half mice alive after 10 weeks, 
while the mice in other groups gradually died within 8 weeks 
(fig. S7C). To further confirm the therapeutic efficacies, immuno-
histochemical studies of tumor sections were performed with the 
indicator of Ki-67 and TUNEL staining. As shown in Fig. 6 (B and 
C), the proliferous cells gradually decreased and the apoptotic cells 
accordingly increased in the sequence of PBS, Dox, CLNT/Dox, 
LNT/Dox, CSNT/Dox, CNS/Dox, NS/Dox, SNT/Dox, which again 
confirmed the satisfactory performance of SNT/Dox. Considering 
the metastatic nature of breast cancer, we continued to evaluate 
the antimetastatic performance of these formulations. Compared 
with other types of nanocarriers, the lung and tibia of tumor- 
bearing mice treated with SNT/Dox showed the fewest metasta-
ses (Fig. 6, D and E). These results thus, together, strengthened 
our confidence of aforementioned physical activity relationship, which 
may provide guidance for the rational design of anticancer nanocarriers.

Evaluation of applicability of prediction model on  
HeLa-xenografted mouse model
Encouraged by the consistence of prediction value and experimen-
tal value in breast cancer 4T1 tumor model, we further testified the 
applicability of this prediction model to other tumor type. To this 
end, we first used RAW 264.7 cells, HeLa tumor cells, and HeLa 
MCTS to investigate the time/dose-dependent uptake kinetics of 
macrophage, time/dose-dependent uptake kinetics of cancer cells, 
and intratumoral invasion on MCTS, respectively (fig. S8, A to C). 
Accordingly, we obtained the three parameters (, k, and D) (fig. S9, 
A to D), which enabled us to predict the prediction value in vivo. As 
shown in Fig. 7A, compared to other counterparts, SNT was still 
predicted to have the most efficient prediction value in vivo due to 
the strongest intratumoral invasion and a relative longer circulation 
time (Fig.  3C and fig. S8C), while CLNT with the poorest tumor 
invasion and the shortest circulation time resulted in the most un-
satisfied accumulation in prediction.

For the experiment of tumor accumulation in vivo, we injected 
DiR (1,1‘-dioctadecyl-3,3,3’,3‘-tetramethylindotricarbocyanine iodide)- 
labeled nanocarriers and performed fluorescence imaging analysis on 
HeLa tumor–bearing mice. Among the six types of nanocarriers, 
SNT exhibited the most pronounced accumulation at tumor site 

Fig. 5. Evaluation and prediction of integral delivery efficiency in vivo. (A) The calculated concentration profile of the different nanocarriers for different stages 
during the in vivo delivery process over time. (B) The prediction values of various nanocarriers in the HeLa tumor over time. (C) In vivo imaging of biodistribution of nano-
carriers in tumor-xenografted mice model. (D) Ex vivo fluorescence imaging of tumors with different treatments after 120-hour nanocarrier injection. (E) The quantification 
of tumor fluorescence intensity after 120-hour intravenous injection of various formulations. (F) Theoretical prediction value and experimental value at tumor sites with 
various treatments. The experimental value and the prediction value at tumor sites showed the same order. Solid dots indicate the prediction values, and hollow dots 
indicate experiment value. Data in (E) represent the means ± SD (n = 6). Statistical significance between multiple groups was calculated using one-way analysis of variance 
(ANOVA) for (E). *P < 0.05 and **P < 0.01.
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compared to other counterparts (Fig.  7B), which was consistent 
with the prediction results. More specifically, both experimental value 
and the prediction value decreased in the same sequence of SNT, 
NS, CNS, LNT, CSNT, and CLNT (Fig. 7C), again demonstrating 
that the prediction model is also applicable to HeLa tumor type. Note 
that the sequence of delivery efficiency between CSNT and LNT showed 
a tiny difference on HeLa and 4T1 models. However, this was ac-
ceptable since these two tumors had different cancer cells for uptake 
and different extracellular matrices for penetration. In addition, we car-
ried out in vivo antitumor experiments of these nanocarriers/Dox 
on HeLa-xenografted model. As shown in Fig. 7D, SNT/Dox had the 
most superior antitumor performance compared with other coun-
terparts. All these results together supported that our prediction model 
could be used to comparatively predict the nanocarriers’ accumulation 
performance at the tumor site and further therapeutic efficiency in vivo.

DISCUSSION
In summary, it bears emphasis that our experimental data and sim-
ulations each revealed the preferred physical properties for each of 
the delivery stages from blood circulation through to cancer uptake, 
and our models help to understand these findings. During the blood 
circulation, spherical shape, low rigidity, and small size could im-
prove the stealth effect to macrophage. Once it transmigrated into 
solid tumor, tubular shape, low rigidity, and small size became the 

optimized physical properties for intratumoral invasion. With the 
integration of these steps, SNT lastly achieved the most efficient de-
livery performance over other counterparts, leading to the most po-
tent inhibition on the tumor development and metastasis. We believe 
this physico-activity relationship offered guidance for the rational 
design of nanocarriers.

In addition to the blood circulation and intratumoral invasion, 
the stage of nanocarriers across tumor vessels is also a key factor 
during the passive targeting process. Several mechanisms of nano-
carriers crossing the tumor vessels have been reported. Classically, 
nanocarriers accumulated at tumor site due to the enhanced perme-
ability and retention effect, which enabled nanoparticles to extrava-
sate through the defect of blood vessel wall. Much differently, Chan 
and co-workers (37) made an important finding that nanoparticles 
could use active transport through transendothelial pathways to en-
ter solid tumors. In another recent study, Leong and co-workers (38) 
found an interesting mechanism that the nanoparticles per se could 
lead to the formation of micrometer-sized gaps in the blood vessel 
endothelial walls through disruption of the vascular endothelial (VE)–
cadherin-VE-cadherin homophilic interactions at the adherens junction, 
which revealed a feasible self-reinforced manner for well accumula-
tion in the tumor. Once the mechanism of crossing the tumor vessel 
is clear and the capacity can be accurately evaluated in vitro, the 
parameter for this process can be obtained for further incorporating 
into the prediction function formula. Similarly, this model can also 

Fig. 6. Comparative evaluation of anticancer efficacy for various nanocarriers/Dox in vivo. (A) Growth inhibition curve of 4T1 tumor after treating nanocarriers/Dox 
formulations with equal Dox concentration during 32 days after injection. (B) Representative cell proliferation analysis of tumor tissue by Ki-67 method. (C) Representative 
cell apoptosis of tumor tissue by the TUNEL method. (D) Bone metastasis at homolateral by computed tomography scanning. (E) Hematoxylin and eosin (H&E) staining 
images of collected lung tissues. The lung metastasis nodules are indicated by the yellow arrows.
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be used to predict more sequential and complexed anticancer delivery 
progress, such as the incorporation of intracellular trafficking and 
responsive release, with the addition of corresponding parameters. 
Moreover, our prediction function formula may be incorporated with 
the specific parameters that represented the patient-specific micro-
environments for guiding nanocarrier optimal design and further 
personalized therapy (39).

It was important to emphasize that one focus of our study was 
the comparative investigation of delivery performance of six nano-
carrier types with systematically altered physical properties including 
size, shape, and rigidity, rather than identifying an optimal one-size- 
fits-all nanocarrier for the anticancer delivery field. Meanwhile, we 
anticipated that other nanocarrier types could have outperformed 
the SNT if they were further designed with positive charge and/or 
target ligand. At minimum, it is clear that we now have a prediction 
model that can use three in vitro parameters (, k, and D) to com-
paratively predict the nanocarriers’ accumulation at the tumor site 
for in vivo delivery performance.

More generally, our work opened the avenue for the utility of the-
oretical models for informing design choices for nanocarriers. In 
addition to physical properties of size, shape, and rigidity, these theo-
retical models are also applicable for nanocarriers with other physi-
cochemical properties. Similarly, further modification and arrangement 
of these models in alternative or more highly elaborated pipelines 
can further help researchers design nanocarriers for a variety of other 
medical applications. They can be expected to present previously 
unavailable flexibility and design space for prototyping early parti-
cle designs, without the need for extensive in vivo testing.

MATERIALS AND METHODS
Materials
-Lac, Dox (99.5%), triethylamine (99.5%), glutaraldehyde (25%), 
anhydrous calcium chloride (CaCl2; 99.5%), and tris(hydroxymethyl) 
aminomethane were purchased from Sigma-Aldrich (USA). The flu-
orescent hydrophobic dyes Cy5 and DiR were purchased from Fanbo 
Biochemical Co. (Beijing, China). Bacillus licheniformis protease (BLP) 
was a gift from Novozymes, Denmark. The mouse breast cancer cells 
(4T1) human cervical cancer cell line (HeLa cells), mouse leukemia 
cells of monocyte macrophage (RAW 264.7 cells), and mouse mac-
rophage cells (J774A.1 cells) were purchased from the Cell Resource 
Center (Peking Union Medical College Headquarters of National 
Infrastructure of Cell Line Resource). Primary macrophages were 
extracted from mouse abdominal cavity according to the literature 
method. Balb/c mice were obtained from Vital River Laboratories 
(Beijing, China).

Preparation of nanocarriers
First, -lac (30 g/liter) dissolved in 75 mM tris-HCl buffer (pH 7.4) 
was partially hydrolyzed by BLP (BLP–to–-lac weight ratio, 1:25) 
at 50°C for 30 min. The hydrolyzed amphiphilic peptides were self- 
assembled into NSs by a water ultrasound for 30 s (40). The LNTs 
were synthesized by adding Ca2+ (Ca2+–to–-lac weight ratio, 1:63) 
to above hydrolysis system and by prolonging the reaction to 60 min. 
The SNT was obtained by ultrasonically breaking of the LNT. Sub-
sequently, after differential centrifugation (10,000 rpm for 10 min), 
the uniform SNT was obtained in precipitation. The cross-linked 
nanocarriers of CLNT, CSNT, and CNS were prepared by cross-linking 

Fig. 7. The evaluation of applicability of prediction model on HeLa-xenografted mouse model. (A) The prediction value of various nanocarriers in the HeLa tumor 
over time. (B) In vivo imaging of biodistribution of nanocarriers in HeLa tumor–bearing mice after 120 hours and ex vivo fluorescence imaging of tumors of different 
nanocarriers and corresponding quantitative analysis. (C) Sequence of prediction value and experimental value at HeLa tumor site in vivo with different nanocarriers. The 
experimental value and the prediction value at tumor sites showed the same order. Solid dots indicate the prediction values, and hollow dots indicate experiment value. 
(D) Growth inhibition curve of HeLa tumor with various nanocarriers/Dox during 40 days. Data in (B) and (D) represent the means ± SD (n = 6). Statistical significance be-
tween multiple groups was calculated using one-way ANOVA for (B). *P < 0.05 and **P < 0.01.
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LNT, SNT, and NS with 2.5% glutaraldehyde (glutaraldehyde–to–
-lac weight ratio, 1:3; -lac, 3 g/liter).

Preparation of six Dox-loaded nanocarriers
Two milligrams of Dox was dissolved in 2 ml of dichloromethane, 
and 1.43 l of trimethylamine was added to desalt the hydrophilic 
Dox into hydrophobic form. The reaction was carried out overnight 
for fully desalinization. Then, the hydrophobic anticancer drug Dox 
could be loaded in those nanocarriers by simply mixing Dox (dis-
solved in ethanol, 1 mg/ml) with nanocarriers’ buffer solution (pH 7.5) 
at a volume ratio of 1:10 under the vertical rotation overnight. Last, 
nanocarriers/Dox were collected after freeze-drying. To facilitate the 
subsequent fluorescent imaging and measurement, lipophilic dyes 
Cy5 and DIR were loaded in nanocarriers instead of Dox using the 
same process.

Drug-loading efficiency
The ultraviolet absorbance of Dox at 480 nm with gradient concen-
trations was measured by a multifunction microplate reader (Infinite 
M200, Tecan) to draw the absorbance-concentration standard curve. 
The drug-loading (DL) efficiency of nanocarriers/Dox was deter-
mined as follows. Briefly, lyophilized nanocarriers/Dox were dissolved 
in 0.1 ml of alcohol. The absorbance of the solution at 480 nm was 
measured with the multifunction microplate reader, and the amount 
of Dox was determined according to the standard curve. The DL 
efficiency of nanocarriers/Dox was calculated according to Eq. 1

  DL % =   
 drug  weight    ─────────────────    nanocarriers  weight   +  drug  weight  

   × 100%  (1)

TEM characterization of nanocarriers
The uranium acetate–stained samples were dropped on the copper 
grid for three replicates. The morphology of the nanocarriers was 
observed by TEM at 80 kV (JEM-1400, JEOL).

AFM characterization of nanocarriers
The samples were added to the clean mica plate and dried with ear 
washing bulb for three replicates. The rigidity of nanocarriers was 
measured by AFM (FastScan Bio, Bruker). Fifty force curves were 
collected for each type of various nanocarriers, and the representa-
tive retract curves were used to fit the Young’s modulus.

Colloidal stability of nanocarriers
The dispersible stability of different nanocarriers in cell culture media 
(pH 7.4) was evaluated by analyzing its size distribution and zeta po-
tential by dynamic light scattering (Nano-ZS 90, Malvern) at 25°C 
for seven consecutive days. In general, nanocarriers/Dox solution 
was prepared in PBS buffer at a concentration of 0.5 mg/ml (protein 
concentration) and incubated at 37°C in cell culture media. One 
milliliter of the solution was collected for size distribution and zeta 
potential measurement.

The qualitative evaluation of cellular uptake by CLSM
The cellular uptakes of different Cy5 [excitation (Ex) wavelength, 
640 nm; emission (Em) wavelength, 670 nm]–labeled nanocarriers 
(nanocarriers/Cy5, Dox was replaced by Cy5 in the nanocarriers) were 
observed by CLSM (SP5, Leica). After being seeded in the coverglass- 
bottom dishes and incubated for 24 hours, J774A.1 macrophages or 
4T1 cells were cultured with nanocarriers/Cy5 (red) at a protein con-

centration of 100 g/ml for another 12 hours. Subsequently, the cells 
were fixed by 4% formaldehyde after washing away the adhered nano-
carriers. Before observing the corresponding fluorescence images of 
the cells by UltraVIEW (PerkinElmer, America), the cell membrane 
was labeled by Alexa Fluor 488–phalloidin (green; Ex wavelength, 
488 nm; Em wavelength, 520 nm), and the cell nucleus was labeled 
by Hoechst 33342 (blue; Ex wavelength, 346 nm; Em wavelength, 
460 nm).

The qualitative evaluation of cellular uptake by FCM
FCM (Beckman Coulter) was also used to study the cellular endo-
cytic dynamics of different nanocarriers. 4T1 cells, J774A.1 cells, HeLa 
cells, RAW 264.7 cells, and primary macrophages were seeded in 
24-well plate and incubated for 24 hours to allow cell attachment. 
The cells were cultured with different concentrations of nanocarriers/
Cy5 (10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 g/ml) for different 
times (0.5, 1, 2, 4, 8, 12, 24, 30, and 36 hours). Subsequently, cells 
were washed with PBS, and the uptake amount of nanocarriers/Cy5 
was determined by FCM. Data were obtained by collecting 10,000 cells 
for each sample.

CCK-8 cytotoxicity assay for nanocarriers
The cytotoxicity was determined using the CCK-8 (Beyotime, China) 
assay. Briefly, 4T1 or other cells (HeLa cells, J774A.1 cells, RAW 
264.7 cells, HUVECs, and mouse primary macrophages) were seed-
ed in 96-well plate at a density of 1.5 × 104 cells and incubated for 
24 hours to allow cell attachment. Then, the cells were cultured with 
different nanocarrier formulations (equivalent protein concentration 
ranged from 0 to 100 g/ml) and corresponding additives for 24, 48, 
and 72 hours. CCK-8 test solution was added to each well of the 
plate (the volume of the CCK-8 test solution in each well is 1/10 of 
the total volume) and incubated for another 3 hours. After selective 
reduction by viable cells, the absorption intensity of each well at 450 nm 
was measured. Percentage of the viability was normalized according 
to the untreated cells.

In vitro tumor penetration of nanocarriers
4T1 cells or HeLa cells suspended in RPMI 1640 culture medium were 
seeded onto agarose (Sigma-Aldrich, Shanghai, China)–precoated 
96-well plates at a density of 2000 cells per well to grow the MCTSs. 
MCTSs were grown for 4 days until they reached 500 m in diameter 
before use. Different nanocarriers/Cy5 formulations (protein con-
centration of 100 g/ml) were added into the pores in 96-well plates 
and cultured for different times (1, 6, 12, 24, 36, and 48 hours). Next, 
the MCTSs were removed and collected using a pipette. Then, these 
MCTSs were gently washed three times with cold PBS. The penetra-
tion of different Cy5-labeled nanocarriers was observed by CLSM 
(SP5, Leica).

In vitro growth inhibition of MCTS by nanocarriers/Dox
MCTSs were cultured with Dox (10 g/ml) and nanocarriers/Dox 
formulations (equivalent Dox concentration of 10 g/ml) for 72 hours. 
After fixed in 4% paraformaldehyde, the MCTSs were cut into 20-m-
thick slices with a microtome. TUNEL assay was performed accord-
ing to the instructions of the in situ cell death detection kit (Merck 
Millipore, Darmstadt, Germany). Dox (10 g/ml) and nanocarriers/
Dox formulations (equivalent Dox concentration of 10 g/ml) were 
administered to MCTS every 3 days. The morphology and the vari-
ation of the MCTS shapes were monitored by capturing the images 
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using a light microscope, and the diameters (d) were measured. As-
suming the MCTS as spheres, the volume was calculated according 
to the formula as follows

  V = 4 / 3 ×  ×  (d / 2)   3   (2)

The data were reported as the mean volume of three spheroids ± SD.

In vivo tumor targeting evaluation of nanocarriers
4T1-xenografted mouse model of mammary adenocarcinoma was 
established by injecting 1 × 106 4T1 cells (suspended in 100 l of 
PBS buffer) into the ventral mammary fat pad of the female Balb/c 
mice. HeLa tumor–bearing mice were established by injecting 1 × 108 
HeLa cells (suspended in 100 l of PBS buffer) into subcutaneous. 
To observe the biodistribution of different nanocarrier formulations 
in vivo, Dox was replaced by fluorescent hydrophobic dye DIR (Ex 
wavelength, 748 nm; Em wavelength, 780 nm). Nanocarriers/DiR 
(100 l) with a protein concentration of 100 g/ml were intravenously 
injected to 4T1 tumor–bearing female Balb/c, and their biodistribu-
tion were observed using an in vivo imaging system (FX Pro, Kodak) 
at various time intervals of 1, 4, 24, 36, 48, and 120 hours. After the 
last imaging at 120 hours, tumors and organs of interest were ex-
cised and imaged to observe the fluorescence distribution.

In vivo pharmacokinetic evaluation of nanocarriers
To study the pharmacokinetic behavior of different nanocarriers 
in vivo, Balb/c mice were divided into six groups (n = 3), and nano-
carriers/Cy5 were intravenously injected at a protein concentration 
of 100 g/ml. Whole-blood samples were collected from the orbit at 
predestined time intervals (0.5, 1, 2, 4, 6, 8, 12, and 24 hours) using 
a heparinized tube. All the blood samples were centrifuged at 4000g 
for 10 min at 4°C. The fluorescence intensity of equal serum volume 
was measured by an automatic microplate reader (Infinite M200, 
Tecan). Relative fluorescence intensity was normalized according to 
the untreated mice.

In vivo anticancer efficacy evaluation
To compare the antitumor effect of the Dox-loaded nanocarriers, 
4T1-xenografted mice or HeLa tumor–bearing mice were randomly 
divided into eight groups (each group, n = 6). The treatments were 
started when the average tumor volume reached approximately 
100 mm3 by intravenously administering with PBS, Dox, LNT/Dox, 
CLNT/Dox, SNT/Dox, CSNT/Dox, NS/Dox, and CNS/Dox (equiv-
alent Dox concentration, 0.5 mg/ml; 200 l for each mouse) once every 
other day until day 32. The longest and shortest tumor diameters 
(in millimeters) were measured. In addition, after the last treatment 
at day 32, the number of surviving mice in each group was moni-
tored, and the survival curve was obtained. Tumor volumes were 
calculated by

  V =   L ×  W   2  ─ 2    (3)

where L is the longest tumor diameter and W is the shortest tumor 
diameter (in millimeters).

Immunohistochemical section evaluations of nanocarriers
One week after the completion administering nanocarriers/Dox, one 
mouse was taken from each group for immunofluorescence analysis. 
A TUNEL apoptosis detection kit was used for nucleus apoptosis of 

tumor tissues, and a proliferating cell nuclear antigen–Ki-67 was used 
for nucleus proliferation of tumor tissue.

Antimetastasis effect evaluations of nanocarriers
4T1 mammary adenocarcinoma is highly tumorigenic and invasive 
and can spontaneously metastasize from the primary mammary gland 
to distant sites, including the lungs and bone tissues. To evaluate the 
antimetastasis effect of different Dox-loaded nanocarriers in vivo, 
the bone erosion at homolateral tibia caused by tumor metastasis of 
above mice in each group was imaged using a micro–computed to-
mography scanner (Quantum FX, Caliper Life Sciences). Lung me-
tastasis in different treatment groups was evaluated by hematoxylin 
and eosin (H&E) staining.

Safety evaluation of Dox-loaded nanocarriers  
anticancer therapy
To further evaluate the safety of different formulations in vivo, the 
body weight of mice in each group was recorded. In addition, the 
serum levels of urea nitrogen, lactate dehydrogenase, alanine amino-
transferase, aspartate transaminase, and alkaline phosphatase were 
analyzed using an automated analyzer (Hitachi-917, Hitachi Ltd., 
Japan). The organs (heart, liver, spleen, lung, and kidney) from mice 
of each group were sliced and stained by H&E staining.

Safety evaluation of naked nanocarriers in healthy mice
For confirming the safety of various naked nanocarriers in vivo, the 
main organs and blood of the mouse were taken out for correspond-
ing analyses (including H&E-stained tissue sections, serum bio-
chemical parameters, and blood routine examination). Specifically, 
the indicators of blood routine (white blood cell, red blood cell, he-
matocrit, hemoglobin, mean corpuscular hemoglobin, mean corpus-
cular hemoglobin concentration, mean corpuscular volume, and 
plateletocrit) were detected by blood routine analyzer (MEK-7222K, 
Japan).

Animal care
Balb/c mice or Balb/c-nu mice, 4 to 6 weeks of age, were obtained 
from Vital River Laboratories (Beijing, China). This study was per-
formed in strict accordance with the Regulations for the Care and 
Use of Laboratory Animals and Guideline for Ethical Review of An-
imal (China, GB/T 35892-2018). All animal experiments were reviewed 
and approved by the Animal Ethics Committee of the Institute of 
Process Engineering (approval ID: IPEAECA2017126).

Molecular dynamics simulations
Similar to our previous work, the coarse-grained simulation system 
for investigating the diffusivity of the nanocarriers in tumor extra-
cellular matrix comprised an irregular polymer network and dozens 
of nanocarriers (22, 34). The polymer network was used to repre-
sent the protein (the most abundant protein is collagen) fibers with 
an average mesh size of 8 (where  is the unit of the length in our 
simulation), as shown in fig. S4 (A and B). The nanocarrier with dif-
ferent shapes, lengths, and stiffnesses was modeled as a single bead 
(NS and CNS) or a linear chain model with different chain lengths 
(tubular nanocarriers) (fig. S4D). To keep the integrity of the poly-
mer network and NTs during the simulation, the adjacent beads in NTs 
and in network were connected via the harmonic bond potential.

   U  b   =   1 ─ 2    k  b    (r −  r  0  )   2   (4)
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where spring constant   k  b   = 50  k  B   T /   d  2     and the equilibrium bond length 
r0 = 1.0d. The harmonic angle potential was adopted for tuning the 
rigidities of the network and NTs

   U  a   =   1 ─ 2    k  a    ( −    0  )   2   (5)

where the equilibrium angle  =  and the spring constant ka = 50kBT/
rad2 for the network. We set ka = 500kBT/rad2 for CSNT and CLNT 
and ka = 5kBT/rad2 for SNT and LNT, to reflect their different rigid-
ities. The cross-linked network beads were restrained via fixing the 
positions of beads using self-harmonic spring potential with the spring 
constant ks = 20kBT/2. The CNS and NS were represented using 
single CG (coarse-grained)  beads. We adopted a modified Lennard- 
Jones (LJ) potential with soft core, to tune the rigidity of NS

    U  sLJ   =     n  4 ∈  
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where  is an activation parameter, if  = 1 the potential would be 
identical as standard LJ potential. We set  = 0.5,  = 0.5, and n = 2 
for the soft repulsive LJ potential, to represent the NS. The CNS was 
modeled via standard LJ potential. We set the parameter b between 
the (C)NS and beads in network to 3.25d and same interaction pa-
rameters as tubular model. The nonbonded affinity between nano-
carriers beads and polymer network beads in the system was described 
using the LJ potential

    U  LJ   = 4    k   [     (      b  d   ─ r   )     
12

  −   (      b  d   ─ r   )     
6
  ]     (7)

where k is the interaction parameter and we set it as 0.1kBT; bd is 
the distance where the LJ potential equals to 0, and we set bd between 
beads in NTs and in network as 2d and 1d for other combinations. 
The cutoff radius rcut = 2.5bd, beyond which the LJ potential was 0.

In each simulation, there were 120 (C)SNTs or 40 (C)LNTs con-
tained in the system, to guarantee that they occupied the same vol-
ume fraction. The box length in each dimension was d with periodic 
boundary conditions applied in all the three dimensions, and the 
simulations were performed under NVT ensemble. During the sim-
ulations, we recorded the center of mass (COM) of each nanocarriers 
every 10d (d is the unit of the time in our simulation), and then the 
MSD and effective diffusivities were calculated using the following 
equations

  MSD(t ) = 〈  ( x  t   −  x  0  )   2  +  ( y  t   −  y  0  )   2  +  ( z  t   −  z  0  )   2  〉  (8)

where x, y, and z represent the COM of the nanocarriers, t is the duration 
of the time lag, and 〈⋯〉 represents the average of all the nanocarriers. 
The velocity Verlet algorithm was used to perform time integration 
during the simulations. The total simulation time was 1 × 108d. After 
about 5 × 105d relaxation, the MSD calculations were started.

The CGMD simulations for the uptake of the nanocarrier are based 
on the one-particle-thick CG model developed by Yuan et al (33). 
This highly coarse-grained lipid model can reproduce the correct 
mechanical properties of biological membranes and capture the es-
sential features of nanocarrier uptake within reasonable temporal 
and spatial scales. Briefly, the membrane comprised a mixture of 

binding agent/lipid, and the density of the agent is 0.004/2, which 
is on the same order of magnitude as the binding agent protein den-
sity in real cell membrane (41). Each lipid or binding agent mole-
cule is represented by one bead, as shown in fig. S4H. Following the 
notation from the original paper, the interparticle interaction be-
tween each pair of nanocarrier beads was described by a combina-
tion of two functions, u(r) and  (   ̂  r   ij  ,  n  i  ,  n  j  ) , which represented the 
distance and orientation dependences, respectively, as follows

  U( r  ij  ,  n  i  ,  n  j   ) =  {   
 u  R  (r ) +    beads‐beads   [ 1 − (   ̂  r   ij  ,  n  i  ,  n  j   ) ]

  
r <  r  min  

    
 u  A  (r ) (   ̂  r   ij  ,  n  i  ,  n  j  )

  
 r  min   < r <  r  c  

    (9)

where

    u  A  (r ) = −    beads‐beads    cos   2  (      ─ 2      r −  r  min   ─  r  c   −  r  min     )    r  min   < r <  r  c     (10)

    u  R  (r ) =    beads‐beads   [     (      r  min   ─ r   )     
4
  − 2   (      r  min   ─ r   )     

2
  ]  r <  r  min     (11)

  (   ̂  r   ij  ,  n  i  ,  n  j   ) = 1 + (a(   ̂  r   ij  ,  n  i  ,  n  j   ) − 1)  (12)

  a(   ̂  r   ij  ,  n  i  ,  n  j   ) = ( n  i   ×    ̂  r   ij   ) ⋅ ( n  j   ×    ̂  r   ij   ) + sin    0  ( n  i  ,  n  j   ) ⋅    ̂  r   ij   −  sin   2     0    
(13)

In these equations, ri and rj represented the center position vec-
tors of beads i and j, rij = ri − rj, r = ||rij||, and     ̂  r   ij   =  r  i   / r . The unit 
vectors ni and nj represented the axes of symmetry of the beads i 
and j, respectively. In the simulations, we chose the same parame-
ters beads - beads = 1,  = 4, and rc = 2.6 as used in the original paper. 
The other two parameters ( and sin0) were used to modify the 
bending rigidity of the membrane, which are taken as  = 3 and sin 
0 = 0  in our simulations as used similar to Shen et al. (42). The 
models of each different type of NTs are used similar to above mod-
el, i.e., a linear CG chains with different rigidities and lengths. The 
CNS and NS were constructed by placing 64 particles on a spherical 
surface of radii 2.0 in optimal spherical coverings. The LJ potential 
and Weeks-Chandler-Anderson (WCA) potential were used as fol-
lows to describe the nonbonded interactions between nanocarriers 
and cellular membrane

   V( r  ij   ) = 4    ij   [     (     b ─  r  ij     )     
12

  −   (     b ─  r  ij     )     
6
  ]    r  ij   <  r  cut     (14)

    V  WCA  ( r  ij   ) = 4    ij   [     (     b ─  r  ij     )     
12

  −   (     b ─  r  ij     )     
6
  + 0.25 ]       r  ij   <  r  cut    = 2   (15)

where ij is the depth of the energy well, b is the equilibrium length 
between two beads, and rcut is the cutoff distance. The interaction 
parameters are listed in table S1. In the simulation, to avoid the distri-
bution of the nanocarriers to the equilibrium state of the membrane, 
a long-time (about 5 × 105) equilibrium simulation was performed 
before the uptake process in the initial stage. Then, a nanocarrier 
was put near the surface of the membrane and performed a long-
time simulation to investigate the kinetics of the nanocarrier uptake. 
The velocity-Verlet algorithm was used to perform the time inte-
gration. The time step in the CGMD simulations is set to be 0.01. 
A Langevin thermostat was used to control the system temperature 
at kBT = 0.2. To maintain a constant binding agent density in the 
remote region of the membrane during the simulation processes, a 
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special region is used to monitor the density of the binding agent. 
Once the density of the binding agent is lower than a threshold (0.004) 
in the monitor region, a random lipid agent is converted to a bind-
ing agent in this region whenever a ligand-binding agent binding 
event occurs. In all above simulations, the periodic boundary condi-
tion applied three directions, and all the simulations were performed 
using the LAMMPS code.

Theoretical model
The diffusion of nanocarriers in the tumor
The distribution of nanocarriers within the interstitial space of a spher-
oid segment of radius R can be described as

     ∂ C ─ ∂ t   =   D ─ 
 r   2 

     ∂ ─ ∂ r   (   r   2    ∂ C ─ ∂ r   )      0 < r < R, t > 0    (16)

where C is the concentration of nanocarriers and D is the diffusion 
coefficient of the nanocarriers in the interstitial space of the spherical 
tumor with radius of R. At the interface of the surrounding medium 
with the spheroid, the nanocarriers’ concentration is continuous with 
the interstitial fluid of the spheroid

  C(R, t ) =  C  0   t ≥ 0  (17)

where C0 is the concentration of nanocarriers in the surrounding 
medium. After a bolus injection of Tobacco mosaic virus  into the 
surrounding medium, C0 equals the ratio of the mass of the nano-
carriers to the volume of the surrounding medium. At the center of 
the spheroid, by spherical symmetry, there is no net diffusion flux 
so that the concentration gradient is zero

    ∂ C ─ ∂ r   = 0 r = 0 t ≥ 0  (18)

Initially, there are no nanocarriers in the interstitial space of the 
spheroid
  C(r, 0 ) = 0 0 < r < R  (19)

Above all, the math equations for describing the distribution of 
nanocarriers in the spheroid were as follows

    

⎧

 
⎪

 ⎨ 

⎪
 

⎩

   

   ∂ C ─ ∂ t   =    D  M   ─ 
 r   2 

     ∂ ─ ∂ r   (    r   2    ∂ C ─ ∂ r   )          0 < r < R, t > 0  

        C(r, 0 ) = 0      0 < r < R   
 C(R, t ) =  C  0      t ≥ 0

   

   ∂ C ─ ∂ r   = 0      r = 0 t ≥ 0

     
(20)

The solution of these equations is

      C(r, t) ─  C  0     = 1 − 2R    
n=1

  
∞

      (− 1)   n+1  ─ nr   ⋅ sin (     nr ─ R   )   ⋅  e   − (n)   2 ⋅  D  M  t _ 
 R   2 

      (21)

In our MCTSs model, the solid tumor comprised the cancer cell 
with a fraction of 91.9% and tumor matrix (8.1%). Thus, the 
nanocarriers would be taken up by the cell when they meet the cell 
membrane during the penetration, and the mathematical model for 
describing the concentration distribution of the nanocarriers in the 
inner of the spheroid should be modified as

     

⎧

 
⎪

 ⎨ 

⎪
 

⎩

   

    ∂  C  u   ─ ∂ t   =    D  u   ─ 
 r   2 

     ∂ ─ ∂ r   (    r   2    ∂  C  u   ─ ∂ r   )   −  kC  u       0 < r < R, t > 0  

            C  u  (r, 0 ) = 0      0 < r < R   
 C  u  (R, t ) =  C  0      t ≥ 0

   

  ∂  C  u   ─ ∂ r   = 0      r = 0 t ≥ 0

     
(22)

where Cu and Du are the concentration and diffusion coefficient of 
nanocarriers in the interstitial space of the spherical tumor with radius 
of R, respectively, and k is the constant rate at which nanocarrier is 
irreversibly taken up by cells. In this case, the solution becomes

      C  u  (r, t) ─  C  0     = 1 − 2R   n=1  
∞

      (− 1)   n+1  ─ nr   · sin 
⎛
 ⎜ 

⎝
     nr ─ R   

⎞
 ⎟ 

⎠
   ·   

k +  D  u     (n)   2  _ 
 R   2 

   ·  e   − (  k+ D  u    (n)   2  _ 
 R   2 

   )  t 
  ─────────────  

k +  D  u     (n)   2  _ 
 R   2 

  
     

(23)

Last, the total amount of diffusing nanocarriers that entered the 
spheroid at time t can be predicted by integrating the nanocarrier 
concentration over the whole-spheroid volume

    M  1  (t ) =  ∫r=0  
R
      C(r, t) ─  C  0      dr =   4 ─ 3     R   3   C  0   [  1 −   6 ─ 

    2 
     n=1  ∞     1 ─ 

 n   2 
    e   − (n)   2   D  M  t _ 

 R   2 
    ]     (24)

   M  2  (t ) =  ∫r=0  
R
      

 C  u  (r, t)
 ─ 

 C  0  
    dr =   4 ─ 3     R   3   C  0    

⎡
 ⎢ 

⎣
  1 −   6 ─ 

    2 
     n=1  ∞     1 ─ 

 n   2 
     
k +  D  u     (n)   2  _ 

 R   2 
   ·  e   − (  k+ D  u    (n)   2  _ 

 R   2 
   )  t 
  ─────────────  

k +  D  u     (n)   2  _ 
 R   2 

  
   

⎤
 ⎥ 

⎦
     

(25)
  Prediction value =   M  1  (t ) +  (1 −  )  M  2  (t)  (26)

where M1 and M2 are the total amount of nanocarriers in the inner 
of the spheroid without and with cellular uptake, respectively, and  
is the component fraction of the tumor matrix and set as  =8.1% in 
this work. Once we know the model parameter (DM, DU, and k), we 
can predict the distribution of the nanocarriers concentration with-
in the tumor varied with the position and time.
The blood circulation of the nanocarriers
The blood circulation of the nanocarrier was described by the first- 
order decay pharmacokinetics model, i.e., the attenuation of the nano-
carriers in the blood keeps a constant rate

      dC  b  (t) ─ dt   = −   C  b  (t)  (27)

where Cb is the concentration of nanocarriers in the blood. The pro-
file of the nanocarriers in the blood varied with circulation time is 
similar to

    C  b  (t ) =  C  i    e   −t   (28)

where Ci is the initial injected concentration of the nanocarriers.
The uptake of the macrophage
The previous studies have shown that the different blood circulation 
performances of the soft and stiff nanocarriers were attributable to 
their distinct phagocytosis profiles. Moreover, the uptake of the macro-
phage is an important way to clean the extraneous nanocarriers. In 
this work, we used a simple equation (43, 44)

    C  M  (t ) =  C  b  (1 −  e   −t )  (29)
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where CM and Cb are the concentration of the nanocarriers in the 
macrophage and blood, respectively, and  is the rate of the uptake.
Rate of cellular uptake
The rate of cellular uptake of nanocarriers in cancer cells was char-
acterized experimentally, as we all know that the number of particles 
uptake by the cell would reach a stable value in a short time (about 
5 hours). So here, we fit the rate of cellular uptake with an equation 
using the early-stage experiment data, i.e., data before reach the sta-
ble state

    N(t ) =  {   kt  t < 5  N(5)  t > 5    (30)

Once we obtained the uptake rate of each type of nanocarriers, 
we can fit the diffusion coefficient of each type of nanocarriers in 
the tumor spheroid.

Statistical analysis
All the data represent the means ± SD. Statistical analysis was per-
formed with Prism 8.0 software (GraphPad Software) by one-way 
analysis of variance (ANOVA).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/6/eaba2458/DC1

View/request a protocol for this paper from Bio-protocol.
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