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1. Introduction

Polymeric nanoparticles are a promising 
platform for biomedical applications such 
as drug delivery,[1] biomedical-imaging,[2] 
and diagnostics.[3,4] Depending on their 
design, they can achieve long circula-
tion times,[5] stealth from the immune 
system[6–8] and the ability to accumulate 
passively in tumor tissue (enhanced per-
meability and retention effect),[9,10] and 
the interactions between nanoparticles 
and biological systems have been exten-
sively examined in vitro and in vivo.[11–14] 
Similarly, the mechanisms by which indi-
vidual physicochemical properties of poly-
meric nanoparticles, e.g., the size,[15,16] 
shape,[17,18] charge[19,20] or surface func-
tionality[21,22] influence the degree of 
cellular uptake have been studied exhaus-
tively, as this is imperative for increasing 
their pharmacological efficacy. In con-
trast, despite being a key property of 
nanomaterials, the effect of nanoparticle 

Nanoparticles are well established vectors for the delivery of a wide range 
of biomedically relevant cargoes. Numerous studies have investigated the 
impact of size, shape, charge, and surface functionality of nanoparticles on 
mammalian cellular uptake. Rigidity has been studied to a far lesser extent, 
and its effects are still unclear. Here, the importance of this property, and  
its interplay with particle size, is systematically explored using a library of 
core-shell spherical PEGylated nanoparticles synthesized by RAFT emul-
sion polymerization. Rigidity of these particles is controlled by altering 
the intrinsic glass transition temperature of their constituting polymers. 
Three polymeric core rigidities are tested: hard, medium, and soft using two 
particle sizes, 50 and 100 nm diameters. Cellular uptake studies indicate that 
softer particles are taken up faster and threefold more than harder nano-
particles with the larger 100 nm particles. In addition, the study indicates 
major differences in the cellular uptake pathway, with harder particles being 
internalized through clathrin- and caveolae-mediated endocytosis as well 
as macropinocytosis, while softer particles are taken up bycaveolae- and 
non-receptormediated endocytosis. However, 50 nm derivatives do not show 
any appreciable differences in uptake efficiency, suggesting that rigidity as a 
parameter in the biological regime may be size dependent.
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rigidity/elasticity on their behavior once inside biological 
systems is not fully understood.[23,24] Nanoparticle rigidity is 
defined in this context as the ability for nanoparticles to alter 
their shape in physiological conditions, and contrasts between 
‘hard’ nanoparticles, which keep their spherical shape, and 
‘soft’ nanoparticles, which can alter their shape from sphere to 
ellipsoid, etc. This gap in knowledge on particle physical attrib-
utes is even more surprising considering how important the 
mechanical properties of materials are for maintaining par-
ticular biological functions.[25–27]

Currently, several studies indicate the fast and effective 
phagocytosis of rigid nanomaterials by macrophages when 
compared with their softer analogs.[23,28,29] This can help 
to explain the longer blood circulation times and increased 
tumor accumulations normally observed for softer nano-
particles.[24,29–31] On the contrary, it is not clear if soft[23,32,33] or 
hard[34,35] nanomaterials would penetrate better inside tumors. 
Furthermore, there is no consensus on whether harder[30,35–37] 
or softer particles[33,37–39] are preferentially internalized by 
cancer cells. So far, investigations performed to test the effect 
of rigidity on cell uptake have yielded conflicting results, with 
either rigid or flexible particles taken up in greater quanti-
ties,[40,41] depending mostly on the type of cancer cell used for 
the study.[23,24] Based on simulation data, the widely accepted 
explanation for a difference in uptake between soft and hard 
nanoparticles is the ability of soft particles to deform when 
interacting with cellular surfaces.[42,43] On the one hand, defor-
mation can increase the adhesion energies required for com-
plete internalization of single particles (making internaliza-
tion of hard > soft), while on the other hand also increasing 
the chance for co-operative uptake, i.e., combined effects 
caused by the simultaneous interaction between two or more 
particles and the cell membrane facilitates the cellular uptake 
of the particles, which occurs at once (making internalization 
soft > hard). Unfortunately, simulation data cannot paint the 
entire picture for nanoparticle interactions with complex bio-
logical systems.

Experimentally, however, the lack of consensus on the degree 
of cellular uptake of particles may arise from the range of 
methods used to achieve control over the rigidity of the parti-
cles. In previous reports, nanoparticle rigidity has been tuned 
using different methods. For example, the rigidity of colloidal 
hydrogels[44] can be modified by increasing or decreasing the 
crosslinking density,[45] which regulates the water content 
within the core of the particles directly impacting the flexibility 
of the nanoparticles, but also potentially modifying the hydro-
dynamic volume the particles occupy.[30] Rigidity of layer-by-
layer(LbL)/templated nanocapsules[46] can be also adapted by 
tuning the charge density and/or number of layers of oppositely 
charged polyelectrolytes present on nanocapsules.[38] Hybrid 
lipid-nanoparticle[35] and core-shell silica systems[23] can control 
their rigidity by changing the precursors or the thickness of 
their lipidic layers (i.e., monolayer or bilayers) or shells, altering 
their surface properties in the process. Thus, in most of those 
cases, alterations of physicochemical nanoparticle properties 
other than rigidity (i.e., size, shape, hydrophobicity) may have 
a substantial effect on cellular internalization, which, so far, 
made it challenging to study the impact of particle rigidity in 
isolation.

Traditionally the flexibility of bulk materials can be controlled 
using the variation of the glass transition temperature (Tg) of 
different polymeric matrices.[47] As Tg is an intrinsic material 
property, this method poses significant advantages over other 
techniques as one simply has to choose the correct monomer 
composition to tune nanoparticle rigidity around physiological 
conditions.[48] Therefore, a polymer nanoparticle with a Tg above 
37  °C should be ‘hard’ in physiological conditions, whereas it 
should be ‘soft’ with a Tg below 37  °C. This method has been 
used to modify the rigidity of nanoparticles (synthesized via 
miniemulsion polymerization) by increasing the alkyl side 
chain lengths of polymethacrylates (poly(methylmethacrylate) 
to poly(stearylmethacrylate)). The resulting decrease in Tg trig-
gered an increase in cellular uptake of nanoparticles tested in 
a wide range of cell lines.[49] However, the use of longer side 
chains also led to an increased surface hydrophobicity, which is 
known to drastically impact cellular uptake.[21]

To isolate the individual effect of rigidity, nanoparticles 
with different Tg should have identical surface chemistry 
and changes in hydrophobicity and other physical prop-
erties have minimal impact in their internalization. For 
example, poly(ethyleneglycol)-b-(poly(e-caprolactone)-g-poly 
(butylacrylate)) particles with different rigidities were prepared 
by atom transfer radical polymerization (ATRP) by altering the 
length of the butylacrylate hydrophylic chains, and their tumor 
penetration properties studied both in vitro and in vivo. Yet, 
their cellular internalization was not studied independently.[32] 
Alternatively, a technique that can also achieve such proper-
ties is RAFT emulsion polymerization, which combines RAFT 
polymerization[50–52] and conventional emulsion polymeriza-
tion[53] producing stable monodisperse core-shell nanoparticles, 
with the corona chemistry imparted by the hydrophilic sec-
tion of an amphiphilic macro-RAFT agent stabilizer. Since its 
conception, RAFT emulsion polymerization has been used to 
generate uniform nanoparticles with various sizes,[54] shapes,[55] 
and surface functionalities[56,57] by simply changing the reaction 
parameters of the emulsion polymerization, or the monomer 
composition[56,58,59] of the starting macro-RAFT agent. Nano-
particles synthesized with this approach lend themselves to 
fundamental studies of rigidity, as such particles maintain their 
structural integrity at low concentration, with precise control 
over both the nanoparticle core and surface.[60,61]

Our aim in this work was to elucidate the effects of nano-
particle rigidity across multiple particle sizes on their biological 
properties, both in vitro and in vivo. We report the synthesis 
of a series of inert uniform PEGylated core-shell nanoparticles 
(with diameters of 50 and 100 nm) synthesized via RAFT emul-
sion polymerization with three differing core rigidities / Tg and 
identical surface chemistry. These are used to evaluate possible 
differences caused by nanoparticle rigidity on cellular uptake, 
intracellular trafficking, and biodistribution.

2. Results and Discussion

2.1. Nanoparticle Synthesis and Characterization

A series of 50 and 100 nm core-shell nanoparticles with 
the same inert polymeric shell and three different Tg cores 
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(polystyrene (PS; Tg,lit  =  100  °C),[62] poly(tert-butyl acrylate) 
(P(t-BA; Tg,lit  =  43  °C)[62] and poly(n-butyl acrylate) (P(n-BA); 
Tg,lit  =  −54  °C)[62] for the hard (50HNF and 100HNF), medium 
(50MNF and 100MNF), and soft (50SNF and 100SNF) parti-
cles respectively were prepared using RAFT emulsion poly-
merization, and following previously reported synthetic 
conditions.[56,60,63,64] Briefly, amphiphilic macro-RAFT agents 
P(PEGA)8-PS8, P(PEGA)8-P(t-BA)8 and P(PEGA)8-P(n-BA)8 
stabilizers were self-assembled in aqueous solution and chain 
extended in emulsion with styrene, t-BA and n-BA respectively 
(Figure  1). The particle size was controlled by modifying the 
monomer, initiator, and macro-RAFT agent concentrations 
as well as the DPtarget during the emulsion polymerizations 
(Table S1, Supporting Information). This macro-RAFT agent 

design imparts a dense PEG brush and negative charge at the 
particle surface, increasing biocompatibility and solution sta-
bility. Fluorescently labeled nanoparticles were also prepared by 
the addition of 1% (wt/wt, with respect to the hydrophobic mon-
omer) boron-dipyrromethene acrylate (BODIPYA) to the RAFT 
emulsion polymerizations (Figures S1–S3, Supporting Informa-
tion). This approach is advantageous because BODIPYA only 
labels the core of the nanoparticle and, thus, does not alter its 
surface properties.

Monomer consumptions for all polymerizations were 
found to be >98% (measured using gravimetric technique), as 
expected for all emulsion polymerizations. Initial DLS analysis 
of the particles (both fluorescent and non-fluorescent) showed 
low polydispersities (PDi  ≈  0.05) at, or close to, the targeted 
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Figure 1. A) Preparation of core-shell nanoparticles via RAFT emulsion polymerization. B) Graphical representation of 100 and 50 nm hard, medium, 
and soft nanoparticles.
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diameters (Table 1, Figure 2; Table S2, Figures S4 and S5, Sup-
porting Information). This was independently confirmed from 
TEM micrographs (Figure 2). A negatively charged carboxylated 
particle corona was confirmed with particles exhibiting zeta 
potentials of ≈ −30 mV (Table 1; Table S2, Supporting Informa-
tion). UV-detection SEC revealed successful incorporation of 
the BODIPYA monomer, and good molecular weight control 
of the polymers comprising the nanoparticles (Figures S6 and 
S7, Supporting Information). However, significant amounts 
of BODIPYA and the macro-RAFT agent remained uncon-
sumed (Figure S6, Supporting Information), which could 
leak from the particles yielding erroneous results in cellular 
uptake studies.[64,65] To remove the free fluorophore, particles 
were purified by dialysis against a 1,4-dioxane/ water mixture 
(60/40, v/v) to remove unconsumed BODIPYA and macro-
RAFT agent (monitored by THF-SEC), followed by dialysis 
against pure water to eliminate residual 1,4-dioxane (Figure S6, 
Supporting Information). In all cases, particle size and PDi did 
not change after purification (Figure S4, Supporting Informa-
tion). Negligible differences in hydrodynamic diameter and PDi 
were observed when particles were suspended in Dulbecco’s 
modified eagle cell culture medium (DMEM; Table 1; Table S2, 
Supporting Information), suggesting they would be colloidally 
stable during cellular experiments.

Spherical morphology was confirmed using small angle 
neutron scattering (SANS) measurements performed on the 
100  nm particles. These measurements also revealed that all 
three particles, regardless of core materials displayed similar 
polymer aggregation number (Nagg) per particle, suggesting a 
similar PEG brush density at the particle surface (Figure S8, 
Supporting Information). Furthermore, Tg determined using 
differential scanning calorimetry (DSC) confirmed that hard, 
medium and soft nanoparticles were generated from PS, P(t-
BA) and P(n-BA) nanoparticles, respectively (Figures S9 and 
S10, Supporting Information). Full characterization of the fluo-
rescent and non-fluorescent nanoparticles can be found below 
(Table  1) and in the supplementary information (Table S2, 
Supporting Information), respectively. Height profiles of each 
of the nanoparticles were measured using atomic force micro-
scopy (AFM) and confirmed the expected rigidity. Hard deriva-
tives matched the theoretical heights, while the lower Tg of the 
medium (Tg ≈ 37 °C) and the soft (Tg ≈ −57 °C) particles caused 
flattening as observed by the reduced particle heights (≈50% 

and 95% respectively for 100 nm particles and, 75% and >90% 
for 50  nm particles respectively) (Figure  2). Overall, the com-
prehensive analysis of the nanoparticles indicated that the only 
major differences between the nanoparticles were rigidity and 
size (between 50 and 100 nm families), with other parameters 
such as surface chemistry, brush density and zeta-potential 
being identical.

2.2. Toxicity and Membrane Activity

The biocompatibility of the synthesized particles was confirmed 
by determining their membrane activity and in vitro growth 
inhibition. Erythrocytes incubated with multiple concentra-
tions (0.1, 0.05, and 0.01  mg  mL−1) of 100 and 50  nm hard, 
medium, and soft nanoparticles (1 h at 37 °C) all displayed very 
low hemolysis (<5%) compared to Triton-X (positive control), 
indicating low membrane interaction (Figure S11, Supporting 
Information). Furthermore, none of the hard, medium, or soft 
nanoparticles inhibited the growth in a panel of 4 human cell 
lines at concentrations up to 500 µg mL−1 after incubation for 
72 h (Figure S12, Supporting Information).

2.3. In Vitro Cellular Uptake Studies

BODIPYA labeled nanoparticles were used to examine the 
effect of rigidity on uptake in mammalian cells. Experiments 
were performed with 100 and 50 nm particles at the same mass 
concentration (e.g., 100  µg  mL−1), these concentrations equate 
to 1.9 × 1011 particles mL−1 and 1.5 × 1012 particles mL−1, respec-
tively due to the difference in volumes between particles of dif-
ferent sizes (Equation S4, Supporting Information). For clarity, 
internalization was compared within the same particle size (i.e., 
uptake of 100 nm particles is only compared to the other 100 nm 
particles, not to the 50 nm analogs and vice versa). The relative 
cellular internalization was normalized to soft particles (100S 
for 100  nm particles, and 50S for 50  nm particles) by using 
ratios of relative emission obtained from calibration curves per-
formed at different concentrations of each of the nanoparticles 
(Figure S13 and Table S3, Supporting Information).

The optimal particle concentration for uptake experi-
ments was determined by incubating cells with different 
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Table 1. Characterization data of synthesized nanoparticles.

Hydrodynamic diameter and ζ-potential

Water DMEM

Full title Core Abbreviation Average diameter [nm]a) PDib) ζ-potential [mV]c) Average diameter [nm]a) PDib) Tg °C−1d)

100 nm Hard PS 100H 107.6 ± 3.6 0.054 −31.6 ± 5.6 112.4 ± 5.4 0.051 90.0

100 nm Medium P(t-BA) 100M 102.7 ± 4.2 0.056 −25.3 ± 4.2 102.8 ± 4.8 0.082 37.8

100 nm Soft P(n-BA) 100S 101.5 ± 3.4 0.058 −28.4 ± 3.5 104.7 ± 6.2 0.062 −57.5

50 nm Hard PS 50H 53.6 ± 2.1 0.062 −24.3 ± 2.1 52.7 ± 3.1 0.058 90.0

50 nm Medium P(t-BA) 50M 57.9 ± 2.5 0.056 −35.9 ± 3.2 49.1 ± 2.1 0.065 31.4

50 nm Soft P(n-BA) 50S 54.2 ± 2.9 0.047 −30.9 ± 6.5 55.4 ± 2.9 0.050 −58.3

a)Mean of three measurements using dynamic light scattering (number distribution) and standard deviation; b)Calculated using Equation S1 (Supporting Information); 
c)Mean of three measurements and standard deviation; d)Measured using differential scanning calorimetry.
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concentrations (50, 100, and 200  µg  mL−1) of hard, medium, 
and soft nanoparticles for 2  h (Figure S14, Supporting Infor-
mation). Intracellular fluorescence was acquired using a cell 
imaging plate reader, and then corrected and normalized as 
described. 100 µg mL−1 was selected, as it allowed reliable detec-
tion of BODIPYA fluorescence, while avoiding saturation and 
toxicity problems. These initial experiments also showed that 
intracellular fluorescence increased with higher doses. Further-
more, significantly higher uptake efficiency was observed for 
100S compared with 100M and 100H analogs (p < 0.01), whilst 
50 nm particles showed no clear relation between internaliza-
tion and rigidity.

For our in vitro experiments we chose two model cell lines 
derived from a grade IV prostatic adenocarcinoma (PC3), and a 
colorectal adenocarcinoma (Caco-2). These were chosen based 
on previous studies, both in our lab and from the literature 
which showed high tolerability toward a range of nanoparticle 
systems and are capable of internalizing them through a range 
of endocytosis mechanisms.[66–74] Alternatively, Caco-2 cells are 
a common model for intestinal absorption of both drugs and 
nanoparticles.

PC3 and Caco-2 cells were then incubated with 100 and 
50  nm nanoparticles (hard, medium, and soft), for 2, 4, and 
24  h (Figure 3A,B). For the 100  nm particles, Figure  3 shows 
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Figure 2. A) Height profiles of single 100 and 50 nm particle with hard (green), medium (blue), and soft (orange) rigidities determined by AFM. 
B) Representative atomic force micrographs for the 100H, 100M, 100S, 50H, 50M, and 50S nanoparticles. Calibration bars indicate the maximum height 
as measured by atomic force microscopy C) TEM images (100H, 100M, 50H, 50M) and Cryo-TEM images (100S and 50S) of nanoparticles, scale bars 
are 500 nm in length, please note all images are taken with different magnification. D) Particle size distributions in solution as measured by dynamic 
light scattering measured at room temperature.
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that cells treated with 100H internalized much less after 2 and 
4  h than cells treated with 100S (typically by a factor 5), and 
100M (typically by a factor 2). Looking at the 24 h assay, the 
100S particles internalized more than the 100M and at least 
twice as much as the 100H. Strikingly, our experiments showed 
that PC3 cells treated for 24  h with 100H internalized only 
half the number of particles found in cells treated for 2 h with 
100S. Therefore, uptake efficiency and rate for 100  nm parti-
cles were higher for soft particles. 100S particles were observed 
to be taken up in greater quantities and more rapidly than 
their medium and hard analogs. Still, we could not say if the 
increased quantities of soft particles observed inside cells were 
due to improved uptake of single particles, or to the presence of 
cooperative uptake paths favoring the adhesion and aggregation 
of soft NPs to the cellular membrane. In contrast, the number 
of particles internalized by cells after 24 h treatment with 50H, 
50M or 50S did not vary with rigidity, although the uptake rate 
was still faster for soft nanoparticles when compared with that 
of medium and hard ones (which showed equivalents uptake 
rates). Nevertheless, the differences between the uptake rates 
of 50S and 50M/50H (2× slower or less) were always signifi-
cantly smaller than those observed between the equivalent 
100 nm particles (over 3× slower for medium and 6× for hard 
particles). Previously, Vogt and co-workers reported that for 
thin films with >100  nm film thickness, the elastic moduli 
matched those of bulk materials. However, if the thickness of 
the film was <50 nm, the onset of confinement effects reduced 
the difference in elastic moduli for materials with differing Tg, 
making the elastic modulus of the films more similar to each 
other.[75] This could explain the differences that we observe for 
the internalization of our particles. Rigidity should influence 
both degree and rate of cellular uptake if particles behaved as 
bulk materials (>50  nm diameter systems; soft nanoparticles 
are preferred over medium and hard nanoparticles). However, 
it is possible that at smaller sizes (below 50 nm diameter) the 

rigidity differences are much smaller, or even negligible, thus 
reducing the effect on the uptake rate and maybe other pro-
cesses (such as particle efflux) involved in the overall cellular 
uptake.

2.4. Uptake Pathways of Core-Shell Polymeric Nanoparticles

Cellular uptake of nanoparticles is largely governed by energy-
dependent processes such as phagocytosis, receptor medi-
ated- and non-receptor mediated endocytosis.[76,77] However, 
the individual physicochemical properties of nanoparticles are 
known to influence the mechanism by which they are taken 
up by cells.[78,79] The energy-dependent uptake for the 100 and 
50  nm particles was evaluated by performing internalization 
experiments at 4  °C on both PC3 and Caco-2 cells. A reduc-
tion of intracellular fluorescence by ≈60–70% (p  ≤  0.001) was 
observed (Figure 4A; Figure S15, Supporting Information), sug-
gesting a strong preference for an energy-dependent uptake 
mechanism (most likely some form of endocytosis). To further 
determine the relative contributions of the various well-known 
uptake mechanisms for each of the nanoparticles studied, 
clathrin-mediated endocytosis, macropinocytosis and caveolae-
mediated endocytosis were each blocked by co-incubation 
with pharmacological inhibitors (chlorpromazine, amiloride, 
and genistein, respectively), and particle uptake monitored as 
before (Figure 4B; Figure S16, Supporting Information). Inhibi-
tion of clathrin-mediated endocytosis and macropinocytosis led 
to a significant decrease in the internalization of hard particles 
(both 100 and 50 nm showed ≈ 60% and 40% reduction, respec-
tively, with respect to a control which was not treated with any 
inhibitor and is shown as a red dotted line in Figure  4B), but 
not medium or soft. Remarkably, 50M and 50S showed an 80% 
increase in accumulation after macropinocytosis was inhib-
ited, which has previously been attributed to a reduction of 
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Figure 3. Relative fluorescence intensity post-incubation with nanoparticles of varying rigidity inside A) PC3 cells and B) Caco-2 at a nanoparticle 
concentration of 100 µg mL−1 as a function of incubation time (2, 4, and 24 h). Fluorescence intensities are normalized to 100S and 50S for 100 and 
50 nm particles respectively. The mass concentrations equate to 1.9 × 1011 particles mL−1 and 1.5 × 1012 particles mL−1 for the 100 and 50 nm particles 
(Equation S4, Supporting Information). Data represents the mean ± standard deviation for two independent experiments each repeated with tripli-
cates (n = 3). Asterisks indicate relevant statistically significant results (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) determined from an ANOVA and post-hoc 
Tukey–Kramer test.
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nanoparticle exocytosis.[80] In contrast, inhibition of caveolae-
mediated endocytosis led to a reduction in the accumulation of 
all six particles.

Our results indicate that nanoparticle rigidity significantly 
affects the cellular uptake mechanism, with soft and medium 
particles seemingly going through caveolae-mediated endocy-
tosis or other non-specific receptor-independent mechanisms, 
while hard nanoparticles are transported through a combina-
tion of the three endocytosis pathways tested. Moreover, a corre-
lation between rigidity and the extent of caveolae-related uptake 
was observed for 100  nm particles (70%  >  55%  >  30% reduc-
tion, for 100H, 100M, 100S, respectively). This dependence on 
caveolae-mediated endocytosis has been previously reported for 
large 1 µm hydrogel particles, but not on the nanoscale (below 
1  µm).[39] Interestingly, caveolae are known to act as mecha-
nosensors capable of responding to mechanical stress.[81,82] It is 
therefore possible that particles with increased rigidity induce 
a greater caveolae-mediated response upon interaction with 
the cell membrane. Furthermore, the negligible rigidity differ-
ences between 50 nm analogs could explain why internalization 
of 50H, 50M, and 50S by caveolae-mediated endocytosis was 
independent of their Tg (reduction of ≈40–50% for all three). 
This is further supported by activity studies on eukaryotic mim-
icking lipid 1,2-dimyristoyl-sn-glycero-3-phosphoryl-choline 
membranes (DMPC) via quartz crystal microbalance with 

dissipation monitoring experiments. These revealed a strong 
interaction for 100H particles in comparison to 100S, while all 
50 nm derivatives showed negligible interference regardless of 
rigidity (Figure S17, Supporting Information).

Confocal laser scanning microscopy (CLSM) on live PC3 
cells treated with the 100  nm nanoparticles showed the 
same trend of internalization efficiency previously described 
(100S  >  100M  >  100H) after 2, 4, and 24  h incubation, while 
again 50  nm particles displayed minimal differences with of 
core rigidity (Figure  5). Furthermore, a high degree of colo-
calization between fluorescent nanoparticles and LysoTracker 
(Pearson’s correlation coefficient  =  >0.65) was observed, with 
all particles reaching the lysosome within 2  h of incubation 
(Table S6 and Figure S19, Supporting Information). Experi-
ments performed at 4  °C confirmed that our nanoparticles 
were likely internalized through an energy-dependent endo-
cytosis mechanism (Figure S18, Supporting Information). 
Interestingly, soft microcapsules (>1  µm diameter) have been 
previously described to accumulate faster in the lysosome as 
compared to stiff ones.[38] However, there were no obvious dif-
ferences in the intracellular distribution between soft and hard 
nanoparticles in our experiments. Overall, this is in line with 
the uptake experiments, and confirmed the conventional endo-
somal-lysosomal trafficking route as the main internalization 
pathway for these nanoparticles regardless of rigidity.

Small 2022, 2203070

Figure 4. Relative fluorescence intensity post-incubation with nanoparticles (100 µg mL−1) of varying rigidity inside A) PC3 cells for 2 h at 4 °C shutting 
down ATP production, normalized to a control at 37 °C to highlight the amount of uptake due to active transport B) PC3 cells for 2 h additionally pre-
treated with inhibitors for clathrin- (chlorpromazine) and caveolae- (genistein) mediated endocytosis and macropinocytosis (amiloride) normalized 
to a control which was not treated with any inhibitor (represented as the red dotted line at 1.0). Data represent the mean ± standard deviation for two 
independent experiments each repeated with triplicates (n = 3). The mass concentrations equate to 1.9 × 1011 particles mL−1 and 1.5 × 1012 particles mL−1 
for the 100 and 50 nm particles (Equation S4, Supporting Information). Asterisks indicate relevant statistically significant results (*p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001) and n.s. represents not significant results determined from an ANOVA and post-hoc Tukey–Kramer test.
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2.5. In Vivo Biodistribution Studies

Given the rigidity-dependent differences in cellular uptake for 
the 100 nm nanoparticles, we investigated the in vivo distribu-
tion profile of hard and soft varieties in mice. For this, subcu-
taneous tumor-bearing mice were injected intra-peritoneally 
(i.p.) with 100  µL fluorescent 100S and 100 H nanoparticles 
(1000  µg  mL−1) and the accumulation in different tissues was 
determined ex vivo by measuring the fluorescence intensity of 
blood and organ homogenates 1, 2, 4, 8, and 24  h post injec-
tion. Over the entire time course, the resulting pharmacoki-
netic profile for both nanoparticles was similar and followed 
the expected[83] increase in serum concentration over the 
first 8  h, as the nanoparticles enter into systemic circulation. 
Then, between 8–24  h, we observed a decrease in the serum 

concentration and an increase in splenic and hepatic accumu-
lation. No significant differences were observed between 100H 
and 100S accumulation in the lungs, spleen, blood, tumor, or 
liver at any time point. Equally, although a moderate amount of 
100H and 100S accumulated in the Hepa1-6 tumors, only min-
imal differences in tumor fluorescence were evident between 
particle rigidities. In contrast, hard and soft nanoparticles accu-
mulated differently in the kidney (2–24  h), which may indi-
cate that rigidity of the particles could affect renal clearance 
(Figure 6A). Furthermore, when the concentration of particles 
in each organ is expressed as % of total nanoparticles, it can 
be observed that accumulation of the harder nanoparticles in 
the spleen is twofold greater compared with the softer analogs 
(at each time point). This could indicate a preference of macro-
phages to phagocyte harder nanoparticles (observed previously 
in vitro with particles larger than 200  nm), followed by traf-
ficking to the spleen (Figure 6C).[84]

These observations were complemented by a second non-
tumor-bearing mouse cohort that was i.p. injected with the 
same dose of nanoparticles and then followed up for 1, 7, 
and 28 days. Consistent with the first in vivo experiment, the 
amounts of hard and soft particles found in blood, liver, and 
spleen were comparable. However, in lungs and kidneys, we 
found a two- threefold more softer particles compared with 
harder analogs (Figure 6B,D).

Overall, our experiments show more subtle differences in 
the in vivo biodistribution compared to our in vitro results 
with nanoparticles of different rigidities. This may be attrib-
uted to differences under flow conditions, or the formation 
of an equivalent protein corona around each of the particles 
due to their similar surface properties, which would war-
rant further exploration of the significance for translational 
project.

It is important to understand all aspects of nanoparticle 
distribution and excretion for their utility as drug delivery 
vehicles in experimental models like mice as well as guide 
extrapolation to patients. Physiology based pharmacokinetic 
(PBPK) modeling can help to understand the relationship 
between nanoparticle traits and their in vivo behavior and 
guide optimization of the particles. To this end, PKPB models 
describing nanoparticle behavior in vivo have been estab-
lished,[85] taking into account parameters such as size, surface 
charge, or functionality. To date, however, these are unsuited 
to describe our data as no parameter has been described for 
rigidity of nanoparticles, and future studies should take this 
into account when further exploring the potential of particle 
rigidity.

3. Conclusion

By employing nanoparticles of two sizes varying only by the 
glass transition temperature of the polymers forming their 
core, we have been able to selectively examine and identify the 
role of particle rigidity for cellular uptake in vitro and for bio-
distribution in vivo. Our findings clearly indicate that rigidity 
can have a significant effect on these processes, suggesting 
that softer nanoparticles are internalized faster and to a greater 
degree than harder analogs in the cancer cell lines studied. 

Small 2022, 2203070

Figure 5. CLSM images of PC3 cells incubated for indicated times (2, 4, 
24 h) with 100 µg mL−1 of 100H, 100M, 100S, 50H, 50M and 50S nano-
particles. The mass concentrations equate to 1.9 × 1011 particles mL−1 and 
1.5 ×  1012 particles mL−1 for the 100 and 50 nm particles (Equation S4, 
Supporting Information). Scale bar is 50 µm in length.
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Remarkably, this is only valid for nanoparticles of the size of 
100  nm and above, as the difference in rigidity for particles 
below 50  nm is negligible. Our experiments also suggest that 
the differences in internalization observed can be attributed to 
a preference of those softer particles for non-receptor-mediated 
endocytotic pathways. In contrast, there is a substantial pref-
erence of the harder nanoparticles for the caveolae-mediated 
endocytosis, a well-known cellular mechanosensing system, 
indicating rigidity may affect sub-cellular processes, which will 
be an area of further investigation. Nevertheless, minimal dif-
ferences were observed in the organ biodistribution and tumor 
accumulation of hard and soft 100  nm particles. Overall, our 
work highlights the importance of studying the interactions 
between multiple physio-chemical properties of nanomaterials 
and biological systems. We believe the information reported 

here will aid the design of more effective nanoparticles for bio-
medical purposes.

4. Experimental Section
Experimental section can be found in the Supporting Information. All 
animal experiments were conducted at the University of Warwick and 
under the approval of the local AWERB committee as well as Home 
Office License (70/8536).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Figure 6. Relative accumulation of 100H (red) and 100S (green) nanoparticles after a single i.p. injection (100 µL at 1000 µg mL−1) in the liver, kidney, 
spleen, lungs, blood and xenograft Hepa1-6 tumors. Organs were sampled at 1, 2, 4, 8, and 24 h for the A,C) short-term experiment, and after 1, 7, and 
28 d post injection for the B,D) long-term experiment. The mass concentrations equate to 1.9 × 1012 particles mL−1 the 100 nm particles (Equation S4, 
Supporting Information). Data is expressed as points for individual mice and lines for the arithmetic mean (A,B), or as the average percentage frac-
tion of the total observable fluorescence in all organs (B,D). Sample sizes were as follows for each time point 1 h (n = 2), 2 h (n = 4), 4 h (n = 4), 8 h 
(n = 4), or 24 h (n = 4) (A,C), and n = 4 (B,D).
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