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1 Introduction
The application of nanotechnology for the design of particle-based cancer therapeutics has
achieved great progress in the last few decades (Chen, Zhang, Zhu, Xie, & Chen, 2017;
Farokhzad & Langer, 2009; Petros & DeSimone, 2010; Shi, Kantoff, Wooster, & Farokhzad,
2017). The increasing ability to control physicochemical properties of therapeutic particles
has revolutionized our understanding of interactions between nanostructured particles
and biological systems (bio-nano interactions), and helped improve their therapeutic
efficacy (Blanco, Shen, & Ferrari, 2015; Mitragotri, Burke, & Langer, 2014). For example,
the influence of size, shape, surface chemistry, and biodegradability of particles on
their biological behavior has been widely studied (Albanese, Tang, & Chan, 2012; Cui,
Richardson, Björnmalm, Faria, & Caruso, 2016; Fox, Szoka, & Fréchet, 2009; Petros
& DeSimone, 2010). Recent reports have indicated that stiffness is a key parameter for
governing bio-nano interactions, including cell interactions, biodistribution, circulation
time, and cell targeting (Best, Yan, & Caruso, 2012; Cui et al., 2015; Zhang et al., 2012).
However, it is an easily overlooked parameter as it is typically difficult to tune for many types
of particles (e.g., inorganic particles), and it can be challenging to characterize stiffness,
especially for nanomaterials. Recently, several strategies for the nanoengineering of polymer
particles with tunable stiffness have emerged, for example, by changing composition,
cross-linking density, and particle structure. Due to the flexibility of available fabrication
techniques and the precise control of the resulting particle properties, soft polymer particles
are receiving increasing interest in the field of cancer theranostics (Anselmo & Mitragotri,
2017; Cui, 2017; Xu et al., 2013).
In this chapter, we first introduce the characterization methods that are used to (semi)
quantify the stiffness of polymer particles, which is essential for the development of
the field, but remains largely unexplored (Fig. 1). Then, we focus on strategies for the
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Fig. 1
Overview of the main focus of this chapter on the characterization, fabrication strategies, and bionano interactions of soft polymer particles, as well as the related importance and application for
nanomedicine.

fabrication of soft polymer particles via mesoporous silica (MS) templating, layer-by-layer
(LbL) assembly, particle replication in nonwetting templates (PRINT), microemulsion
engineering, metal-phenolic network (MPN) formation, and microfluidic approaches.
Finally, the influence of stiffness on bio-nano interactions and its importance for
applications within biomedicine is discussed. We believe this chapter will provide insightp
useful for researchers in cancer theranostics, and help guide future developments and
innovation.

2 Characterization Methods for Investigating the Stiffness
of Polymer Particles
Characterization methods for determining the stiffness of particles vary depending on the type
of polymer particle. For example, the membrane elasticity of polymersomes can be probed by
micropipette aspiration techniques (Bermudez, Brannan, Hammer, Bates, & Discher, 2002).
This technique is mainly for assemblies of amphiphilic lipids or copolymers. A “universal
testing system” for both tensile and compression applications (Merkel, Jones, Herlihy, Kersey,
& DeSimone, 2011) and rheometers (Anselmo et al., 2015) have been used to measure the
stiffness of bulk hydrogels. These are indirect methods for investigating the stiffness of
polymer particles. Herein, we will introduce the three most commonly used methods for
directly determining the stiffness of polymer particles.
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2.1 Colloidal Probe-Atomic Force Microscopy (CP-AFM)
AFM is a powerful and precise tool for imaging and mechanical analysis of soft materials,
including planar films (Schmidt et al., 2010), hollow capsules (Markutsya, Jiang, Pikus,
& Tsukruk, 2005), hydrogel particles (Best, Javed, et al., 2013), and cells (Bolshakova,
Kiselyova, & Yaminsky, 2004). When the probe is moved close to the sample surface,
interactions between the probe and sample induce a deflection of the cantilever (Fig. 2A). The
deflection signal is transferred into an electric signal to generate force curves, which can be
used to determine local Young’s modulus (EY) and stiffness. Compared with sharp-tip probes,
colloidal probes with a higher interaction area, for example as developed by Ducker, Senden,
and Pashley (1991) can significantly improve the sensitivity of force measurements. The
diameter of the colloidal probe is usually in the range of micrometers to tens of micrometers,
depending on the size of the particle to be measured. To measure soft polymer particles,
it is often better to use soft cantilevers with spring constants of less than 0.1 N m−1, as this
can improve the measurement accuracy. Because the measurements are based on an in situ
technique, mechanical tests of polymer particles can be performed at different solution
conditions (e.g., pH, temperature, ionic strength) (Lulevich & Vinogradova, 2004).
The combination of AFM with confocal laser scanning microscopy (CLSM) can help
increase our understanding of sample deformation, and inform the development of soft
polymer particles toward potential biomedical applications (e.g., to increase the efficacy of
various medical treatments) (Fig. 2A). Fig. 2B shows typical force curves with force versus
relative deformation of LbL capsules, where the loaded force increases along with increasing
deformation, which can also be observed from the CLSM images. The nanoscale stiffness
of polymer particles is typically evaluated using the linear gradient of the force/deformation
curve in small deformation profiles. Several models have been developed to calculate EY or
stiffness of the measured samples. For example, the Reissner model (Reissner, 1946) has
been used to evaluate the EY of LbL assembled capsules (Best, Neubauer, et al., 2013), while
the Hertz model (Hertz, 1882) is typically used for polymer hydrogel particles (Best, Javed,
et al., 2013; Cui et al., 2013). The application of Leissner’s formula is limited for capsules
with a ratio of shell thickness and a radius below 1/20 (Gregory, Milac, & Wan, 1998). When
using the Hertz model to evaluate polymer particles, the EY of the colloidal probe (e.g., silica
particles) should be much greater than that of the samples. Three-dimensional EY maps can be
generated through force map scanning of particles, which can help provide information about
spatial heterogeneity of mechanical properties, as well as illustrate mechanical properties
of the samples more visually (Cui et al., 2014). For many previously reported studies, the
indentation of capsules or particles during measurements has usually not been considered.
Although this effect may not influence relative comparisons within a study, absolute
measurements and determinations of properties such as the EY may be underpredicted if these
effects are not considered (Berry, Mettu, & Dagastine, 2017).
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Fig. 2
(A) Schematic illustration of a stiffness measurement performed by combining an AFM with a
CLSM (for fluorescence imaging). (B) Force (F) versus relative deformation (ε) of LbL capsules.
Adsorption time of polyelectrolytes for capsule assembly is 20 (circles) and 40 (squares) min,
respectively. Insets are CLSM images in XY confocal mode focusing on the “equator” of the
capsules. Reproduced with permission from Vinogradova, O. I., Lebedeva, O. V., Vasilev, K., Gong, H., GarciaTuriel, J., & Kim, B.-S. (2005). Multilayer DNA/poly(allylamine hydrochloride) microcapsules: assembly and
mechanical properties. Biomacromolecules, 6, 1495.

2.2 Microfluidic Approach
Microfluidic devices have been used to prepare particles with different morphologies
and to mimic blood capillaries, for example to study particle deformation for qualitative
investigation of particle stiffness over microscale dimensions. One simple approach
for investigating flow-based particle deformation is using filters, for example, to
check whether particles with different stiffness can pass through filter pores (Zhang
et al., 2012). The DeSimone group has synthesized red blood cell (RBC)-like polymer
particles (about 5.5 μm in diameter and 1.4 μm thick) with controllable stiffness by
changing the cross-linking density, and then investigated their deformation in a 3 × 3 μm
microchannel (Merkel et al., 2011). The 1% cross-linked polymer particles could stretch
their shape and pass through the channels at a constant flow rate of 0.06 mL min−1, while
2% cross-linked particles were easily stuck at the entrance of the microfluidic channels.
In vivo results were consistent with the microfluidic results, that is, softer particles did
not accumulate much in the lung, which contains many small capillaries and possesses
longer circulation time compared with stiffer particles, which were trapped, to a larger
extent, in the lung.
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Conventional microfluidic devices are commonly designed with one inlet and one outlet
where particles dispersions are pushed from the inlet to the outlet while conducting flowbased deformation studies (Haghgooie, Toner, & Doyle, 2010; She, Li, Shan, Tong, &
Gao, 2013; She, Xu, Yin, Tong, & Gao, 2012). This can make the differential pressure and
pressure drops difficult to tune. In addition, the microchannels may be easily blocked when
using stiffer particles. We recently designed a four-point microfluidic device with two
inlets and two outlets, which facilitates the establishment of well-controlled differential
pressures and pressure drops across the microchannels, as the pressure on each side can be
independently tuned (Fig. 3) (Cui et al., 2014). This design mimics the in vivo environment

Fig. 3
(A) Scanning electron microscopy (SEM) image of a four-point microfluidic device with two
inlets and two outlets. (B, C) Fluorescence microscopy images of PEG particles labeled with
Alexa Fluor 488 prepared with different cross-linker concentration stopping or passing through
the microchannels. (D) Bright-field microscopy image of RBCs passing through microchannels.
Reproduced with permission from Cui, J., Björnmalm, M., Liang, K., Xu, C., Best, J. P., Zhang, X., et al. (2014).
Super-soft hydrogel particles with tunable elasticity in a microfluidic blood capillary model. Advanced Materials,
26, 7295.
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where a high-pressure arterial side is connected to a low-pressure venous side through
capillary networks. This type of microfluidic device was then used to investigate the flowbased deformability behavior of soft poly(ethylene glycol) (PEG) particles. The stiffness
of these types of PEG particles could be tuned by adjusting the cross-linking density. PEG
particles prepared using less cross-linker could more easily pass through the microchannels,
a behavior that was found to be similar to that of human RBCs (Fig. 3). Interestingly,
polymer particles and capsules with similar stiffness at the nanoscale dimension, determined
using CP-AFM, were found to exhibit significantly different deformation behaviors in
the microfluidic device, where deformation occurs over the microscale dimension (Sun,
Björnmalm, et al., 2015). It was observed that polymer capsules with a hollow interior
behaved like RBCs, while polymer particles with a matrix-structured interior had difficulty
passing through the microchannels. This difference was attributed to the fact that the hollow
capsule shares some similarities with the RBC structure, such as a vesicle of fluid wrapped
by a flexible membrane, which facilitates better shape recovery by having a more fluidlike deformation (Palange, Palomba, Rizzuti, Ferreira, & Decuzzi, 2017). The observations
indicate that the deformation ability of polymer particles is related to both stiffness and
morphology, and flow-based microscale deformation studies can therefore be useful to
complement nanoscale stiffness measurements to get an increased understanding of the
deformability of soft polymer particles.

2.3 Osmotic Pressure Method
The shells of polymer capsules are typically impermeable to polymers with high molecular
weight, which is dependent on the composition and structure (e.g., number of layers for LbL
assembled capsules) of the polymer capsules. When polymer capsules are dispersed in a
polymer solution, the difference of polymer concentration in the hollow structure and exterior
of capsules generates an osmotic pressure that can cause soft capsules to deform. This osmotic
pressure method can be used to investigate mechanical properties of polymer capsules (Chen
et al., 2016; Gao, Donath, Moya, Dudnik, & Möhwald, 2001). In this approach, isotropic force
is applied, in contrast with CP-AFM, where anisotropic force is applied.
The modulus is usually calculated using the following equation:
2

æd ö
Pc = 4 m ç ÷
èRø
where Pc is the critical osmotic pressure, which indicates that half of the capsules are
deformed at a certain concentration of the polymer solution. δ is the capsule shell thickness,
which can be measured by AFM (e.g., the height of shell thickness for collapsed capsules)
(Cui, Liu, & Hao, 2009; Donath, Sukhorukov, Caruso, Davis, & Möhwald, 1998). R is the
radius of the capsules and μ is the modulus that can then be calculated from the measured
parameters. For capsules of the same size, the critical osmotic pressure increases linearly with
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the square of capsule shell thickness. The advantage of the osmotic pressure method is that
it facilitates studies on a large number of capsules. However, it is challenging for capsules
smaller than 200 nm, due to the resolution and accuracy of fluorescence microscopy (although
this can partially be addressed using superresolution microscopy).

3 Strategies for the Fabrication of Soft Polymer Particles
3.1 MS Templating Method
The MS templating method has proven to be a versatile way to prepare polymer replica
particles with tunable size, shape, structure, stiffness, and degradability for drug and vaccine
delivery (Cui, Richardson, et al., 2016; Gause et al., 2016; Suma et al., 2017). The construction
of soft polymer particles is typically achieved by infiltrating polymers into the pores of the
MS particles, followed by cross-linking of the polymer chains, and subsequent removal of the
hard templates (Fig. 4) (Björnmalm et al., 2017; Cui et al., 2013; Cui, Yan, Wang, & Caruso,
2012; Wang, Yu, & Caruso, 2005). The stiffness of the resulting polymer replica particles is

Fig. 4
(A) Schematic illustration of the preparation of polymer particles via MS templating method.
Representative F-δ curves (B) and (C) EY for the PEG particles with increased cross-linker
concentrations. Reproduced with permission from Cui, J., Björnmalm, M., Liang, K., Xu, C., Best, J. P., Zhang,
X., et al. (2014). Super-soft hydrogel particles with tunable elasticity in a microfluidic blood capillary model.
Advanced Materials, 26, 7295.
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typically tuned by varying the concentration of cross-linker used at the cross-linking step.
For example, poly(l-glutamic acid) (PGA) particles conjugated with the vaccine adjuvant
CpG were prepared using the MS templating method combined with thiol-disulfide exchange
chemistry (Cui et al., 2013). The EY of the resulting PGA particles varied from 2 to 25 kPa, as
the cross-linker concentration was increased from 0.2 to 2 mg mL−1. The increased cross-linker
concentration increased the degree of cross-linking density, and therefore the particle stiffness,
which also resulted in an increase in the CpG loading amount. Similarly, poly(methacrylic
acid) (PMA) particles with tunable stiffness were obtained based on similar chemistry as
for the PGA particle preparation (Best, Cui, Müllner, & Caruso, 2013). The amount of
cross-linker (thiolated PMA, PMASH) was quantified by determining the PMASH mass in a
single PMA particle, which was then correlated with the particle stiffness. Interestingly, the
stiffness of PMA particles was linearly dependent on the cross-linker amount (per particle)
when the cross-linking concentration was in the range of 0.1–0.5 mg mL−1. This correlation
between particle stiffness and cross-linker amount in a single particle can be advantageous for
predicting particle properties and suitability for various applications.
The loading amount of different polymers in the same type of MS particles is typically
different due to their inherent properties, such as polymer conformation in solution, charge,
molecular weight, and hydrophilicity (Wang, Angelatos, Dunstan, & Caruso, 2007). In other
words, the density of polymer replica particles varies with different compositions, which
can induce different particle stiffness. For example, PMA particles (0.04–2.53 MPa) exhibit
different EY compared with PGA particles (2–25 kPa), even though similar concentrations of
cross-linker were used for particle assembly (Best, Cui, et al., 2013; Cui et al., 2013). The MS
templating method can also be used for preparing “supersoft” particles (0.2–3.3 kPa), when
using PEG as the building block, in which the EY is 10 times lower than for PGA particles
(Fig. 4) (Cui et al., 2014).
The size, shape, and nanostructure of polymer replica particles are dependent on those of
the MS templates. Therefore, MS particles with fully porous or solid core/mesoporous shell
structures result in polymer replica particles with a sponge structure, or polymer capsules
with a hollow cavity, respectively (Cui, Faria, et al., 2016). Obviously, when nonporous silica
particles are used as templates, hollow polymer capsules are obtained. Interestingly, polymer
particles and capsules with different structures, but with similar nanoscale stiffness in the
range of 2.4–21.3 mN m−1, exhibit significantly different deformation behaviors at microscale
dimension in a microfluidic blood capillary model (Sun, Björnmalm, et al., 2015), thus
indicating the importance of particle nanostructure on the microscale stiffness.

3.2 LbL Assembly
LbL assembly is a prominent method for fabricating hollow polymer capsules, in which
polymers are sequentially layered on the surface of a sacrificial template, followed by
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template removal (Richardson, Cui, et al., 2016; Richardson, Bjornmalm, & Caruso, 2015;
Yan, Björnmalm, & Caruso, 2014). The stiffness of polymer capsules can be tuned by the
shell composition, shell thickness, composition of the liquid core, morphology, and crosslinking density in the shell during the LbL assembly process. The polymer compositions
have an important effect on the stiffness of the resulting capsules (Richardson, Tardy,
et al., 2016). For example, capsules constructed by DNA/poly(allylamine hydrochloride)
(PAH) multilayer films layered on melamine formaldehyde (MF) templates had a EY of
~100 MPa, which is twofold softer than poly(sodium 4-styrenesulfonate)/poly(allylamine
hydrochloride) (PSS/PAH) capsules (Vinogradova et al., 2005). Similarly, PAH/PSS capsules
with a stiffness of ~5 N m−1 are also twofold softer than dextran sulfate sodium salt/poly-larginine hydrochloride (DextS/PLArg) capsules (Hartmann, Weidenbach, Neubauer, Fery,
& Parak, 2015). The introduction of inorganic nanoparticles into the capsule shell can result
in pronounced reinforcement (e.g., by a factor of eight) of capsule stiffness compared with
polymer capsules without nanoparticles (Dubreuil, Shchukin, Sukhorukov, & Fery, 2004).
LbL assembly is a versatile method for controlling the shell thickness of polymer capsules by
increasing polymer layer numbers, which allows for convenient control over capsule stiffness.
For CaCO3-templated PAH/PSS capsules, an increase in layer numbers resulted in increased
shell thicknesses from 150 to 800 nm, which increased particle stiffness (Palankar et al., 2013).
Using a similar strategy by altering the layer numbers from 2 to 16, LbL assembly was used to
increase the stiffness of DextS/PLArg capsules from ~0.2 to ~10 N m−1 (Hartmann et al., 2015).
Changing the composition of the liquid core (e.g., using polymers solutions) is another
strategy to increase the stiffness of polymer capsules (Lebedeva, Kim, & Vinogradova,
2004; Lulevich, Radtchenko, Sukhorukov, & Vinogradova, 2003). In one example, hollow
polyelectrolyte microcapsules of PAH/PSS were treated with acetone to make the multilayer
shell permeable for solutions of strong polyelectrolyte PSS molecules. A combination of
AFM and CLSM showed that the “filled” capsules prepared by this method were stiffer than
“hollow” ones, which reflects the contribution of the excess osmotic pressure on the capsule
stiffness (Lebedeva et al., 2004).
Because LbL assembly is independent of the shape of templates, nonspherical templates
result in polymer capsules with different morphologies (Ariga et al., 2014; Ariga, Hill, & Ji,
2007). The stiffness or EY of LbL assembled capsules varies when morphology changes. It
has been observed that cubic capsules (EY ~0.8 MPa) are softer than spherical capsules (EY
~4.3 MPa) when composition and layer numbers are the same for both capsules (Alexander
et al., 2015; Shchepelina, Lisunova, Drachuk, & Tsukruk, 2012). However, dodecahedral
capsules composed of PSS and poly(allylamine) (PA) were almost incompressible, while the
EY of spherical PSS/PA capsules was about 89 MPa (Ejima, Yanai, et al., 2013).
Another strategy to tune the stiffness of polymer capsules involves controlling the crosslinking density, as described in the MS templating method section. Introducing disulfide
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bond formation is one of the most commonly used cross-linking techniques. In this approach,
cross-linking is achieved using disulfide cross-linkers, or by cross-linking thiolated polymers
based on oxidizing reagents or thiol-disulfide exchange (Zelikin, Quinn, & Caruso, 2006). For
PMASH capsules assembled through the LbL assembly technique, the stiffness can be tuned
by adjusting the percentage of thiol-modification of the polymers (Best, Neubauer, et al.,
2013). The stiffness of the resulting polymer capsules, as measured by CP-AFM, ranged from
0.9 to 16.9 mN m−1 over a thiol-modification range of 5–20 mol%. In addition, the degradation
of disulfide cross-linked LbL assembled polymer capsules, either in the presence of reducing
reagent or in intracellular microenvironment, becomes increasingly difficult when increasing
the cross-linker concentration (Liang et al., 2012).
In a specific example related to conventional LbL assembly, atom transfer radical
polymerization-mediated continuous assembly of polymers (CAPATRP) has been recently
used to fabricate multilayered polymer capsules via repeated ATRP initiator adsorption
and polymer film growth, followed by template removal (Fig. 5) (Sun, Wong, et al., 2015).
Polymer capsules with different compositions, including hyaluronic acid (HA), poly(N-(2hydroxypropyl)-methacrylamide) (PHPMA), poly(glutamic acid) (PGA), PEG, and PMA
capsules, have been prepared via the CAPATRP method (Sun et al., 2017; Wong et al., 2013).
The shell thickness (4.4–20 nm) and associated capsule stiffness (~7.5 to 28 mN m−1) can
be tuned by changing the number of CAPATRP steps from 1 to 4 (Fig. 5) (Sun, Wong, et al.,
2015). Similarly, the stiffness of HA replica particles via CAPATRP on MS templates can be
controlled in the range from ~2.4 to 21.3 mN m−1 by varying the number of CAPATRP steps
(Sun, Björnmalm, et al., 2015). By controlling the shell thickness and correspondingly the
stiffness, the CAPATRP method is a facile approach to prepare particles for stiffness-related
biological studies.

3.3 Particle Replication in Nonwetting Templates (PRINT)
PRINT is a high-resolution molding technology, which allows the design and synthesis of
precisely defined micro- and nanoparticles (Xu et al., 2013). Several critical factors, including
the size, shape, surface chemistry, and stiffness of the particles can be independently
controlled by the PRINT technique (Palange et al., 2017). The PRINT technique provides
a versatile route for varying particle shape and stiffness, although it is not easily applicable
for spherical or hollow polymer particles (Fig. 6) (Palange et al., 2017; Xu et al., 2013).
For example, deformable RBC-like microgel particles with defined size and stiffness have
been fabricated via the PRINT technique (Chen et al., 2012; Merkel et al., 2011). One wt%
poly(ethylene glycol) diacrylate (PEGDA) cross-linker resulted in a bulk modulus of less than
20 kPa, while a 0.05 wt% cross-linker resulted in polymer particles with a modulus of 6.5 kPa
(Chen et al., 2012). By decreasing the amount of cross-linker from 10% to 1%, the modulus
of the resultant polymer particle could be tuned from 63.9 to 7.8 kPa. Only the discoidal
polymer particles with a low modulus (<17 kPa) could pass through a microfluidic channel
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Fig. 5
(A) Illustration of HA capsule formation via CAPATRP method including the ATRP initiator
adsorption, ATRP promoted HA film growth, and SiO2 template removal. (B) HA capsule shell
thickness versus CAP layer numbers. (C) Stiffness of HA capsules versus the number of HA layers, as
determined by CAP-AFM analysis. Reproduced with permission from Sun, H., Wong, E. H. H., Yan, Y., Cui,
J., Dai, Q., Guo, J., et al. (2015). The role of capsule stiffness on cellular processing. Chemical Science, 6, 3505.

with a twofold smaller diameter compared with the particles, by stretching in length in the
microchannel and recovering their discoidal shape after passing through the microchannel
(Merkel et al., 2011). Compared with RBC-like polymer particles prepared via the PRINT
method, the modulus (hundreds of MPa) of LbL assembled capsules with discoidal shape
(about 6.7 μm in diameter and 2.8 μm thick) using Ca(OH)2 particles as templates is more
than three orders of magnitude higher (She et al., 2013). However, interestingly, these LbL
assembled capsules could still pass through a capillary with an inner diameter of 5 μm, which
is smaller than the capsule diameter of 6.7 μm (She et al., 2013). This can be attributed to the
fact that the hollow capsule interior, like the RBC structure filled with fluid and wrapped by a
flexible cell membrane (Palange et al., 2017), facilitates better deformability compared with
PRINT hydrogel particles with a matrix interior structure.
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Fig. 6
(A) Schematic illustration of the fabrication of RBC-like polymer particles using the PRINT
technique. (B–E) Fluorescence microscopy images of (B) 10% cross-linked, (C) 5% cross-linked, (D)
2% crosslinked, and (E) 1% cross-linked polymer particles. Scale bars are 20 μm. Reproduced with
permission from Merkel, T. J., Jones, S. W., Herlihy, K. P., Kersey, F. R., Shields, A. R., Napier, M., et al. (2011).
Using mechanobiological mimicry of red blood cells (RBCs) to extend circulation times of hydrogel microparticles.
Proceedings of the National Academy of Sciences of the United States of America, 108, 586.

Except for the discoidal shape, the PRINT approach could also tune the stiffness of
filamentous-shaped polymer particles with different aspect ratios by changing the crosslinking density within the particle matrix. The polymer particles possessed a constant width
of 80 nm, and tunable lengths ranging from 180 to 5000 nm. The deformability was assessed
by measuring the percentage of particles that could squeeze through a filter with 0.2 µm
pores. The results showed that all the particles, regardless of aspect ratio or cross-linking
density, had a high recovery efficiency of more than 70%, with the exception of 80 × 5000 nm
particles containing 96 wt% PEGDA, which clogged the filtration membrane (Kersey, Merkel,
Perry, Napier, & DeSimone, 2012).

3.4 Nanoemulsion Method
Nanoemulsions are typically prepared using two immiscible phases (i.e., water and oil), and
commonly exhibit a diameter of up to 500 nm (Anton, Benoit, & Saulnier, 2008). Similar
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to PRINT particles, the stiffness of polymer particles based on nanoemulsion methods can
be controlled by the content of cross-linkers. The Mitragotri group has recently reported a
nanoemulsion method for the preparation of polymer particles with tunable modulus (Fig. 7)
(Anselmo et al., 2015). The polymer particles composed of PEGDA were synthesized via
a water/PEGDA-in-oil nanoemulsion templating method. By varying the volume fraction
of PEGDA, the modulus of polymer particles could be controlled over a range of 0.255
to 3000 kPa (Anselmo et al., 2015). Similarly, zwitterionic polymer particles with tunable
modulus were prepared by an inverse nanoemulsion polymerization method (Zhang et al.,
2012). The modulus of the zwitterionic polymer particles (~250 nm in diameter) was

Fig. 7
(A) Schematic representation of the assembly of polymer particles based on nanoemulsion
technique. (B) The stiffness of polymer particles versus PEGDA volume fraction. (C) Comparison of
soft and hard polymer particles. Reproduced with permission from Anselmo, A. C., Zhang, M., Kumar, S.,
Vogus, D. R., Menegatti, S., Helgeson, M. E., et al. (2015). Elasticity of nanoparticles influences their blood
circulation, phagocytosis, endocytosis, and targeting. ACS Nano, 9, 3169.
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controlled from 0.18 to 1.35 MPa by varying the cross-linker content in the range of 2%–15%.
Softer particles with a low modulus could pass through filters with pore sizes around 220 nm
more easily compared with hard particles. Given the advantage in particle stability and ease
for scale up, nanoemulsion methods have been extensively used for fabrication of polymer
particles and provide a facile route for adjusting particle stiffness/modulus for biological
applications and bio-nano studies.

3.5 Metal-Phenolic Network (MPN) Formation
The formation of MPNs has proven to be an easy and fast way to engineer films and
capsules based on the coordination of phenolic ligands and metal ions (Ejima, Richardson,
et al., 2013; Guo et al., 2014). Different compositions (e.g., phenolic ligands) influence the
stiffness/modulus of the resultant MPN capsules. For example, the modulus of tannic acid
TA/FeIII capsules is about 1 GPa (Ejima, Richardson, et al., 2013). When simple phenolic
ligands were used for MPN formation, the modulus was decreased, with the modulus of
gallic acid (GA)/FeIII and pyrocatechol (PC)/FeIII capsules found to be around 620 and
870 MPa, respectively (Rahim et al., 2015). The difference of modulus induced by changes
in composition is probably due to the dynamic nature of the films and the different molecular
structures and coordination modes of MPNs during assembly. For LbL assembled capsules,
the modulus of capsules typically increases as layer numbers increase. However, the reverse
has been observed for some MPN capsule systems. The modulus of (TA/FeIII)4.5 multistep
capsules (420 MPa), which is in the intermediate range for typical LbL assembled capsule
systems (10–1000 MPa) (Vinogradova, Lebedeva, & Kim, 2006), was about 40% of the
modulus reported for the one-step TA/FeIII capsules, although both capsules had similar
shell thicknesses (Rahim et al., 2014). This may be because tris-complex exists as dominant
species in TA/FeIII capsules, resulting in higher stiffness compared with multistep capsules
composed of bis- and tris-complexes.
MPN films typically form within a finite time (~1 min) and the thickness remains largely
constant, regardless of ligand or metal ion used (~10 nm per step). The Caruso group
recently reported rust-mediated continuous assembly of MPNs for the formation of
capsules (Rahim et al., 2017). Using this method, the shell thickness of GA/FeIII capsules
could be finely controlled from 5 to 70 nm by varying the incubation time during the
continuous assembly process. Accordingly, the stiffness of GA/FeIII capsules increased
from 56 and 166 to 470 mN m−1 for the 10, 20, and 30 nm thick capsules, respectively.
Although the composition and thickness (~10 nm) of GA/FeIII capsules prepared by
conventional one-step assembly and rust-mediated assembly are similar, the modulus
of rust-mediated MPN capsules (~330 MPa) is only half compared with the capsules
assembled using conventional one-step assembly.
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3.6 Microfluidic Platform
Microfluidic platforms have been used to fabricate polymer hybrid particles via rapid reaction
and precise manipulation of fluids inside microchannels (Fig. 8) (Sun et al., 2013; Yuan et al.,
2012). Using a two-stage microfluidic platform, it can produce core-shell poly(lactic-coglycolic acid) (PLGA)-lipid particles in a single-step method (Sun et al., 2013; Sun, Zhang,
et al., 2015). Particle stiffness can be tuned by varying the amounts of interfacial water

Fig. 8
(A) Scheme of microfluidic platforms for preparing polymer-lipid hybrid particles. (B) AFM images
of P-L NPs and P-W-L particles. Size (C) and modulus (D) of P-L particles without interfacial water
layer and P-W-L particles with interfacial water layer. Reproduced with permission from Sun, J., Zhang, L.,
Wang, J., Feng, Q., Liu, D., Yin, Q., et al. (2015). Tunable rigidity of (polymeric core)-(lipid shell) nanoparticles
for regulated cellular uptake. Advanced Materials, 27, 1402.
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between the PLGA core and lipid shell of the hybrid particles, which was achieved by altering
the injection order of the PLGA and lipid-PEG organic solutions in the microfluidic device.
The different order of injection would subsequently generate PLGA-lipid particles with an
interfacial water layer (P-W-L), and ones without interfacial water (P-L). The introduction
of interfacial water between the PLGA core and the lipid shell was observed to decrease the
EY of P-L particles, from 1.20 to 0.76 GPa (P-W-L particles). This difference in modulus
was induced by the different structure of the water layer and was found to influence cell
association of the resultant particles.
A summary of strategies for the fabrication of polymer particles, the characterization methods
for investigating the stiffness of polymer particles, and the influence of various factors on
particles stiffness is presented in Table 1.

4 Bio-Nano Interactions of Soft Polymer Particles
Stiffness governs the behavior of many biological processes. For example, the stiffness
of substrates and matrices can directly affect the behavior of tissues (Discher, Janmey,
& Wang, 2005) and the function and gene activity of cells (Ning Wang & Ingber, 2009;
Rehfeldt, Engler, Eckhardt, Ahmed, & Discher, 2010), which can direct cell phenotype
and stem cell maturation (Discher, Mooney, & Zandstra, 2009; Engler, Sen, Sweeney,
& Discher, 2006; Kloxin, Benton, & Anseth, 2010). Another example is the remarkable
deformability of RBCs (Noguchi & Gompper, 2005; Skalak & Branemark, 1969), a
property that changes as the cells age, as well as during pathological conditions such
as malaria and some anemias (Mokken, Kedaria, Henny, Hardeman, & Gelb, 1992).
Macrophages can sense these changes and use that information to target old or diseased
RBCs for phagocytosis (Sosale et al., 2015). Stiffness is therefore a key factor to consider
when designing synthetic materials for biological applications (Mädler Lutz et al., 2009;
Mager, LaPointe, & Stevens, 2011), for example, during the nanoengineering of particles
and drug delivery systems (Anselmo & Mitragotri, 2017; Best et al., 2012; Björnmalm
et al., 2017; Cui, Richardson, et al., 2016). In this section, we provide an overview of
recent results and insights into how stiffness affects bio-nano interactions of soft polymer
particles, both in vitro and in vivo.

4.1 In Vitro Studies of Soft Polymer Particles
A range of different studies have been performed in vitro to investigate the “cell-like”
behaviors of particles with different stiffness. Microfluidic systems have proven valuable for
these efforts, as they can be used to recapitulate aspects of biological environments in a wellcontrolled setting (Björnmalm, Yan, & Caruso, 2014). For example, microfluidic systems
have been used to investigate the deformability of LbL assembled polyelectrolyte capsules
(Prevot et al., 2003; She et al., 2013), protein particles prepared using calcium carbonate

Table 1: Methodology for the preparation of polymer particles with tunable composition, morphology, and stiffness

MS templating

Type of Particles

γ or EY

Composition,
cross-linking density,
structure

PGA particles
PEG particles

AFM
CP-AFM
Microfluidic device
AFM

PMASH capsules

EY: 2–25 kPa
EY: 0.2–3.3 kPa
γ: 0.3–3 mN m−1
EY: 0.04–2.53 MPa
γ: 1.6–28.4 mN m−1
γ: 0.9–16.9 mN m−1

DNA/PAH capsules

EY: ~100 MPa

CP-AFM

DextS/PLArg
capsules
PSS/PAH capsules
PAH/PSS capsules
HA capsules
HA particles
PSS/PAH8–15kDa
capsules
PSS/PAH50–65kDa
capsules
PMASH capsules

γ: ~10 N m−1
γ: ~ 5 N m−1

CP-AFM

–
γ: ~4.6–13.6 mN m−1
γ: ~2.4–21.3 mN m−1
EY: 500 MPa
EY: 750 MPa

Microfluidic device
CP-AFM

EY: 22–27 MPa

Osmotic Pressure
Method
CP-AFM

PMASH particles

LbL assembly

Stiffness
Measurements

Controllable Factors

Composition, shell
thickness, crosslinking density,
morphology

Spherical TA/PVPON
capsules
Cubical TA/PVPON
capsules
Spherical PSS/PA
capsules
Dodecahedral PSS/
PA capsules

EY: 4.30 ± 0.40 MPa
EY: 0.61 ± 0.08 MPa
EY: 89.1 ± 24.3 MPa
Incompressible

CP-AFM

Osmotic Pressure
Method

AFM

Reference
(Cui et al., 2013)
(Cui et al., 2014)
(Best, Cui, et al.,
2013)
(Best, Neubauer,
et al., 2013)
(Vinogradova et al.,
2005)
(Hartmann et al.,
2015)
(She et al., 2012)
(Sun, Björnmalm,
et al., 2015)
(Gao et al., 2001)

(Chen et al., 2016)
(Shchepelina et al.,
2012)

(Ejima, Yanai, et al.,
2013)
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Controllable Factors

Type of Particles

γ or EY

PRINT

Cross-linking density

RBC-like particles

EY: 6.5 kPa, 20 kPa

RBC-like particles

EY: 7.8–63.9 kPa

PEG-based particles
pCB particles

EY: 0.255 kPa (soft),
EY: 3 MPa (hard)
EY: 0.18–1.35 MPa

TA/FeIII capsules

EY: 1.0 ± 0.2 GPa

GA/FeIII capsules
PC/FeIII capsules
(TA/FeIII)4.5 capsules
Rust-mediated GA/
FeIII capsules

EY: 620 MPa
EY: 870 MPa
EY: 420 ± 30 MPa
γ: 56 ± 11 mN m−1,
γ: 166 ± 17 mN m−1,
γ: 470 ± 59 mN m−1
EY: 1.20 ± 0.11 GPa
EY: 0.76 ± 0.07 GPa

Nanoemulsion

MPN

Microfluidic platform

Cross-linking density

Composition, shell
thickness, incubation
time

Interfacial water:
without, with

Polymer-lipid NPs

Stiffness
Measurements
Tension
measurement
Tension
measurement
Rheometer
Tension
measurement
CP-AFM

Reference
(Chen et al., 2012)
(Merkel et al., 2011)
(Anselmo et al.,
2015)
(Zhang et al., 2012)

CP-AFM

(Ejima, Richardson,
et al., 2013)
(Rahim et al., 2015)

CP-AFM
CP-AFM

(Rahim et al., 2014)
(Rahim et al., 2017)

(Sun, Zhang, et al.,
2015)

γ, stiffness; EY, Young’s modulus; PGA, poly(l-glutamic acid); PEG, poly(ethylene glycol); PMASH, thiolated poly(methacrylic acid); PAH, poly(allylamine hydrochloride);
PDPA, poly(2-diisopropylaminoethyl methacrylate); DextS/PLArg, dextran sulfate sodium salt/poly-l-arginine hydrochloride; PSS, poly(sodium 4-styrenesulfonate); PAH,
poly(allylamine hydrochloride); PA, poly(allylamine); RBCs, red blood cells; HA, hyaluronic acid; pCB, poly(carboxybetaine); TA, tannic acid;
PVPON, poly(N-vinylpyrrolidone); GA, gallic acid; PC, pyrocatechol.
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templates (Schmidt et al., 2013), and particles of different shapes (prepared through stopflow lithography) composed of PEGDA (Haghgooie et al., 2010). These types of microfluidic
devices have also been used to investigate flow-based behaviors of microgel (PRINT)
particles having tunable stiffness, and it was found that by adjusting their stiffness, the
flow-based deformability of these types of particles could be made similar to that of human
RBCs (Chen et al., 2012; Merkel et al., 2011). Similarly, a microfluidic blood capillary
model was used to investigate the flow-based deformability of PEG particles prepared using
the MS templating method (Cui et al., 2014), and HA particles prepared via CAPATRP (Sun,
Björnmalm, et al., 2015). These studies showed that the flow-based deformability behavior
of soft polymer particles can be tuned to be similar to human RBCs, by adjusting either the
cross-linker concentration used during synthesis (Cui et al., 2014), or the internal structure
of the resulting particles (Sun, Björnmalm, et al., 2015). While tunable stiffness of particles
can be used to prepare soft particles with certain “cell-like” behaviors, it also affects the
interactions between cells and particles.
Particles can be internalized by cells through several related, but distinct, pathways,
including phagocytosis, clathrin-mediated endocytosis, caveolin-mediated endocytosis,
clathrin/caveolae-independent endocytosis, and micropinocytosis (Behzadi et al., 2017). It
is important to note that the terms of cellular internalization or cellular uptake are related to
the term of cellular association, but they are not equivalent (Johnston, 2017). Several studies
have investigated the effect of stiffness of different types of soft polymer particles on cellular
internalization. For polymer microparticles (~2–4 μm), slower and less cellular internalization
has been observed with increasing particle stiffness (Hartmann et al., 2015; Sun, Wong, et al.,
2015), while for polymer nanoparticles (~40 nm) increasing stiffness was observed to increase
cellular uptake (Fig. 9) (Sun, Zhang, et al., 2015). In a separate study, hydrogel nanoparticles
(~200 nm) with intermediate stiffness were found to have the largest cellular uptake (Banquy
et al., 2009). The softer particles were preferentially internalized via macropinocytosis,
and more rigid particles were primarily internalized via clathrin-mediated routes, while the
particles with intermediate stiffness were found to be internalized via multiple routes, thus
providing an explanation for the observed increase in cellular uptake. These effects remain
to be fully explored and are a multifaceted problem as particle design parameters such as
size, shape, and stiffness (in addition to particle composition and cell type used) all affect
biological outcomes through combinatorial effects (Garapaty & Champion, 2017). It can also
be challenging to decouple related properties from stiffness. For example, stiffer particles can
be prepared by increasing the amount of cross-linker used during synthesis. However, while
an increased amount of cross-linker can lead to polymer particles with tunable stiffness, it can
also lead to differences in intracellular stability (Liang et al., 2012), or biological effects (e.g.,
immune cell activation) (Cui et al., 2013), and the exact contribution of each component can
therefore be challenging to elucidate. Emerging methods for probing cellular internalization
mechanisms of soft polymer particles may aid in these efforts (Chen et al., 2016).
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Fig. 9
Molecular dynamic simulation of the internalization of soft and hard lipid particles as a function of
time. (A) The stiff particle is internalized via the wrapping of the cellular membrane, showing mild
shape deformation. (B) The soft particle undergoes large deformation during the internalization
and finally is trapped on the surface of the cell. Reproduced with permission from Sun, J., Zhang, L., Wang,
J., Feng, Q., Liu, D., Yin, Q., et al. (2015). Tunable rigidity of (polymeric core)-(lipid shell) nanoparticles for
regulated cellular uptake. Advanced Materials, 27, 1402.

4.2 In Vivo Studies of Soft Polymer Particles
Designing polymer particles with well-controlled blood circulation behaviors and
biodistribution profiles is important for many applications in drug delivery and theranostics.
In studies that compare blood circulation times (e.g., distribution and elimination halflives) of polymer particles with tunable stiffness, softer particles can typically display
longer circulation (Anselmo et al., 2015; Cui et al., 2015; Key et al., 2015; Merkel et al.,
2011; Müllner et al., 2015; Zhang et al., 2012). This can be explained by the capability
of softer particles to more easily avoid blood filtration mechanisms in organs such as the
spleen (Mebius & Kraal, 2005). For example, soft PEG particles are more deformable and
can pass through microcapillaries much more easily compared with MS@PEG particles in
the presence of templates (Cui et al., 2014). It can be used to explain why PEG particles
have longer circulation time and much less accumulation in the liver or spleen (Fig. 10)
(Cui et al., 2015). Similarly, the incorporation of a crystalline core compartment (e.g.,
polycaprolactone) into cylindrical polymer brushes leads to more cylindrical and less
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Fig. 10
(A) The presence of PEG particles in blood at different time points. (B) Biodistribution of stiff
particles (MS@PEG) and soft particles (PEG) in various organs at 12 h after intravenous injection.
PET/CT images of mice 12 h postinjection of (C) MS@PEG and (D) PEG particles. Reproduced with
permission from Cui, J., De Rose, R., Alt, K., Alcantara, S., Paterson, B. M., Liang, K., et al. (2015). Engineering
poly(ethylene glycol) particles for improved biodistribution. ACS Nano, 9, 1571.

randomly coiled structures with increased rigidity when comparing them with a hydrophilic
core of poly(hydroxyethylmethacrylate). As a result, the more rigid brushes resulted in
more rapid clearance from plasma and lower circulation time. These results suggest that
the stiffness of polymer particles plays a significant role in their filtration and clearance
(Müllner et al., 2015). Although softer particles exhibit improved biodistribution compared
with stiff particles, they still display accumulation in organs such as the spleen and lungs
(Zhang et al., 2012).
Taken together, these studies clearly illustrate the challenge in designing soft polymer
particles with tailored bio-nano interactions, as predicting biological behavior from particle
properties remains difficult. Much work in the field has therefore been of a more empirical
nature, that is, preparing a range of particles with diverse properties, investigating bio-nano
interactions, and then picking the top performer—instead of designing a specific particle
system to achieve an explicit biological outcome. Important factors complicating these issues
include the behavior of soft polymer particles under physiological flow conditions, which
may change their behavior compared with results observed during conventional static cell
culture conditions (Björnmalm, Faria, Chen, Cui, & Caruso, 2016; Braunger et al., 2017;
Cui, Faria, et al., 2016; Howard et al., 2014), as well as the impact of biomolecular coronas
(Hadjidemetriou & Kostarelos, 2017), which could strongly affect targeting outcomes of
polymer particles (Dai et al., 2015). For inorganic particles, recent studies have also shown
the importance of differential flow rates, cellular phenotypes, and types of tissue organization
present in vivo for determining bio-nano interactions and biological outcomes (MacParland
et al., 2017; Tsoi et al., 2016; Yang et al., 2017). These types of studies are yet to be
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conducted for soft polymer particles, and may prove useful for uncovering and understanding
the complexities of bio-nano interactions governing the behavior of soft polymer particles,
both in vitro and in vivo.

5 Conclusions and Outlook
In this chapter, we have outlined recent advances in (i) methods for the characterization
of particle stiffness, (ii) strategies used for the engineering of soft polymer particles, and
(iii) advances in our understanding of the biological behavior of soft polymer particles. For
example, soft polymer particles have been shown to be capable of significantly reducing
nonspecific interactions and avoiding filtration effects, and can exhibit improved biodistribution
and enhanced circulation behavior. This is important for overcoming biological barriers; for
example, to achieve enhanced tumor targeting and improved drug delivery and efficacy.
The rational design and engineering of soft polymer particles toward achieving specific
biological outcomes is a challenge but important interdisciplinary research topic, which is
being accelerated by the ongoing convergence of the chemical sciences, engineering, and
biomedicine (Björnmalm, Faria, & Caruso, 2016). Although substantial efforts have gone
into the engineering and study of soft polymer particles, and some of these particle systems
have already shown promise for biomedical applications, unmet needs still exist. Different
physicochemical properties (e.g., surface chemistry) of polymer particles should be taken
in account with particle stiffness to improve the efficacy of theranostic delivery. This is
important, as it would facilitate the establishment of particle design-biological performance
relationships, which would accelerate the development of the next generation of soft polymer
particles for biomedical applications.
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