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Multi-Shell Hollow Nanogels with 
Responsive Shell Permeability
Andreas J. Schmid1, Janine Dubbert1, Andrey A. Rudov2,3, Jan Skov Pedersen4, Peter Lindner5, 

Matthias Karg6, Igor I. Potemkin2,3 & Walter Richtering1

We report on hollow shell-shell nanogels with two polymer shells that have different volume phase 
transition temperatures. By means of small angle neutron scattering (SANS) employing contrast 

variation and molecular dynamics (MD) simulations we show that hollow shell-shell nanocontainers 

are ideal systems for controlled drug delivery: The temperature responsive swelling of the inner shell 

controls the uptake and release, while the thermoresponsive swelling of the outer shell controls the 

size of the void and the colloidal stability. At temperatures between 32 °C < T < 42 °C, the hollow 
nanocontainers provide a significant void, which is even larger than the initial core size of the template, 
and they possess a high colloidal stability due to the steric stabilization of the swollen outer shell. 

Computer simulations showed, that temperature induced switching of the permeability of the inner 
shell allows for the encapsulation in and release of molecules from the cavity.

A key challenge in the �eld of current biomedical research is the development of carrier systems, which allow 
for the uptake, storage and triggered release of functional agents. In this respect, hollow carriers made of 
stimuli-responsive polymers have gained signi�cant interest in the last years. A crucial requirement for the design 
of such drug delivery systems is the (colloidal) stability of such nanocontainers and the cargo under physiological 
conditions as unspeci�cally released drugs can be metabolized and discharged from the body before reaching the 
desired location1,2.

Dendrimers3, micelles4–6, nanohydrogels2,7 and gold nanoparticles8 were successfully used as drug delivery 
systems using a variety of stimuli for the release of the drugs as, e.g., light, pH, ultrasound or magnetic �eld. 
Moreover mesoporous silica nanoparticles were often used for drug delivery due to their biocompatibility, 
cost-e�cient synthesis and surface modi�cation as well as high loading capacity inside the mesoporous channels, 
although they face the problem of premature drug release9,10.

A possible way to overcome this uncontrolled release is the use of responsive materials which allow for block-
ing of release pathways, i.e. via controlling the mesh size of a polymeric matrix. In this respect, hollow capsules 
represent a very promising structure for the design of e�cient drug delivery systems1,11,12. Drugs could be stored 
in the void of the hollow particles with the shell protecting them from external in�uences but also a controlled 
release of the drugs by external stimuli is possible13–17.

�e use of a temperature sensitive polymer as a shell material o�ers switchability of the mesh size in the shell, 
and thus the permeability can easily be altered by temperature. Poly(N-isopropylacrylamide) (PNIPAm) shows 
a volume phase transition (VPT) in aqueous solution at about 32 °C18. �is volume phase transition temperature 
(VPTT) can be adjusted by incorporation of comonomers19 or functional comonomers like weak acidic20–22 or 
basic23,24 monomers, which also introduce a second stimulus, e.g. pH in this case.

�e preparation of hollow particles follows usually a two-step procedure: In the �rst step, core-shell particles 
(CS) with a core are synthesized, and then the core can be chemically removed in the second step. Silica nano-
particles are o�en used as such sacri�cial cores as they can be synthesized with in a broad range of sizes and very 
narrow size distributions25. Furthermore silica cores can easily be dissolved leading to hollow capsules26–29.

In the past the structure of hollow PNIPAm nanogels was mainly studied by transmission electron microscopy 
(TEM) and the void size was regarded to be equal the initial core size. Recently, Dubbert et al.30 investigated the 
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internal structure of pitted PNIPAm particles by small-angle neutron scattering (SANS) and contrast variation 
experiments. �ey studied the e�ect of temperature, crosslink density in the shell and shell thickness on the void 
size. �e authors could show, that above and below the VPTT of PNIPAm the polymer shell swells into the void. 
For slightly crosslinked polymer shells, the pitted particles showed a temperature-dependent swelling but did 
nearly not exhibit any void. In contrast pitted particles with a highly crosslinked polymer shell can be considered 
as hollow, but the particles were less temperature sensitive. However, for all scenarios the void in the pitted parti-
cles was smaller as compared to the size of the initial core.

A clever way to address this compromise between available void space and responsivity is the introduction 
of a second, outer polymer shell. Recently we described the synthesis of core-shell-shell (CSS) and the corre-
sponding hollow shell-shell (HSS) nanogels31. We added a second crosslinked polymer shell consisting of 
poly(N-isopropylmetharcylamide) (PNIPMAm) on silica-PNIPAm core-shell particles. PNIPMAm shows a 
similar temperature sensitive behaviour in water as PNIPAm, but with a slightly higher VPTT of about 42 °C32.

It is worth mentioning that both shells consist of uncharged polymers and thus tolerate the presence of salt. 
�erefore the swelling of the core-shell-shell and hollow shell-shell nanogels as well as the colloidal stability at 
intermediated temperatures is not sensitive to the ionic strength of the aqueous medium. �is makes such tem-
perature sensitive hollow shell-shell nanogels distinctly di�erent from e.g. nanocapsules based on Layer-by-Layer 
adsorption of polyelectrolytes.

At temperatures above 42 °C both shells are collapsed, whereas at temperatures below 32 °C both shells are 
swollen by the solvent. At intermediate temperatures (32 °C <  T <  42 °C) only the outer PNIPMAm shell is swol-
len, while the inner PNIPAm shell is still collapsed (see Fig. 1). �e collapsed inner shell also provides a signi�-
cant cavity inside the hollow shell-shell particles as it hinders the outer shell from swelling into the void.

�is could indeed be a promising system, e.g., for drug delivery, as it can provide a nanocontainer with a sig-
ni�cant void together with temperature-controlled permeability of the inner PNIPAm shell and a high colloidal 
stability due to the outer, swollen PNIPMAm shell. �e presence of the void can provide storage of both hydro-
philic and hydrophobic guest molecules whose penetration into the void is not necessarily driven by long range 
Coulomb attraction like in the case of binding of charged molecules to oppositely charged carrier33,34. �e uptake 
of the molecules can be achieved via di�usion through the shells of the HSS nanogel immersed in solution of the 
guest molecules with their subsequent arrest via locking the permeability of the inner shell.

In this work, we investigate the structure of hollow nanogels with two shells and their potential for controlled 
storage and release of cargo by a combination of SANS and molecular dynamics (MD) simulation for the �rst 
time.

�e unique possibility of contrast variation in SANS allowed us to gain quantitative data on the structure of 
CS and CSS particles with silica cores in comparison to the respective hollow systems (HS and HSS) in solution. A 
core-shell form factor model30 was extended and �tted to the experimental data to gain quantitative information 
about the shell thickness and void size at di�erent temperatures: At 20 °C, where both polymer shells are swollen, 

Figure 1. Scheme of the synthesis process of the doubly temperature-responsive core-shell-shell nanogels 
and hollow shell-shell nanogels. 
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at 40 °C, where the inner PNIPAM shell is collapsed and the outer PNIPMAm shell is still swollen and at 52 °C, 
where both polymer shells are collapsed.

We performed MD simulations of CSS and HSS systems under analogues conditions, which revealed a good 
agreement between the experimental and computer simulation results. In addition MD simulations revealed the 
high e�ciency of the HSS nanogels for uptake, storage and release of neutral species under di�erent external 
conditions.

Results
In the following we report on the structure of the various particles as probed by SANS (Table 1 summarizes all �t 
results and all �tting parameters are given in Table S1) and MD simulation.

�e scattering data of the silica core (see Fig. S1 in the Supporting Information) show that the silica core has 
a size of 63 nm and a narrow size distribution of 13%. �ese experimentally determined values of the silica core 
were used in the following to evaluate the scattering curves of the core-shell particles.

Structure of CS and HS nanogels. �e structure of CS particles and the hollow nanogels will be compared 
above (40 °C) and below (20 °C) the VPTT of PNIPAm. To do so, the CS particles were measured at the scattering 
length density match point of the silica core (62 wt% D2O in D2O/H2O mixture30) and the hollow nanogels at full 
scattering contrast in D2O.

�e scattering curves of the CS particles at the match point of the core and of the HS particles at 40 °C are 
depicted in Fig. S2a in the Supporting Information and show no signi�cant di�erence in the collapsed state indi-
cating the same microscopic structure of the PNIPAm shell. Both scattering pro�les decay with q−4, where q is the 
modulus of the scattering vector, in the high q-regime (except for the presence of a small constant background) 
pointing to a sharp particle-solvent interface. �e PNIPAm shell can be described by a box pro�le for both, the CS 
and the HS particles, with a thickness of 67 nm (compare Fig. 2).

�e void size of the hollow HS particles in the collapsed state is 60 nm and thus slightly smaller as the initial 
core size (63 nm) indicating a slight penetration of the PNIPAm shell into the void in collapsed state.

A more complex behaviour is observed below the VPTT of PNIPAm. Already a qualitative comparison of 
the q-dependent scattering intensity I(q) of the core-matched CS and the HS particles in swollen state provides 
signi�cant evidence for the presence of di�erent shell structures. �e �rst local minimum in the scattering pro�le 
of the core-shell particles is more smeared out as compared to the HS particles whereas the second minimum is 
more pronounced. �e slope in the high-q-range is di�erent for the CS and the HS particles, respectively and in 
both cases the slope is di�erent from q−4. �e latter indicating a fuzzy particle surface.

�e scattering curve of the CS particles at 20 °C can be described using a 2-step pro�le for the PNIPAm shell. 
�e PNIPAm shell consists of a dense polymer layer with a thickness of ca. 10 nm next to the silica core and of 
a highly swollen layer with a thickness of 197 nm (see Fig. 2). �e dense layer could be due to the adsorption of 
PNIPAm segments on the silica surface similar to the case when the silica nanoparticles serve as adhesives for gels 
and biological tissues35. �e presence of this dense layer, however, will not be discussed in the following as this 
e�ect is not important for the structural behaviour of the systems presented in this study.

�ere are two major di�erences of structure of the hollow shell (HS) nanogel in the swollen state as compared 
to the CS system: (i) �e inhomogeneity of the PNIPAm shell is less pronounced. In fact a �t with a 2-step pro�le 
revealed only slightly better results as compared to a �t with only one polymer shell, see Fig. S3. (ii) More impor-
tantly, the PNIPAm shell penetrated into the void (Fig. 2). In the swollen state, the void size (26 ±  3 nm) is smaller 
than the initial core volume (63 nm).

Structure of core-shell-shell (CSS) and hollow shell-shell (HSS) nanogels. Now, the e�ect of a 
second polymer shell, namely the PNIPMAm shell, on the internal structure will be investigated. �e scattering 
curves I(q) of the core-matched CSS particles will be compared to the scattering curves of the HSS particles at 
three temperatures: at 52 °C, which is above the VPTTs of both polymers, at 40 °C, which is above the phase tran-
sition temperature of PNIPAm but below the VPTT of PNIPMAm and at 20 °C, which is far below the VPTTs of 
PNIPAm and PNIPMAm.

At 52 °C, the scattering curves of the CSS particles (core-matched) and the HSS nanogels shown in Fig. S2 
in the Supporting Information look very similar indicating rather similar shell structures with and without the 
silica core. �e scattering data could be �tted with box pro�les for both shells with sharp interfaces between the 
two polymer shells and between the PNIPAm shell and the silica core in case of the core-shell-shell particles. 

20 °C 40 °C 52 °C

Rh [nm] R [nm] Rh [nm] R [nm] Rh [nm] R [nm]

Core 70 ±  4 63 ±  4 — —

CS 267 ±  13 270 ±  14 150 ±  8 130 ±  7 150 ±  8 —

CSS 355 ±  18 320 ±  18 269 ±  13 236 ±  12 187 ±  9 160 ±  8

HS 268 ±  13 248 ±  13 147 ±  7 127 ±  7 144 ±  7 —

HSS 387 ±  19 307 ±  16 269 ±  13 245 ±  13 179 ±  9 158 ±  8

Table 1.  Hydrodynamic radii Rh
31 and particle radii R (compare equation (18)) from �tting the 

experimental scattering curves of the silica core, CS, CSS, HS and HSS particles in D2O at 20 °C, 40 °C and 
52 °C.
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�e thickness of the PNIPMAm shell was determined to be 30 nm at 52 °C, which is rather thin compared to the 
inner PNIPAm shell (67 nm). �e density pro�les depicted in Fig. 3 reveal, that dissolving the silica core slightly 
a�ects the shell structures. �e void in the HSS nanogel is 69 nm and thus slightly larger as the initial silica core 
size of 63 nm. �is indicates that the outer PNIPMAm shell acts like an “inverse corset” and prevents the inner 
PNIPAm shell from penetrating into the void as it was observed without the second shell. �is goes along with 
a compression of the outer shell, which can be seen as well in the density pro�le of the HSS nanogels, where the 
second shell is thinner and denser as for the CSS particles. �e overall sizes of the HSS (158 nm) and the CSS 
particles (160 nm) are very similar.

At 40 °C, the outer PNIPMAM shell is expected to be swollen, whereas the inner PNIPAm shell is still col-
lapsed. At this temperature, the SANS pro�les exhibit clear di�erences between the HSS and CSS systems. �e 
second local minimum in I(q) of the HSS nanogels is shi�ed to higher q values as compared to the CSS particles 
measured at the matchpoint of silica. Also the slope of I(q) in the high q-regime is di�erent.

�e density pro�les of the CSS and HSS nanogels reveal a collapsed inner PNIPAm shell with sharp interfaces 
towards the core or the void, respectively, and to the outer PNIPMAm shell, which is highly swollen.

However, the radius of the void (76 nm) of the HSS nanogel at 40 °C is signi�cantly larger than the radius of the 
silica core in the CSS system (63 nm) and also larger as compared to the void of the HS nanogel (radius 60 nm).

�e PNIPMAm shell swells outwards and “pulls” the inner shell with it and the void size is bigger than the 
initial core size.

�e scattering curves at 20 °C look even more complex as compared to the higher temperatures. �e HSS 
nanogels show clearly two local minima in I(q), whereas the �rst minimum is not present in the scattering curve 
of the CSS particles. Also the slope at high q is di�erent for the HSS nanogels compared to the CSS system.

�e density pro�le of the CSS particles (Fig. 3) reveals two swollen polymer shells and a dense polymer layer 
next to the silica core, similar to the CS particles at 20 °C (Fig. 2). A�er core dissolution, the inner PNIPAm shell 
intrudes the void. �e size of the cavity is 25 ±  8 nm if only the completely polymer-free space is regarded as cavity 
and is similar to the hollow shell nanogel (26 ±  3 nm).

�us, the swelling of the inner PNIPAm shell at 20 °C is less a�ected by the outer PNIPMAm shell as com-
pared to 40 °C where the inner shell is collapsed.

Structures of CSS and HSS nanogels obtained from molecular dynamics simulations. We will 
now compare our experimental �ndings with the results from computer simulations. For that purpose we per-
formed MD calculations of CSS/HSS particles with similar shells characteristics as in the experiment and with a 
crosslinker content of 4% in both shells (see section Computer simulations in details).

Figure 2. Radial density pro�les ρ(r) of the core-shell particles (CS) and of the hollow spheres (HS) 
particles. Experimentally obtained density pro�les from SANS measurements (le� column) of the CS particles 
at the match point (MP) of the silica core and of the HS nanogels at full scattering contrast in D2O and from 
MD simulations (right column) at 40 °C (top row, bad solvent quality for the shell, ε  =  1 in MD) and at 
20 °C (bottom row, good solvent quality for the shell, ε  =  0.1 in MD). �e snapshots on the right represent 
equilibrium structure of nanogels obtained by MD.
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In the simulations we use implicit solvent model. �e swelling of the temperature sensitive shells is tuned by 
the Lennard-Jones interaction parameters, ε 1 and ε 2, which determine the solvent quality for the polymer shells. 
We used three di�erent combinations for the solvent qualities in order to compare the results from simulations 
to the experimental ones: (a) a good solvent quality for both shells (referring to 20 °C in the experiment), (b) a 
solvent quality, which is good for the outer shell and bad for the inner shell (referring to 40 °C in the experiment) 
and (c) a situation with bad solvent conditions for both shells (referring to 52 °C in the experiment).

�e calculated equilibrium structures of the CSS and HSS particles are shown in Figs 3 and 4 and the resulting 
density pro�les are depicted in Fig. 3.

�e density pro�les of the two polymer shells at bad solvent conditions, ε 1 =  1 and ε 2 =  1, demonstrate high 
polymer volume fractions in the shells (maximum values in the inner and outer shells are more than 0.8 and 0.7, 
respectively) both for the CSS and HSS particles. �e void size of the HSS nanogels is larger than the initial core 
size. Also, the second shell makes the void larger in comparison with the case of single-shell particle (HS), Fig. 4, 
which is a consequence of the increased bending modulus of the shell-shell system. �ese results are in good 
agreement with the experimental data.

Improving the solvent quality for the outer shell (ε 1 =  1, ε 2 =  0.1) leads to its swelling, i.e. decrease of the con-
centration of beads. �is process is accompanied by a decrease of the size of the cavity up to the value of the solid 
core due to a reduction of the bending modulus of the outer shell. �e concentration of beads inside the inner 
shell and its thickness remain practically the same (like in the case of bad solvent for both shells). It has to be men-
tioned that the average values of the polymer concentration in the shells quantitatively support the experimental 

Figure 3. Radial density pro�les ρ(r) of the core-shell-shell particles (CSS) and of the hollow shell-shell 
nanogels (HSS). Experimentally obtained density pro�les from SANS measurements (le� column) of the CSS 
particles at the match point (MP) of the silica core and of the HSS nanogels at full scattering contrast in D2O and 
from MD simulations (right column) at 52 °C (top row, the solvent is bad for both shells, ε 1 =  1,ε 2 =  1 in MD), 
at 40 °C (middle row, the solvent is bad for the inner shell and good for the outer shell, ε 1 =  1,ε 2 =  0.1 in MD) 
and at 20 °C (bottom row, the solvent is good for the both shells, ε 1 =  0.1,ε 2 =  0.1 in MD). �e snapshots on the 
right represent equilibrium structure of nanogels obtained by MD.
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data. �e polymer concentration of the second shell is clearly enhanced at the interface between the two shells for 
the particles with and without core. �e physical reason for that is shielding of unfavourable contacts of the inner 
shell with the solvent via adsorption of beads of the outer shell at the interface36. �e inner shell slightly pene-
trates into the void, as the void is slightly smaller a�er removal of the core. However, two important di�erences 
between simulation and experiment have to be noticed: First, the experimentally determined density pro�les do 
not exhibit a dense polymer layer of the second shell at the shell-shell interface. In the experimental system, the 
swelling of the second shell “pulls” the inner shell outwards and the void size is larger than the initial core size.

At good solvent conditions for both shells (ε 1 =  0.1, ε 2 =  0.1) also the inner shell swells which leads to a dense 
polymer layer next to the core in case of the CSS particles. �e inner shell also swells clearly into the void a�er 
removal of the core (HSS particles). �e enhancement of polymer density at the shell-shell interface at interme-
diate solvent conditions, however, disappeared regardless of the presence of a core. Very similar density pro�les 
were obtained from the SANS experiments.

�e removal of the core does not a�ect the overall size of the particles, as the size of the CSS and the HSS 
particles is approximately equal at all solvent conditions. �is is also true for the experimental system, with the 
exception, that at 20 °C the HSS nanogels are slightly smaller compared to the CSS particles.

We can conclude, that the results from computer simulations agree very well with the experimental results. 
�us computer simulations can be used to obtain reliable predictions of structural properties of such complex 
particles. It has to be noted that the MD simulation technique with implicit solvent does not restrict generality 
of consideration of similar systems in comparison with other models employing explicit solvent. In particular, 
recent computer simulations of hollow nanogels with the dissipative particle dynamics (DPD) also reveal stability 
of the cavity in the case of adsorption of such particles at liquid interface37 In the following, we will demonstrate 
using the MD simulations that the designed HSS nanogels can e�ciently be used for uptake, storage and release 
of neutral guest molecules.

�e loading of short, soluble linear guest chains (n =  5, ε gg =  0.1, see computer simulations for details) into 
the void of the HSS nanogels was modelled as follows. �e solvent was considered to be good for both shells of 
the HSS nanogel (ε 1 =  0.1, ε 2 =  0.1) resulting in swelling and consequently high permeability of the shells. �e 
guest chains were added into the outer (with respect to the nanogel) solvent, which penetrate into the nanogel. 
�e snapshot in Fig. 5a demonstrates the distribution of the guest a�er 50 ×  106 simulation steps. One can see that 
the average concentration of the chains in the cavity is approximately equal to the average concentration outside 
the nanogel. �is result manifests a penetration of the linear chains into the nanogel void despite of excluded vol-
ume repulsion from the beads of the shell. To hold the chains in the nanogel while keeping the particle colloidaly 
stable, we make the solvent bad for the inner shell and good for the outer shell (ε 1 =  1, ε 2 =  0.1). �e equilibrium 
structure of the nanogel is shown in Fig. 5b. We observe a signi�cant increase of the concentration of the guest 
molecules in the cavity. �is is due to a partial release of the chains from the collapsed inner shell into the cavity. 
In order to demonstrate the ability of the inner shell to keep the molecules inside the cavity, the nanogel was “cut” 
from the solution of the linear chains, Fig. 5b, “washed out” in pure solvent via removal of the guest chains from 
the outer shell and placed into pure solvent. Figure 5c depicts the structure of the system a�er 50 ×  106 simulation 
steps. A negligible number of the guest chains leaves the nanogel (they are not visible in the snapshot, which is 
a cross section through the centre of mass and represents a small volume of the system) while the majority is 
trapped.

�erefore, the molecules can be delivered with the nanogel at this state and one can assume that they are 
reliably protected from interactions with surroundings by the dense shell. Easy release of the guest molecules 
is demonstrated in Fig. 5d when the solvent becomes again good for the inner shell (ε 1 =  0.1, ε 2 =  0.1). �us, 
the proposed simulations demonstrate a straightforward way of using the designed HSS capsules as responsive 

Figure 4. Equilibrium structures of the particles. Cross-sections through the centre of mass of the CS (upper 
le� quarter), HS (upper right quarter), CSS (lower le� quarter) and HSS (lower right quarter) nanogels where 
both shells contain 4% of crosslinker at solvent qualities where (a) both shells are swollen, ε 1 =  0.1, ε 2 =  0.1, 
(b) the inner shell is collapsed and the outer shell is swollen, ε 1 =  1.0, ε 2 =  0.1 and (c) both shells are collapsed, 
ε 1 =  1.0, ε 2 =  1.0.
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carriers. In the future we will use the predictions of computer simulations as guidance for experimental studies 
on the uptake and temperature-dependent release of neutral actives with di�erent size.

Discussion
In this work we investigated the internal structure of core-shell-shell particles with two temperature-sensitive 
polymer shells (PNIPAm and PNIPMAM, respectively) with two di�erent VPTTs and the corresponding hollow 
shell-shell particles experimentally by SANS and by MD simulations. Computer simulations were also used to 
predict their possible application as thermoresponsive nanocontainers for drug delivery.

Our results of the precursor particles, CS and HS, are similar to the results of Dubbert et al.30 for particles with 
a rather thick and low crosslinked shell. �e PNIPAm shell is able to penetrate into the void below and above the 
VPTT, but is more pronounced in swollen state. A reduced void size, of course, counteracts their use for drug 
delivery as the possible loading capacity is also reduced. �is problem could be solved either by the preparation 
of larger particles38,39, where the penetration of the shell into the void would be negligible, or nanocontaines with 
a highly crosslinked shell30.

However, for the use as drug delivery systems the size of the nanocontainers is limited to a few hundreds of 
nanometres to allow their di�usion into the cells and for their intravenous or mucosal application1,40. A highly 
crosslinked shell might also hinder the release of the encapuslated drug.

In general, thermoresponsive nanocapsules for drug delivery should store the drug inside the cavity at body 
temperature, which is about 37 °C, and allow a quick release at, for example, locally heated tumour cells1. Up to 
now, liposomes o�er the highest potential as thermoresponsive drug delivery systems. Despite of their numerous 

Figure 5. Equilibrium structures of the HSS nanogel with dissolved guest chains under di�erent conditions: 
(a) Di�usion of the guest chains into the swollen nanogel (ε 1 =  0.1, ε 2 =  0.1); (b) Locking of the guest chains in 
the cavity via collapsing of the inner shell (ε 1 =  1, ε 2 =  0.1); (c) ability of the HSS nanogel with collapsed inner 
shell to hold the chains in the cavity (ε 1 =  1, ε 2 =  0.1); (d) Release of the guest chains from the HSS nanogel a�er 
swelling of the inner shell (ε 1 =  0.1, ε 2 =  0.1). �e number of simulation steps was 50 ×  106.
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advantages, e.g. high biocompatibility, possibility for uptake of hydrophilic and hydrophobic molecules and easy 
change of size or surface properties, they also show serious drawbacks, as the rapid elimination from the blood 
and clearance by the cells of the reticulo-endothelial system41.

PNIPAm capsules are collapsed at 37 °C, which would favour the encapsulation of drugs, but only a release at 
temperatures below 32 °C, where the shell permeability is increased upon swelling of the PNIPAm shell. Lee et al.42  
showed an example of this so-called “cold shock” therapy. Nanocontaines based on Pluronic F127–polyethyl-
eneimine were used to transfer small interfering RNA (siRNA) into the cytosol leading to the inhibition of the 
target messenger RNA. However, PNIPAm nanogels still face the problem of low colloidal stability in collapsed 
state under physiological conditions43 and a higher toxicity in collapsed state as compared to the swollen nano-
gel44. Blackburn et al.45 successfully used a PNIPMAm nanogel for siRNA delivery into ovarian carcinomas. �ey 
observed a gene silencing in the cell interior and no signi�cant toxicity of the nanogel construct.

Considering the points given in the previous section, one can infer that a hollow capsule with two polymer 
shells, where the temperature responsive swelling of the inner shell controls the uptake and release and a swollen 
outer shell provides the colloidal stability, would therefore be an ideal system for controlled drug delivery.

In the present work, we could show with experiments and computer simulations that HSS nanogels meet the 
requirements for their use as drug delivery systems. At temperatures between 32 °C <  T <  42 °C, which covers the 
body temperature of 37 °C, the particles provide a signi�cant void, which is even larger as the initial core size, and 
a high colloidal stability at high ionic strengths, which are typically found in the human body, due to the steric 
stabilization of the swollen outer shell. Computer simulations also showed, that switching the permeability of the 
inner shell can be used for the encapsulation of active species as well as for a triggered release.

Methods
Chemicals. Deuterated water (D2O, 99.9%) was obtained from Deutero.

Synthesis. �e synthesis of the core-shell-shell (CSS) and the hollow shell-shell (HSS) nanogels was previ-
ously described31. In brief, silica particles were prepared in a Stoeber synthesis25 in a three-neck round-bottom 
�ask equipped with a re�ux condenser. 11 mL of ammonia solution were mixed with 130 mL ethanol and equil-
ibrated at 50 °C. �e reaction was started by addition of a preheated solution of 5 mL tetraethylorthosilicate 
(TEOS) in 15 mL ethanol. A�er 12 h of reaction time, the surface of the silica nanoparticles was modi�ed with 
3-(trimethoxysilyl)propylmethacrylate (MPS)46. �e particles were puri�ed by centrifugation and redispersion 
in fresh solvent. Simultaneously, the concentration of the silica nanoparticle stock solution was increased by a 
factor of 10.

�e �rst shell was added on the silica core in the following manner: 1.075 g NIPAm (9.5 mmol, 94.9 mol%), 
0.0788 g BIS (0.5 mmol; 5.1 mol%) as crosslinker and 0.1 g polyvinylpyrolidone (PVP) as stabilizer were mixed in 
100 mL water and degassed. One fourth of the silica stock solution was added and the reaction was initiated with 
1 mL of a potassium persulfate (PPS) solution (10 mg/mL). A�er puri�cation by centrifugation and redispersion, 
the core-shell (CS) particles were freeze-dried.

�e core-shell-shell (CSS) particles were synthesized by conducting a second polymerization step: A stock 
solution containing 20.5 g NIPMAm (161.2 mmol; 96.5 mol%), 0.89 g BIS (5.8 mmol; 3.5 mol%) and 1.22 g sodium 
dodecylsulfate (SDS) as stabilizer was prepared in 670 mL of bidistilled water. 16.8 mL of the stock solution were 
diluted with 25.2 mL of water and the solution was heated to 70 °C and degassed with nitrogen. 200 mg of the 
freeze-dried CS particles were dissolved in 15 mL of water and added to the mixture. A�er equilibration of the 
solution, the reaction was started by the addition of 10 mL PPS solution (1 mg/mL) and carried out for 4 h under 
continuous stirring and nitrogen �ow. �e CSS particles were cleaned by three cycles of centrifugation/redisper-
sion and �nally lyophilized.

Hollow nanogels (HS) were prepared as reported previously30. Lyophilized CS particles were stirred overnight 
in highly diluted hydro�uoric acid (HF) followed by extensive dialysis against water and lyophilisation.

One fourth of the CSS particles were dissolved in 20 mL of a 50 mM NaOH solution to prepared hollow nano-
gels with two shells (HSS). �e reaction was performed at 42 °C for 72 h to achieve complete core dissolution at a 
su�cient dissolution rate47. �e HSS nanogels were puri�ed by dialysis against 50 mM NaOH and water until a 
neutral pH was reached. �e �nal material was freeze-dried.

Small Angle Neutron Scattering (SANS). Experiments were performed at the instrument D11 at the 
Institut Laue-Langevin (ILL) in Grenoble, France48. Wavelengths of λ  =  6 Å and λ  =  17 Å with a polydispersity of 
Δλ / λ  =  9% were used. Samples were measured at three sample-detector distances of 1.2 m, 8 m and 39 m to cover 
the entire available range of the modulus of the scattering vector, q, of the instrument. �e scattering intensity was 
detected on a 3He gas detector (CERCA) with a detection area of 96 ×  96 cm2 and a pixel size of 3.75 ×  3.75 mm2. 
Narrow Hellma quartz glass cells (type 110-QS) with 2 mm sample thickness were used. �e incoherent scattering 
of water was measured as secondary calibration standard at 8 m sample-detector distance. All data were corrected 
for transmission, empty cell scattering and background scattering to receive absolute values for the di�erential 
cross section.

�e samples were measured in a copper sample changer at 20 °C, 40 °C and 52 °C. �e sample temperature was 
measured inside a cell �lled with water by an external thermometer and adjusted by an external thermostat. A 
dilute solution of the silica core was measured and the concentration was about 0.5 mg/mL for all other samples. 
Previous light, X-ray and neutron scattering experiments performed on core-shell microgels as well as on hollow 
microgels revealed that the structure of the microgels is fully reversible with temperature30,31,49,50. Furthermore 
heating-cooling cycles revealed no hysteresis. �us the scattering data describe the equilibrium structure of the 
microgels in solution.
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Measurements were performed at full scattering contrast (100% D2O) and at a scattering contrast, where the 
silica core was matched (62 wt% D2O in D2O/H2O mixture)30.

Theoretical Background and Data Analysis. SANS experiments give the intensity distribution I(q) as a 
function of the modulus of the momentum transfer q in reciprocal space. A common way to express the intensity 
distribution I(q) is the use of the di�erential cross section σ Ωd q d( )/ . �e di�erential cross section does not 
depend on the transmission and form of the sample and can generally be expressed as

σ

=
Ω

=I q
d

d
q nP q S q( ) ( ) ( ) ( )

(1)

n denotes the particle number density, P(q) is the particle form factor and S(q) is the structure factor, which 
represents interparticle correlations. In dilute solutions, particle-particle interactions can be neglected and thus 
S(q) =  1.

In SANS experiments, also the smearing of the instrument has to be taken into account. This smearing 
depends on the wavelength distribution and the �nite collimation of the incoming neutron beam as well as the 
detector resolution.

A (Gaussian) probability function for the scattering vector q for a given nominal scattering vector 〈 q〉  is added 
to the model expression for the di�erential cross section49

∫
σ

=
Ω

∞
I q n R q q

d

d
q dq( ) ( , ) ( )

(2)
mod

0

In this study, we investigated the internal structure of doubly temperature-sensitive core-shell-shell and hol-
low shell-shell nanogel particles. Dubbert et al.30 investigated the structure of core-shell and hollow nanogel 
particles. �ey could show that a second, highly crosslinked shell located at the core interface was necessary to �t 
the experimental scattering data. Consequently, we extended the model of Dubbert et al.30, which is based on the 
core-shell model of Berndt et al.50,51, by adding a third polymer shell.

In our case, the �rst polymer shell consists of crosslinked PNIPAm, too, and the second shell of crosslinked 
PNIPMAm. It was already shown for both pure nanogels, that due to the higher reaction rate of the crosslinker 
BIS, an inhomogeneous crosslink density is formed during the polymerization which leads to a gradual decaying 
surface of the particle in swollen state.

�e radial density pro�le ρ(r) of a particle with such an inhomogeneous crosslink density is schematically 
shown in Fig. 6 and can be expressed by the half-height radius R =  W +  σ .

ρ σ= ≤ −r r R( ) 1 ( ) (3)

ρ
σ

σ

σ= −
− +

− < ≤r
r R

R r R( ) 1
1

2

[( ) ]
( )

(4)2

ρ σ= + <r R r( ) 0 ( ) (5)

ρ σ= + <r R r( ) 0 ( ) (6)

�e Fourier transformation of this radial density pro�le leads to the scattering amplitude Φ(q, R, σ ):

Figure 6. Schematic representation of a radial density pro�le ρ(r) with gradual decaying surface (adapted 
from Stieger et al.57).
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with Φ(q =  0, R, σ ) =  1.
�e scattering amplitude of the core Acore(q, Rcore, σ 1, Δρ core) with radius Rcore and interface width σ 1 is the given 

by:

σ ρ ρ σ∆ = ∆ ΦA q R V q R( , , , ) ( , , ) (8)core core 1 core core core core core 1

where Δρ core is the scattering length density and Vcore the volume of the core.
�e scattering amplitude of the shells can be expressed by di�erences of scattering amplitudes with di�erent 

radii R and interface width σ .

σ ρ σ ρ σ σ∆ = ∆ Φ − Φ( )A q R R V q R V q R, , , , , ( ( , , ) ( , , )) (9)sh,1 sh,1 2 sh,1 core 1 sh,1 sh,1 sh,1 2 core core 1

σ ∆ρ σ ∆ρ σ σ= Φ − ΦA q R R V q R V q R( , , , , , ) ( ( , , ) ( , , ) (10)sh,2 sh,2 3 sh,2 sh,1 2 sh,2 sh,2 sh,2 3 sh,1 sh,1 2

σ ρ σ ρ σ σ∆ = ∆ Φ − ΦA q R R V q R V q R( , , , , , ) ( ( , , ) ( , , ) (11)sh,3 sh,3 4 sh,3 sh,2 3 sh,3 sh,3 sh,3 4 sh,2 sh,2 3

Δρ sh,1 and Vsh,1 are the scattering length density and the volume of the �rst shell, Δρ sh,2 and Vsh2 are the scattering 
length density and the volume of the second shell and Δρ sh,3 and Vsh,3 are the scattering length density and the 
volume of the third shell, respectively.

�e scattering amplitude of the CSS particle with core and two shells is then be written as:

σ ρ σ ρ σ

σ ρ σ σ ρ σ

= ∆ + ∆

+ ∆ + ∆

A q A q R A q R R

A q R R A q R R

( ) ( , , , ) ( , , , , , )

( , , , , , ) ( , , , , , ) (12)

core core 1 core sh,1 sh,1 2 sh,1 core 1

sh,2 sh,2 3 sh,2 sh,1 2 sh,3 sh,3 4 sh,3 sh,1 3

�e form factor P(q) is the square of the scattering length amplitude A2(q).
�e polydispersity of the core radius and the thickness of the polymer shell were taken into account sepa-

rately by introducing a constant scale factor 〈 S〉  of the overall particle size. A normalized Gaussian distribution 
describes this scale factor

σ

πσ σ

= =





−

− 




( )D S S

S

S S

S
, 1,

1

2
exp

( )

2
(13)

poly
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2 2

2
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2 2

where 〈 S〉  =  1 is the average scale factor of the size and σ poly is the relative particle size polydispersity. �e form 
factor is convoluted with the size distribution by multiplying all size parameters in the model by S and performing 
the integral over S.

A Lorenzian function was added to the particle form factor to describe the scattering pro�le in the high 
q-regime of samples with swollen polymer shells:

ξ= +I q I q( ) (0)/[1 ] (14)L L
2 2

�is takes the internal structure of the polymer network into account where ξ represents the correlation length 
in the polymer shell network. A constant background Iback is needed to correct for residual incoherent scattering 
from the sample.

Incorporating all the contributions yields a model expression for the scattering intensity distribution

∫ ∫ σ= + +
∞ ∞

I q n R q q D S S A q I q I dS dq( ) ( , ) ( , , ) [ ( ) ( ) ]
(15)

mod

0 0
poly

2
L back

with the number density

∫ ϕ ρ ϕ ρ ϕ ρ ϕ ρ σ= 

 

 + + + 






∞ −

n c V V V V D S S dS( , , )
(16)0

core core core sh,1 sh,1 sh,1 sh,2 sh,2 sh,2 sh,3 sh,3 sh,3 poly

1

c represents the polymer mass concentration, ϕi and ρ i are, respectively, the volume fraction and the partial 
speci�c mass density of the i’th component, and the volumes have implicitly a dependence on the structural 
parameters as explained above.

�e radial density pro�les were calculated for the average particle by a numerical Fourier transformation of 
the scattering amplitude using the obtained volume fractions and scattering length densities:
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A schematic radial density pro�le ρ(r) for a core-shell-shell-shell particle is depicted in Fig. 7. �e point, where 
the density pro�le approaches zero is the overall particle radius R, which is calculated from the �tting parameters:

σ σ σ σ= + + + + + + +R W W W W2 2 2 2 (18)core 1 sh,1 2 sh,2 3 sh,3 4

Computer simulations. �e simulations were performed using LAMMPS52. Internal structures of the CSS 
and HSS nanogels were simulated using Brownian molecular dynamics simulation technique within a standard 
coarse-grained model with implicit solvent. All structural units of the nanogels (including core) were modeled 
as Lennard-Jones particles (beads) of the diameter σ  and of the mass, m. �e nanogels were designed as follows. 
First, we construct a unit cell of the diamond crystal lattice where the vertexes correspond to tetrafunctional 
crosslinkers connecting fully stretched subchains53,54. �en we assemble a cubic frame consisting of 9 ×  9 ×  9 
unit cells which is considered as a bar for the nanogel shells. �e number of beads in each subchain (number 
of beads between two crosslinkers) was chosen to be 12. Considering that 4 halves of the subchains accounts 
for each tetrafunctional crosslinker the estimated fraction of the crosslinkers is 1/(4 * 6 +  1) =  0,04. �ree con-
centric spheres of di�erent radii were inscribed into the cubic frame. �ey corresponded to boundaries of the 
outer, inner shells and solid core, respectively. All beads, which were outside the largest and inside the smallest 
spheres, were cropped and the rest beads were di�erentiated by their a�liation to the inner (white beads) and 
outer (green beads) shells (HSS). With this approach, the fractions of the crosslinkers in the outer and inner shells 
were equal. �e thicknesses of the shells were controlled by the radii of the concentric spheres. �e solid core of 
the core-shell-shel nanogel was also obtained on the basis of the diamond crystal lattice (15 ×  15 ×  15 unit cells). 
However, the subchains of the core consisted of only one bead and all the beads form a closely-packed system 
with attractive interactions between the beads. �e spherical shape of the core is also provided via inscribing a 
sphere of appropriate radius into the frame and cropping all the beads which are outside the sphere. Attractive 
interactions between the beads of the core provide also attraction between di�erent particles and high surface 
energy of the particles which one has in many nanoparticle systems without steric or electrostatic stabilization. 
�en the spherical core was inserted into the hole of the HSS particle with further gra�ing of the dangling ends 
to the core (CSS particle). �e overall volumes of the beads in the outer shell, inner shell and the core were �xed 
and related to each other as 0.4:0.45:0.15, respectively. �e interactions between any pair of beads were described 
through the truncated-shi�ed Lennard-Jones potential (see refs 55,56 for details). �e value of the dimensionless 
Lennard-Jones interaction parameters ε 1, ε 2 and ε 12 =  (ε 1ε 2)1/2, describing bead-bead interactions in the inner 
(ε 1), outer (ε 2) shells and between the shells (ε 12), were varied between 0.1 and 1 corresponding to repulsion 
(good solvent) and attraction (poor solvent), respectively. Attraction of the beads in the solid core was described 
by the interaction parameter ε 0 =  0.33 which also means that the solvent is poor for the particles. A�er �xing the 
primary structures of the nanogels, they were placed in a cubic simulation box of the volume V =  5003 σ 3 with 
periodic boundary conditions and subjected to annealing at di�erent values of ε 1 and  ε 2 (solvent quality for the 
shells). �e calculations were carried out in NVT ensemble, which is quite e�cient for models with implicit sol-
vent. �ey last 50∙106 simulation steps, which are enough to approach the equilibrium states of the system. In the 
computer simulations of uptake and release of neutral species, the guest molecules were considered as short linear 
chains of the number of beads n =  5 for which the solvent was always good. M =  22000 chains were admixed into 
a cubic simulation box of the volume V =  1503 σ 3 where the HSS nanogel was initially placed. �e Lennard-Jones 
interaction parameters, describing pairwise interactions of the beads in the guest molecules with each other, ε gg, 
and with the beads of the subchains of both shells (host), ε gh, were �xed and corresponded to the exclude volume 
repulsion, ε gg=  ε gh =  0.1. Loading, storage and release of the guest molecules were realized at di�erent solvent 

Figure 7. Schematic representation of the model used to �t the scattering data. �e overall particle radius R 
is the point, where the density pro�le ρ(r) approaches zero.
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quality for the inner shell of the HSS nanogel. �e system approached equilibrium state during each stage of the 
process, i.e., both loading, storage, and release were simulated during 50∙106 simulation steps.
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