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Osmotic pressure-dependent release profiles
of payloads from nanocontainers by

co-encapsulation of simple salts}
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The encapsulation of payloads in micro- to nano-scale capsules allows protection of the payload from

the surrounding environment and control of its release profile. Herein, we program the release of hydro-

philic payloads from nanocontainers by co-encapsulating simple inorganic salts for adjusting the osmotic

pressure. The latter either leads to a burst release at high concentrations of co-encapsulated salts or a
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Introduction

Osmotic pressure is a crucial phenomenon in nature.'”” The
cell maintains the concentration of solutes via osmotic
pressure’ and plants rely on it to absorb water and maintain
cell rigidity.” The control of osmotic pressure is important for
medical care and water purification to avoid breakdown of the
cell membrane (lysis), for storage of red blood cells,’ for dialy-
sis in artificial kidneys,* to control osmotic dehydration in
food preservation,” and to apply reverse osmosis for water
desalination.® In recent decades, miniaturized devices consist-
ing of a thin membrane have found applications in many
areas of science and technology.”®

Micro- to nano-scale polymer capsules — which are defined
as a liquid core surrounded by a polymer membrane - are
well-known controlled release systems. The use of these cap-
sules for medical and technical purposes has rapidly been
expanding.'®™® Regardless of the application, controlled
release of the payload is the dominating function of capsules.
The term “controlled release” includes a range of different
release profiles and mechanisms such as targeted release,"
triggered release,'” and sustained (or extended) release.'®
Modification of the membrane’s physicochemical properties is
of utmost importance to achieve a desired release profile."” "
Considerable efforts have been devoted to achieve these types
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sustained release at lower concentrations. Osmotic pressure causes swelling of the nanocapsule’s shell
and therefore sustained release profiles can be adjusted by crosslinking it. The approach presented allows
for programing the release of payloads by co-encapsulating inexpensive salts inside nanocontainers
without the help of stimuli-responsive materials.

of release profiles by modifying the physicochemical properties
of the membrane. These efforts include the use of novel stimuli-
responsive functional groups.”** In the case of sustained
release, the desired lifetime of release highly depends on the
targeted applications. As an example, the desired life-time of
release for pharmaceutical applications is roughly one day
whereas for coatings it can be thousands of days.'**?

However, to avoid synthetic complexity, there is huge inter-
est in simple strategies for the release of the payload in a con-
trolled fashion. The overall release of the payload is explained
as a sum of two contributions - these are burst and (slow)
diffusive release.>® Osmotic pressure can be used as a trigger
for burst release profiles.>® For drug delivery systems, burst
release profiles were achieved via osmotic pressure for various
types of macroscopic (D ~ 6 mm) capsules with an asymmetric
membrane.”®>” As another example, the release properties of
microcapsules were controlled by osmotic pressure generated
by either the dissolution of the encapsulated materials**™" or
the addition of an osmotic agent in the release media.*** It
is believed that osmotic pressure imposes stress on the mem-
brane of microcapsules that largely accelerate the release of
payloads once the membrane bursts.?®3!172333% However,
membrane rupture arising from osmotic pressure is detrimen-
tal for some applications. Indeed, the initial high release rate
may lead to drug concentrations near or above the toxic level
in vivo.*>*” Preventing a burst profile is therefore crucial,
especially with low molecular weight payloads (e.g. drugs)
which are more likely to display a burst release due to high
osmotic pressure and their small size.*®*° Crosslinking*"*?
and increasing of the shell thickness**** are expected to have

This journal is © The Royal Society of Chemistry 2016
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an influence on the shell permeation and subsequently sup-
press the release of the payloads from the nanocapsules (NCs)
despite an osmotic pressure difference. A major problem in
osmotically driven release systems is the lack of control over
the ratio of burst and diffusive contributions. The control over
these properties plays a key role for advanced applications.
A very simple model predicts that the burst release is pro-
portional to osmotic pressure and the quadratic functions of
size and membrane thickness.*>*’

The deformation of capsules by osmotic pressure can be
measured and predicted. This feature allowed Kim et al. to use
microcapsules prepared via microfluidics to calculate the
osmotic strength of solutions by measuring the buckling of
these microcapsules.*® Since nanocapsules, as their name
suggests, are very small and have a thin membrane, their
release profile can be tuned more effectively by controlling the
osmotic pressure. However, how the release profiles can be
tuned as a function of osmotic pressure remains unclear.

We aim at programming the release profile of nanocapsules
from burst release to sustained release by using the osmotic
pressure as a trigger and without the use of other stimuli-
responsive materials. To fulfill this goal, we prepared NCs con-
taining a dye and low to high concentrations of potassium
chloride (KCl) or calcium chloride (CaCl,). These two salts
were chosen since they are easily available and inexpensive.
Firstly, we quantified the influence of co-encapsulated salts on
the release profile of a dye at different salt concentrations. The
release experiments were carried out at room temperature
(22-25 °C). A detailed insight into the correlation between the
released fraction of the dye and the co-encapsulated salts was
obtained.

Results and discussion
Preparation of polyurea NCs

Aliphatic-aromatic polyurea has a number of interesting
advantages including fairly good mechanical performance and
high chemical resistance.’®' Furthermore, polyurea can be
prepared by a wide range of monomers/polymers and chemical
reactions for the preparation of the polymer shell.>” The for-
mation of polyurea shells was performed through a polyaddi-
tion reaction between the primary amino groups (-NH,) of
hydrophilic 1,4-diaminobutane and the isocyanate group
(-NCO) of 2,4-toluene diisocyanate (TDI) that occurs at the
interface of miniemulsion droplets.”® Polyurea NCs with an
average hydrodynamic diameter of 318 + 98 nm containing the
payloads were obtained (see Fig. 1a and Table S17). After the
synthesis, the obtained polyurea NCs were transferred in an
aqueous solution of sodium dodecyl sulfate (SDS) (0.3 wt%).
The critical micelle concentration (CMC) of SDS is reported to
be 2.38 ¢ L' at 25 °C in water.>® Although the SDS concen-
tration in the aqueous dispersion is above the CMC, much of
the SDS covers the surface of NCs and thereby micelles do not
form. In all cases, no precipitation, coagulation, or floccula-
tion of the NCs was observed. To study the influence of
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Fig. 1 Schematics for the preparation of the NCs by interfacial poly-
addition reaction in inverse miniemulsion (a). TEM (b) and SEM (c) micro-
graphs of the NCs containing 2-nitrophenol sodium salts (sample NPD,
Table S1+t).

osmotic pressure on the release of payloads from the NCs, the
dye 2-nitrophenol sodium salt and different concentrations of
salts (KCl or CaCl,) were co-encapsulated. The molar concen-
tration of the dye in the aqueous phase was 0.1 M while the
molar concentration of KCl and CaCl, ranged from 0.1 to 4 M
and 0.067 to 2.67 M, respectively. Therefore, the contribution
of the dye to osmolarity is very small. 2-Nitrophenol sodium
salt (dye) was chosen because it is soluble in water at room
temperature and its absorption peak can be clearly detected
using UV-spectroscopy. More importantly, it is crucial that the
dye does not react with TDI. In general, the reactivity of the
group attacking the electrophilic carbon of the NCO group
increases as its nucleophilicity increases.’® This dye does not
possess any amino groups and the relative reactivity of the
phenolic hydroxyl group of the dye with the NCO group is much
lower than that of the primary aliphatic amine (~10°).>*> The
concentration of CaCl, was calculated to produce an equal
osmolarity to the corresponding KCIl concentrations so that
the influence of the nature of the salt on the release could be
eliminated. It is widely accepted that the thermodynamically-
controlled morphology of colloids depends on the interfacial
tensions between the continuous and dispersed phases in the
presence of a surfactant.’®”” The TEM and SEM images
showed evidence of a core-shell structure for the NCs (see
Fig. 1b and c). In the SEM and TEM images, the collapse of
NCs is due to the shrinkage of specimens caused by the
vacuum chamber of the electron microscopes.

Release of the payloads

A detailed insight concerning the correlation between the
releases of the payloads, the dye, and the salts, was obtained
by measuring the release of both payloads. The release profile
of 2-nitrophenol sodium salt was determined by monitoring
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the concentration of the dye with time in the aqueous SDS
solution of dialyzed dispersions of NCs. The absorption of the
dye could be clearly distinguished and the release could there-
fore be measured using UV-spectroscopy (see Fig. S1f). The
concentration of the salts with time in the release media was
measured by ICP-OES (see Fig. S27). The release profile of the
dye depends on the concentration of the co-encapsulated salt
(see Fig. 2a). With an increase in the KCl concentration, the
fraction of the released dye increased from ~54% (sample
NPD) to ~73% (sample NPD[KCl],) after 24 h. The results also
indicate that the release rate in the first hour undoubtedly
depends on the KCI concentration. A comparison between the
release curves reveals a 92% increase in the release of the dye
after 1 h. As expected, the results with the co-encapsulation of
CaCl, instead of KCl exhibited the same propensity as osmotic
pressure is a colligative property. This is exemplified for
samples NPD[CaCl,]y.067, NPD[CaCl,]y67, and NPD[CaCl,],,
where the concentration of CaCl, in the dispersed phase is
equal to the osmolarity in samples NPD[KCl],,, NPD[KCl];,
and NPD[KCl],, respectively (see Fig. S31). Regardless of the
salt types, the molar concentration of the co-encapsulated salt
played a controlling role in the dye release. Parallel to monitor-
ing the release profile of the dye, the concentrations of KCI
and CacCl, in the release media were measured. The released
fraction of the salts out of NCs with an initial internal osmo-
larity at ¢ = 1 and 24 h can be observed in Fig. 2b. The release
properties of the salts, including the initial release and
released fractions, were also dependent on the concentration
of salts. The increase in the release rate of salts can be under-
stood by the fact that the salt flux through the NC shell is

View Article Online
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proportional to the concentration gradient of the salt between
the NC core and the release. For example, a ~42% increase in
the released fraction of KCI was observed when the KCI con-
centration in the dispersed aqueous phase was raised from 0.1
M to 4 M. The polyurea shell is permeable to the dye and the
salts in the aqueous release medium but to different degrees
(see Fig. 2 and S47). The differences between the release pro-
files of the dye and KCI with an initial concentration in the dis-
persed phase of 0.1 M (sample NPD[KCl],;) emphasize the
importance of the payload nature, including its molecular size
and possible interaction with the shell of the NCs (see
Fig. S4t). The overall and the burst release of KCI are higher
than that of the dye. The release rate of KCI is faster than
that of the dye because KCI has a lower molecular weight
(~78 g mol™") than the dye (~161 g mol™").

Measuring the release of the dye and of the salt provided
the possibility to determine the correlation type between the
release of the dye and the osmotic pressure generated by the
salt. The correlation is shown at ¢ = 1 and 24 h (Fig. 2c and d).
The results show a non-linear correlation between the released
amount of dye and the initial salt concentration in the dis-
persed phase. This non-linear correlation can be explained by
the fact that the dye and the salt have different physico-
chemical properties, including different molecular sizes. At a
salt concentration below 0.25 M, there was hardly any observa-
ble increase in the dye release whereas the release was sharply
increased at an intermediate salt concentration, i.e. between
0.25 and 1 M. Upon a further increase of the concentration of
the salt, there was no significant increase of the dye’s release
on the salt concentration anymore. The maximum release of
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Fig. 2 Temporal release profiles of the dye from NCs consisting of KCl at concentrations between 0 and 4 M in the dispersed phase (a). Release of
KCl and CaCl, from NCs at 1 and 24 h. The salts induced initial osmolarity in the dispersed aqueous phase between 0.2 and 8 Osmol L™* (b). Corre-
lation between the released fraction of the dye and salts at 1 (c) and 24 h (d).
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the dye was almost achieved. It can be concluded that a fast
release of the dye is triggered with an initial salt concentration
in the dispersed phase between 0.25 and 1 M.

Mechanism of release of the payloads

The phenomenon of osmotic pressure has been fully described
by Van’t Hoff>® and is defined as pressure differences between
the interior and exterior environments of systems separated/
enclosed by a membrane. Accordingly, an osmotic substance,
e.g. water, has the propensity to move through a semi-
permeable membrane into the solution containing a solute (e.g.
salt) until the osmotic pressure differences become equili-
brated. This can change the size of the system, causing it to
swell. In extreme cases, the disintegration of polymer systems
by imposing significant stress on the membrane was
reported.>' *3°3¢ The osmotic pressure 7.y, is related to the
concentration of solutes,

Tosm = IDCRT (1)

where i is the number of ions produced by solute dissociation,
@ is the osmotic coefficient of the solute, ¢ is the molar con-
centration of the solute, R is the gas constant, and T is the
absolute temperature. The salt concentration can therefore be
used to tune a range of z,s,m and consequently the release
profile. The osmotic pressure inside a NC’s core varies from
~0.46 to 19.7 MPa (for more details see Table S21) with an
increase in the initial concentration of KCI in the dispersed
phase from 0.1 to 4 M. We hypothesized that the co-encapsula-
tion of the salt and subsequently generated osmotic pressure
were responsible for the observed differences in the dye
release, and the underlying mechanism was the swelling of
NCs as shown in Fig. 3a. NCs fabricated with diethyl-
enetriamine were synthesized to obtain NCs with crosslinked
shells (Table S17). Crosslinking is expected to have an effect
on the shell rigidity"' and consequently hinder the release by
obstructing the swelling of the NCs despite an osmotic
pressure difference. A comparison between the release pro-
perties of KCl-loaded NCs with and without crosslinkers
showed a decrease of the initial release and of the released
fraction of the dye (Fig. 3b). The results showed that the initial
burst release generated by the co-encapsulation of salts was
largely hindered by crosslinking. To investigate the contri-
bution of the swelling effect to the release profile, DLS
measurements were carried out for different NCs after dilution
(X = 40) of the aqueous dispersion of these NCs at time inter-
vals ¢t = 0 min and ¢ = 240 min (Fig. 3c). One of the interesting
properties of the NCs loaded with KCI is that they deswell
(sample NP[KCl];). The swelling of the NCs caused by the salt
osmotic pressure was therefore confirmed by the observed
reversible deswelling. The deswelling can be explained by the
fact that the shell is permeable towards the co-encapsulated
salts. The NC size increases (by ~40 nm in diameter) because
of a flux of water into the inner core to reduce the osmotic
pressure. The swelling of the shell induced an increase of per-
meability of the shell for both the dye and salt. When the salt
was released, the shell started to deswell and the permeability

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 (a) Schematic illustration of the release of the dye from NCs

induced by osmotic pressure. |: The osmotic pressure between the inner
core and the release medium is equalized with the flux of water through
the shell. Il: Swelling of NCs leads to an increase in the dye and the salt
release. lll: Payload release results in a decrease of the osmotic pressure
inside the core and the subsequent deswelling of NCs. (b) Release of the
dye from KCl-loaded NCs in the absence (NPDIKCl];) and the presence
(NPDXIKCL]y) of the crosslinker at t = 1 and 24 h. (c) Hydrodynamic
average diameters of the non-loaded NCs (NP), non-loaded crosslinked
NCs (NPX), NCs loaded with KCl (NPX[KCLl];), and crosslinked NCs
loaded with KCl (NPX[KCl]y) at t = 0 and 4 h. The values of these hydro-
dynamic average diameters were determined by the extrapolation of
value for g = 0 (zero angle) (for details please see the ESI and Fig. S67).

decreased. Afterwards, the salt concentrations both outside
and inside the NCs are equalized and the NCs hence start to
deswell (see Fig. 3c). The polydispersity indices of sample NP
and sample NP[KCl]; were measured to be ~0.09 and ~0.12
after dilution of the aqueous dispersion of these NCs at ¢ =
240 min, respectively. Because the hydrodynamic average dia-
meters (see Fig. 3c¢) and polydispersity indices of samples NP
and NP[KCl]; at ¢ = 240 min are not significantly different, it
can be concluded that the size distribution of the NCs does
not depend on the concentration of the co-encapsulated salt.
Therefore, the observed difference in the hydrodynamic dia-
meter size between sample NP and sample NP[KCl]; after
dilution of the aqueous dispersion of these NCs at ¢t = 0 min
(~40 nm in diameter) was attributed to the osmotic pressure
difference in the core. Moreover, roughly unchanged sizes for
sample NPX[KCl]; (Fig. 3c) explain why the addition of diethyl-
enetriamine in sample NPDX[KCl]; hinders the increase in the

Nanoscale, 2016, 8, 12998-13005 | 13001
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dye release when the salt is co-encapsulated (Fig. 3b). Diethyl-
enetriamine leads to crosslinking between the polymer chains
in the NC shell by providing an additional secondary amine
group and therefore hampers the increase of size induced by
osmotic pressure. As a consequence, a small increase in the
release of the dye was observed for sample NPDX[KCl]; in com-
parison with sample NPD[KCl]; at ¢ = 1 and 24 h.

The presence of ions influences many polymer properties
in an aqueous system (i.e. lyotropic or Hofmeister effects).
According to the typical Hofmeister series, salts may either
cause salting-out or salting-in of polymers which largely
depends on the type of hydrated anions and hydrophobicity/
hydrophilicity of the polymer groups.**~®" Therefore, it is reason-
able to assume that permeability change may happen when the
salt concentration changes due to swelling/deswelling of the
shell as a result of either salting out or in.®*”** The polyurea
mentioned in this study is rather hydrophobic and, therefore,
the polymer shell can be salted out at high concentrations of
salts. When salts are released from NCs, the polymer shell may
swell and thereby the shell permeability increases. The lyotropic
effect of the salt concentration on the release properties is part
of the overall change in the NC size measured by DLS. In other
words, the NC swelling measured by DLS is the sum of the swel-
ling of the shell and of the core. The effect of the ions on the
shell properties increases at higher salt concentrations.

The Young’s modulus of the capsule shell can be estimated
based on the fact that capsules swell owing to excess osmotic
pressure. If the capsule swells from an initial radius (r,) to a final
radius (r), the Young’s modulus can be estimated with:**%

(2)

r i®cRT(1 —v)
4h E

rzro(l—o——

where £ is the shell thickness, E is the Young’s modulus of the
polymer and v is the Poisson ratio. The shell thickness of
sample NP[KCl]; was measured to be 36 + 13 nm from the
TEM image (see Fig. S5T) and r (i.e. the radius of swollen cap-
sules) and r, (i.e. the radius of deswollen capsules) were esti-
mated to be 180 and 158 nm, respectively, by using DLS
measurements for sample NPDX[KCl], (Fig. 3c). The Poisson
ratio of bulk polyurea is 0.49.°>%” Using eqn (2), the Young’s
modulus of the polyurea shell was then calculated to be ~18.9
MPa - a value close to the ~27 MPa reported for an aliphatic—
aromatic polyurea in bulk.”” However, when discussing the
mechanical properties of the polyurea shells, one has to con-
sider the peculiar stress-strain response of bulk polyurea. For
stresses up to about 7 MPa, corresponding to strains of about
10%, polyurea shows a linear elastic response with the above
Young’s modulus. Beyond that stress value, it behaves much
softer with an almost plateau-like stress—strain curve, that
allows reaching large strains of several 100% before reaching
the failure stress.’” A change of radius from 158 nm to 180 nm
corresponds to a strain of 30%, which implies that in fact a
linear elastic regime was already slightly exceeded in that
experiment and the use of eqn (2) will underestimate the
Young’s modulus of the shells for smaller strains. The plane

13002 | Nanoscale, 2016, 8, 12998-13005
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stress o in the shell of a spherical capsule due to an osmotic
pressure difference 7 across it is given as:*®

o =nar/2h (3)

where r is the capsule radius and 7 is the shell thickness. For
a shell thickness of 36 + 13 nm (sample NP[KCl]; - see
Fig. S5T) and a capsule radius of 158 nm, we obtain a stress
value of 5.1 MPa for NPD[KCl], »5, which is within the linear
elastic regime (<7 MPa), where polyurea reacts relatively stiffly
(steep slope in stress-strain curve). For the NPD[KCl], s
sample the stress reaches 9.9 MPa, which is beyond the linear
elastic regime, where the response of polyurea becomes much
softer (plateau-like stress-strain curve). This transition in the
mechanical response may be responsible for the dispro-
portionate increase in the release observed in Fig. 2a between
NPD[KCl]y,5 and NPD[KCl],s. As soon as the stress within
the shell exceeds around 7 MPa, small further increases in
stress will lead to large strains, which in turn should lead to
an increased permeability. This kind of material response of
polyurea should have two effects on the release properties:
first, by adjusting the size of the particles, one can easily tune
the osmotic pressure at which transition between the two
regimes and therefore the maximum boost in release occurs.
According to eqn (3), a nanocapsule with a mean diameter of
500 nm can resist a 100 times higher osmotic pressure that is
needed to rupture microcapsules consisting of the same
shell-forming materials with a mean diameter of 50 pm.
Second, capsules may be more stable against rupture by
osmotic stress than expected from eqn (3) and a given failure
stress obtained from a stress-strain curve. For large osmotic
pressures, capsule shells will experience large strains, which
may lead to a large permeability and possibly to a fast
enough reduction in the osmotic pressure before rupture can
occur.

Application for biomedicine and anticorrosion

Finally, we illustrated how this approach can be applied to
induce either triggered release or sustained release profiles
through two different applications, which are the encapsula-
tion of potassium thiocyanate (KSCN) for anticorrosion and
foscarnet as a drug for biomedical application (Table S37).
KSCN is harmful for humans by inhalation, in contact with
the skin, and if swallowed.®® Therefore, it is suitable to reduce
unnecessary exposure to KSCN via encapsulation. KSCN in
contact with ferric ions produces a solution, which is red due
to the formation of a thiocyanate iron complex. The reaction
can therefore be used for monitoring iron oxidation. The burst
release of KSCN was therefore triggered by encapsulating a
solution of KSCN at a concentration of 1 M (see Fig. 4). When
the concentration of KSCN was increased, a larger burst
release after 1 h was observed, which was characterized by an
increase of release from ~53% to ~84% of the released KSCN
compared to the initial amount of KSCN in the dispersions.
Moreover, the released KSCN after 24 h for sample NP[KSCN],
was raised by 38% in comparison with the sample containing
KSCN with the initial concentration of 0.1 M (NP[KSCN],).

This journal is © The Royal Society of Chemistry 2016
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indicate the molar concentration of the payload and X refers to the
addition of a crosslinker in the dispersed aqueous phase.

Reducing the burst release is also possible although it is not
suitable for sensing applications. Indeed, the addition of a
crosslinker reduced the intensity of the initial release gener-
ated by osmotic pressure (NPX[KSCN];). The NCs with KSCN
can then be used as optical sensors for the detection of cor-
rosion. Indeed, the color turned from pale yellow-white to red
when a solution of ferric ions was added to the dispersion of
the nanocontainers (see Fig. S7t). The nanocontainers can be
embedded in a protective coating deposited on metals by
the electrospinning technique, as was previously reported
for other types of nanocontainers containing corrosion
inhibitors.**”°

The control of the initial burst release generated by osmotic
pressure in the core is necessary for many biomedical appli-
cations. In fact, drug concentrations in vivo can reach near or
above the toxic level when the initial release rate is high. Fos-
carnet, which is an antiviral drug, blocks the pyrophosphate
binding site of the viral DNA polymerase at a concentration
that does not influence cellular polymerases.”" However, the
poor and variable absorption of foscarnet via oral adminis-
tration, because of a limited capacity or saturation of the phos-
phate transport system existing in the intestinal brush-border
membrane and its decomposition in acidic solution, limits its
usage.”” The encapsulation of foscarnet can overcome the
aforementioned limitations if the initial burst release is
avoided. Using a crosslinker decreased a part of the initial
burst of foscarnet from ~65% to 47%. Additionally, the
amount of released foscarnet from the NCs after 24 h for
sample NPX[foscarnet],,; was decreased by ~10% relative to
sample NP[foscarnet],, as a consequence of the crosslinker
addition (Table S31 and Fig. 4). Such a change in the release
properties can be considered as a step forward to achieve the
release of a drug at a predetermined rate in order to maintain
a constant drug concentration for a specific period of time
release.

This journal is © The Royal Society of Chemistry 2016
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Conclusions

In conclusion, the release of hydrophilic payloads from NCs
was controlled by varying the osmotic pressure in the core. To
investigate the effect of osmotic pressure on the ratio of the
initial burst release to diffusive release, we determined the
release profiles for different payloads. The results indicate that
the initial release of the payloads from NCs was significantly
dependent on the concentration of osmotic pressure agents.
The analysis showed a non-linear correlation between the
release of the dye and the concentration of the co-encapsulated
salts. Further measurements revealed that the responsible
mechanism for the observed differences between the release
profiles of the dye from the NCs loaded with osmotic pressure
generating species (i.e. the salts) and non-loaded ones is the
swelling of NCs. Note that the concentration of the dye was
kept as low as 0.1 M so that its influence on osmotic pressure
is not significant. The addition of a small amount of cross-
linker showed that it is possible to hamper the initial burst
release generated by osmotic pressure. This study shows that
different release profiles can be programmed via the control of
osmotic pressure for various applications such as biomedicine
or corrosion protection. Burst release can be turned into an
advantage for the acceleration of payload release or one can
take advantage of diminishing the burst release by changing
the physicochemical properties of NC membranes for decreas-
ing release kinetics. The osmotic pressure-dependent release
of payloads from hydrophilic cores without the use of stimu-
lus-responsive units can be potentially applied for self-healing
materials and drug-delivery.

Experimental
Materials

2-Nitrophenol sodium salt was purchased from Santa Cruz Bio-
technology, Inc. 1,4-Diaminobutane (>98.0) and phosphono-
formic acid trisodium salt hexahydrate (foscarnet) (>98.0) were
purchased from Alfa Aesar. Potassium chloride (KCl) (>99.0),
calcium chloride (CaCl,) (>96.0), and potassium thiocyanate
(KSCN) (>99.0) were purchased from Sigma Aldrich. 2,4-
Toluene diisocyanate (TDI) and cyclohexane (>99.9) were pur-
chased from Sigma Aldrich. The surfactant Lubrizol U was
supplied from Lubrizol Ltd. The potassium, calcium, and
phosphorus standard solutions for ICP-OES were purchased
from AppliChem GmbH, Chem-Lab NV, and Fisher Scientific
respectively. All chemicals or materials were used without
further purification. Distilled water was used through all the
experiments if not specifically mentioned.

Preparation of the NCs

Polyurea nanocapsules (NCs) were synthesized via interfacial
polyaddition reaction using the inverse miniemulsion tech-
nique according to the procedure explained previously*® with
slight changes as described in this section. Briefly, aqueous
phases consisting of KCl, CaCl,, 1,4-diaminobutane, and
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2-nitrophenol sodium (see Table S1}) with a total volume of
1.3 g were prepared. 100 mg of the surfactant Lubrizol U was
dissolved in 7.5 g of cyclohexane and mixed with the pre-
viously prepared aqueous solution. The obtained emulsion
was stirred over 1 h at room temperature and then ultrasoni-
cated for 180 s at 90% amplitude in a pulse regime (20 s soni-
cation, 10 s pause) using a Branson Sonifier W-450-Digital and
a 1/2" tip under ice cooling. A solution consisting of 2.5 g of
cyclohexane and 262 mg of TDI was added dropwise to the pre-
viously prepared miniemulsion. The reaction proceeded for
24 h at RT under stirring. Afterwards, the nanocapsules were
transferred into an aqueous phase using the following pro-
cedure: 1 g of the nanocapsule dispersion in cyclohexane was
mixed with 5 g of aqueous sodium dodecyl sulfate (SDS) solu-
tion (0.3 wt%) under mechanical stirring for 24 h at room
temperature. The same synthesis procedure was used for the
preparation of NCs with different chemical compositions for
the aqueous phases (see Tables S1 and S37).

Release experiments

The investigations on the release of polyurea NCs were carried
out by dialysis. For each sample, dispersions of NCs (5 mL)
were placed inside a dialysis bag (MWCO 14 000) and then
immersed into 195 mL of an aqueous medium with a pH
value of 7.4. After a given time, 5 mL of the solution outside
the dialysis bag was taken out followed by the addition of an
equal amount of fresh solution to keep the amount constant.
The amount of the released 2-nitrophenol sodium salt was
measured by UV-Vis spectroscopy. A calibration curve was also
drawn by measuring a series of 2-nitrophenol sodium salts
with known concentrations. The release of co-encapsulated
potassium chloride and calcium chloride out of NCs was also
quantified by ICP-OES. By measuring a series of potassium ion
solutions, calcium ion solutions, and phosphorus ion solu-
tions with known concentrations, the calibration curves for
potassium chloride, calcium chloride, and foscarnet were
drawn.

Analytical tools

The prepared NCs were characterized by TEM, SEM, DLS,
while UV-Vis and ICP-EOS were used to measure the release of
2-nitrophenol sodium salt, potassium chloride, and calcium
chloride (see the ESIY).
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