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The development of functional nanocarriers with stimuli-responsive properties has advanced tremendously
to serve biomedical applications such as drug delivery and regenerative medicine. However, the
development of biodegradable nanocarriers that can be loaded with hydrophilic compounds and ensure
its controlled release in response to changes in the surrounding environment still remains very
challenging. Herein, we achieved such demands via the preparation of agueous core nanocapsules using
a base-catalyzed interfacial reaction employing a diisocyanate monomer and functional monomers/
polymers containing thiol and hydroxyl functionalities at the droplet interface. pH-responsive
poly(thiourethane—urethane) nanocarriers with ester linkages were synthesized by incorporating
polycaprolactone diol, which is susceptible to hydrolytic degradation via ester linkages, as a functional
monomer in the reaction formulation. We could demonstrate that by systematically varying the number
of biodegradable segments, the morphology of the nanocarriers can be tuned without imparting the
efficient encapsulation of hydrophilic payload (>85% encapsulation efficiency) and its transfer from
organic to aqueous phase. The developed nanocarriers allow for a fast release of hydrophilic payload

Received 23rd August 2018 that depends on pH, the number of biodegradable segments and nanocarrier morphology. Succinctly
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1. Introduction

Polymeric nanocarriers, such as nanoparticles and nano-
capsules, have enormous potential within various domains of
nanomedicine (e.g. drug delivery, imaging, and sensing).* On
the one hand, they offer unlimited possibilities for the encap-
sulation of several useful compounds, ranging from hydro-
phobic and/or hydrophilic drug molecules to imaging and
contrast agents.** On the other hand, the functional groups on
the nanocarrier surface allow for incorporating molecules to
impart specific targeting functionalities and to prevent unspe-
cific uptake by cells of the immune system (such as macro-
phages) by imparting the stealth effect.**” To employ
nanocarriers as advanced drug delivery vehicles, the former
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morphology, using interfacial reactions in the inverse miniemulsion process, by controlling the number
of degradable segments to adjust the release profile depending on the type of application envisaged.

should be biocompatible, protect its payload from the external
environment (in vivo degradation), possess target-specificity,
and enable controlled release of the payload.®*** Additionally,
nanocarriers that can adapt to complex microenvironments and
can respond dynamically in order to release their cargo are
highly desired.”> Therefore, the design of nanocarriers with
tailor-made functional properties is highly envisaged for the
development of advanced drug delivery systems.
Stimuli-responsive nanocarriers that respond to defined
triggers (such as pH, temperature, enzymes, light and redox
species) have gained enormous interest because they aid in
“release on demand”.»*** Since variations in pH exist within
different physiological environments - different organs, tissues,
and cellular compartments possess mostly different pH values,
as well as differences between normal and abnormal (cancer,
inflammation) pathological conditions - developing nano-
carriers that respond to the pH of the local environment is
highly attractive.**® For this purpose, pH-responsive nano-
carriers exploiting a release profile stimulated by the intracel-
lular acidic environment (pH ~ 5.5-6.0 and pH ~ 4.5-5.0 in
endosomes and lysosomes, respectively) and suppressed in the
systematic circulation at physiological pH of 7.4 are of special
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interest.">” In general, polymeric nanocarriers can be made pH-
responsive by incorporating linkages that are prone to hydro-
lytic cleavage or by introducing ionizable groups (acidic/basic)
that can cause conformational changes/swelling/deswelling or
solubilization of the polymer chains.

Biodegradable polymers to develop drug delivery vehicles
have been extensively investigated for several decades since they
can be hydrolyzed or enzymatically cleaved to form products
that are metabolized or excreted under physiological condi-
tions. To this extent, biopolymers and their derivatives (e.g
gelatin, peptides, carbohydrates such as oligo- and poly-
saccharides and their modified derivatives) have been used to
develop biocompatible nanocarriers.>*®' Furthermore, the
synthesis of nanocarriers from biodegradable polymers (for
instance the saturated polyesters poly(lactide), poly(lactide-co-
glycolide) and poly(e-caprolactone)) have been widely investi-
gated owing to their biocompatibility and low toxicity in
vivo.”>** Previously, it has been investigated that their degra-
dation rates depend on several parameters such as their
chemical structure, water permeability (hydrophilicity/
hydrophobicity), morphology and molecular weight.>*?**2°
Among the aliphatic polyesters, poly(e-caprolactone) (PCL) -
a hydrophobic and semi-crystalline polymer that has been
widely used in biomedical applications - has successfully
demonstrated a slow release of drugs at tumor sites.>**” Despite
the slow degradation and resorption rates of PCL,”® PCL
copolymers and modified derivatives have shown improved
degradation properties.>*

Polymeric nanocarriers can be synthesized by a wide variety
of methods, among which nanoprecipitation, coacervation,
layer-by-layer assembly and (micro-, mini-) emulsion polymeri-
zation techniques.*'** However, the high encapsulation effi-
ciency of both hydrophobic and hydrophilic substances
employing different polymeric matrices and its versatility (it
allows for executing different polymerization reactions) renders
the miniemulsion process a preferred synthesis method.***
Compared to hydrophobic substances, encapsulating hydro-
philic substances has been shown to be very challenging to
establish applications in an aqueous environment. This can be
attributed mainly to the specific chemical structure of biode-
gradable aliphatic polyesters, which makes it challenging to
encapsulate hydrophilic substances using oil-in-water emul-
sions.** However, alternative approaches, such as double
emulsions (w/o/w), to encapsulate hydrophilic substances have
been explored in the past. The readers are referred to a review
for an overview of other approaches.’” In here, the inverse
miniemulsion approach offers an advantage by performing the
encapsulation of hydrophilic cargo initially in an organic
solvent after which the nanocarriers are transferred into an
aqueous phase.***® Previously, successful encapsulation of
hydrophilic substances has been shown by using nano-
precipitation processes or interfacial reactions such as step
growth, radical or anionic polymerization in the inverse mini-
emulsion process.**™**

Recently, we reported on a versatile approach that allowed for
the efficient encapsulation of hydrophilic payloads via an in situ
inverse miniemulsion thiol-

polymerization employing
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isocyanate reactions at the droplet interface.*” Nanocarriers with
thiourethane functionality were successfully formulated at room
temperature using a base catalyst and by employing different
stoichiometric ratios of 1,4-butanedithiol (BDT) and toluene
diisocyanate (TDI) as bifunctional monomers. Additionally,
pentaerythritol tetra-3-mercaptopropionate (PETMP), a multi-
functional crosslinker monomer, was used to impart potential
post-surface grafting possibilities to the nanocarriers. In addi-
tion, the dispersions were easily transferable to the aqueous
phase. In general, nanocapsule morphology allows for a large
aqueous core to polymer ratio; hence encapsulation of larger
amounts of cargo is more feasible compared to its bulk particle
counterparts. Since the physicochemical property of the nano-
carrier shell can be varied in order to impart interesting func-
tionalities by the choice of precursor materials, herein we report
on the synthesis of biodegradable poly(thiourethane-urethane)
nanocarriers with ester linkages that can be used for controlled
release of the encapsulated hydrophilic cargo in response to a pH
stimulus. To achieve this objective, polycaprolactone diol (PCLD)
is used as a functional starting material in the formulation along
with monomer units containing thiol and isocyanate groups
(Scheme 1). The incorporated PCLD segments in the shell render
the polymeric nanocarrier susceptible to hydrolytic degradation
via ester linkages. To our knowledge, we are the first one to
document about the synthesis of functional thiourethane/
urethane nanocapsules using PCLD as functional monomer.
Here, it should be noted that PCL microspheres and films have
shown large benefit to be used in slow degradation applications
in the past.*** Our system is distinct as we are focusing on
nanocarriers that possess a high surface to volume ratio as
compared to larger (micro-)structures and possibly a different
release profile. As the reaction is performed at room temperature,
encapsulation of sensitive payloads, such as biomolecules and
drugs, is feasible. The influence of the amount of biodegradable
segments on the nanocarrier morphology as well as the release of
the encapsulated materials was investigated. The time-
dependent release of the payload as a function of pH was
systematically investigated using the hydrophilic dye rhodamine
B. As the nanocarriers are intended for drug delivery applica-
tions, the biocompatibility of the nanocarriers was also tested.
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Scheme 1 A schematic representation of the reaction mechanism
between (a) hydroxyl and isocyanate groups, and (b) thiol and isocy-
anate groups. Both reactions are executed in the presence of a base
catalyst. R = PCLD; R” = BDT or PETMP.
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2. Experimental
2.1 Materials

Chemicals and solvents were purchased from commercial
suppliers. Cyclohexane (>99.5%), 1,8-diazabicyclo[5.4.0Jundec-
7-ene (DBU) (>99.0%), 1,4-butanedithiol (BDT) (>97%), pen-
taerythritol tetra-3-mercaptopropionate (PETMP), toluene dii-
socyanate (TDI) (95%), polycaprolactone diol (PCLD) (average
molecular weight ~ 530 g mol~"), rhodamine B (98%), triton X-
100 and paraformaldehyde (PFA) were purchased from Sigma
Aldrich. Potassium chloride (KCl), dimethyl sulfoxide (DMSO),
penicillin/streptomycin (P/S) and sodium dodecyl sulphate
(SDS) were obtained from Merck. The surfactant Hypermer
B246 (a block copolymer containing polyhydroxystearic acid
and poly(ethylene glycol))*** was kindly supplied by Croda
Europe Ltd. Minimum essential medium (MEM, containing
HEPES and GlutaMAX supplement) was obtained from Thermo
Fisher Scientific. Iscove's Modified Dulbecco's Medium
(IMDM), Dulbecco's Modified Eagle’s medium (DMEM), fetal
calf serum (FCS), mouse monoclonal anti-a-tubulin antibody,
Alexa Fluor® 488 Donkey Anti-Mouse IgG (H + L) antibody and
4’ ,6-diamidino-2-phenylindole (DAPI) were bought at Life
Technologies. The 1x phosphate buffered saline (PBS) was
purchased at Lonza. Bovine serum albumin (BSA) was bought
from US Biological and 15 p-slide 8 wells were bought at Ibidi.
The culture plates and dark plates were obtained at Greiner Bio
One. HeLa cells (CCL-2) were purchased from ATCC. Water
obtained from Sartorius Stedim Biotech machine was used
during all experiments.

2.2 Synthesis of biodegradable nanocarriers

The nanocarriers containing hydrophilic payload were prepared
by an in situ reaction between different monomers at the droplet
interface employing the inverse miniemulsion process. For all
reactions, the continuous phase was made by heating 10 g of
cyclohexane and 200 mg of Hypermer B246 at 60 °C until the
surfactant was fully dissolved. An aliquot of 2.5 g was taken
from the continuous phase for the additive phase. The
dispersed phase contains various amounts of 1,4-butanedithiol
and polycaprolactone diol; 0.35 g of 1 M KCl salt solution, 0.50 g
DMSO and 2.0 mg of rhodamine B. The mixture containing the
continuous phase was stirred at room temperature for 1 hour at
1000 rpm. Subsequently, it was sonicated using a Branson
450 W digital sonifier (1/4” tip) for 3 min (30 s pulse; 20 s pause)
with an amplitude of 65%, while cooling the sample in an ice
bath. An equimolar amount of TDI with respect to monomers
1,4-butanedithiol and polycaprolactone diol along with DBU
(thiol/DBU molar ratio 1 : 100) was added to the additive phase.
The additive phase was then dropwise introduced to the
emulsion and left for stirring at room temperature for 4 hours.
Finally, the emulsion was passed through a paper filter (What-
man, pore size 4-7 pm) to separate any bulk product formed
from the particulate dispersion. The dispersions were then
directly used for various characterizations. The redispersion of
nanocapsules in the aqueous phase was performed by mixing
1.0 g of the synthesized nanocapsules/cyclohexane dispersion
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with 10 g of SDS water solution (0.1 wt% SDS) and stirred at
1000 rpm for 1 hour at room temperature. The resulting mixture
was subjected to ultrasonication for 5 min in an ultrasonication
bath at 35 kHz. The cyclohexane was evaporated afterward from
an open container by stirring the mixture overnight at 1000 rpm
at room temperature. Finally, the aqueous dispersion was
passed through a filter paper to remove any bulk material/
aggregates formed before further use in experiments. To
remove excess surfactant, the redispersed samples were dia-
lyzed multiple times using Millipore membrane tubes by
centrifugation at 4 °C for 20 min at 2000 rpm. A schematic
representation of the synthesis procedure has been included in
the ESI (Scheme S1).1

2.3 Determination of theoretical and experimental solid
content

The experimental solid content of the dispersion was deter-
mined thermogravimetrically. To calculate the theoretical solid
content, the weight of KCI solution and DMSO in the dispersed
phase is taken into account and it was assumed that all
monomers used in the reaction are fully converted.

2.4 Dynamic light scattering (DLS)

The average size and size distribution of the nanocarriers were
measured at 20 °C by DLS using a Brookhaven instruments
Zetapals.

2.5 Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-IR)

Fourier-transform infrared (FT-IR) spectra are reported in
wavenumbers (cm ') and were recorded using a Bruker Tensor
27 Fourier transform IR spectrometer in transmission mode.

The spectral region was analyzed from 4000 cm ™" to 600 cm ™.

2.6 High-resolution solid-state nuclear magnetic resonance
spectroscopy (NMR)

The solid-state carbon-13 CP/MAS NMR measurements were
performed using methods similar to protocols described
elsewhere.**** For the material composition analysis, solid-
state carbon-13 CP/MAS NMR spectra were acquired on an
Agilent VNMRS Direct Drive 400 MHz spectrometer (9.4 T wide
bore magnet) equipped with a T3HX 3.2 mm probe dedicated
for small sample volumes and high decoupling powers. Magic
angle spinning (MAS) was performed at 12.7 kHz with ceramic
rotors of 3.2 mm in diameter (34 pl rotors). Both probe
(20 I min~") and upper-barrel (30 l min ") cooling were used to
limit sample heating during the experiments. The aromatic
signal of hexamethyl benzene was used to determine the
Hartmann-Hahn condition (w1 = YuBin = YcBic = wic) for
cross-polarization (CP), and to calibrate the carbon chemical
shift scale (132.1 ppm). Acquisition parameters used were the
following: a spectral width of 50 kHz, a 90° pulse length of 2.5
us, a spin-lock field for CP of 100 kHz, a contact time for CP of
1 ms, an acquisition time of 20 ms, a recycle delay time of 15 s

RSC Adv., 2018, 8, 36869-36878 | 36871
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and 1500-3000 accumulations. High power proton dipolar
decoupling during the acquisition time was set to 100 kHz.

2.7 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) images of the nano-
carrier dispersions were obtained using a TECNAI Spirit TEM
from FEI, operating at an accelerating voltage of 120 kV to
characterize the nanocarrier morphology. A drop of the nano-
carrier aqueous dispersion (solid content of about 0.01 wt%)
was drop-casted onto a carbon coated copper grid (formvar foil
upon copper grids) and dried overnight under ambient condi-
tions. No additional staining was employed.

2.8 pH-dependent release kinetics

The pH-dependent release of the fluorescent dye (rhodamine B;
Aex = 554 nm and A.,, = 578 nm) from the nanocarriers as
a function of time was studied using fluorescence spectroscopy.
The release of dye was calculated with respect to the amount of
dye encapsulated for all the samples. As the nanocarriers are
insoluble, the amount of encapsulated dye of a sample was
obtained by determining the unencapsulated dye amount using
a previously reported procedure employing a reference
sample.* The latter was also used for determining the encap-
sulation efficiency of the samples. Briefly, for the reference
sample, the dispersion was prepared identically using the same
protocol as the rhodamine B containing respective nanocarrier
dispersion except for the absence of the dye in the formulation.
The obtained dispersion was redispersed in an aqueous SDS
solution containing an equal amount of rhodamine B taken in
the encapsulation experiment and then subjected to centrifu-
gation. The amount of unencapsulated rhodamine B was
assessed by measuring the difference in fluorescent intensities
between the supernatants collected after centrifugation
(6000 rpm, 30 min, 4 °C), from the reference and the respective
samples. Triplicate measurements were performed, and an
average was taken. The encapsulated amount is then calculated
for each sample and then taken as 100% for the release studies
for the respective samples.

At physiological temperature (37 °C) the concentration of
released rhodamine B from the capsules was determined with
a fluorescence spectrometer after definite time intervals (up to
30 h) at different pH (4.0, 6.5 and 9.0). For this purpose, the
redispersed samples were first adjusted to pH 6.5 and 4.0 with
hydrochloric acid (0.1 M) or with sodium hydroxide (0.1 M) to
PH 9.0, and then placed for incubation at a temperature of
37 °C. Here, different redispersed nanocarriers solutions were
centrifuged (6000 rpm, 30 min, 4 °C), and the capsule pellet was
separated from the supernatant. Then, the emission spectrum
of the supernatant was measured at room temperature after
dilution using deionized water (pH > 6 after dilution). The
percentage of the released dye after a certain time period was
calculated with respect to the respective encapsulation amount
as mentioned above. Triplicate measurements were performed,
and an average was taken.
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2.9 Biocompatibility study using Alamar Blue assay

Alamar Blue assay measurements were performed using
methods similar to a protocol described elsewhere.**** HeLa
cells were grown in DMEM medium (supplemented with 10%
FCS and 1% penicillin/streptomycin) to 80% confluency in a flat
bottom 96-well plate at 37 °C and 5% CO,. After washing with
1x PBS, 100 pl of the desired concentration range (10, 50 and
100 pg mL™") of nanocapsules in phenol red poor supple-
mented IMDM medium was added. Also, a positive (only sup-
plemented IMDM medium) and negative control (100% cell
death - 1 : 9.1 dilution in the supplemented IMDM medium of
1 ¢ SDS in 10 mL ultrapure water solution) were included and
a total of six wells was taken per condition. After 24 h incubation
at 37 °C the medium was discarded and the cells were washed 3
times with 1x PBS. Next, 100 pl of a 10% Alamar Blue solution
in supplemented IMDM medium was added and left to incubate
for 24 h. The resulting solution was transferred to an opaque-
walled dark 96-well culture plate after which the fluorescence
was measured at A.,, = 590 nm, while being excited at Aex =
570 nm, (FLUOstar OPTIMA). The experiment was executed in
triplicate.

3. Results and discussion
3.1 Synthesis of nanocarriers

To establish a system for the efficient encapsulation and
selective release of hydrophilic payload upon changes in the
physiological environment, we designed and synthesized pH-
responsive nanocapsules using PCLD as functional monomer
within the formulation procedure. The well-defined aqueous
core poly(thiourethane-urethane) nanocarriers with ester link-
ages were obtained via an interfacial polyaddition reaction of
various molar ratios of BDT and PCLD to TDI using the inverse
miniemulsion technique. In presence of a base catalyst (for this
purpose DBU was used), strong nucleophilic thiolate and
hydroxyl ions are generated that react in an equimolar ratio with
the electron deficient carbonyl carbon of the isocyanate end
group to form thiourethane and urethane linkages, respectively.
In order to impart post-surface grafting possibilities to the
nanocarriers, a multifunctional crosslinker monomer (a fixed
amount of PETMP) was also used in all reactions. To ensure the
stability of the obtained nanocarrier dispersion, in the
dispersed phase a salt solution was used to build up an osmotic
pressure of the droplets in the hydrophobic phase, as well as
a fixed amount of oil-soluble block copolymer surfactant
Hypermer B246 (2.0 wt% with respect to the dispersed phase).
For all formulations used, the stability of the resulting disper-
sions was first checked optically for any visible phase separation
after which the samples were directly used for further charac-
terization. The colloidal stability, size, and polydispersity index
(PDI) of the samples were studied using dynamic light scat-
tering (DLS). The reaction efficiency was evaluated thermogra-
vimetrically by determining the solid content of the obtained
dispersion. Chemical analyses of the insoluble products were
performed using attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR) and high resolution solid-

n
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Table 1 Size, PDI and solid content of the synthesized nanocarriers
Expt. solid Theo. solid

Sample” Dispersed phase monomer(s) Additive phase Size (nm)/PDI content content
1 4 mmol BDT, 0.2 mmol PETMP 4.2 mmol TDI, DBU 185/0.05 14.6% 16.5%
2 3.6 mmol BDT, 0.4 mmol PCLD, 4.2 mmol TDI, DBU 199/0.06 16.8% 17.5%

0.2 mmol PETMP
3 3.2 mmol BDT, 0.8 mmol PCLD, 4.2 mmol TDI, DBU 206/0.11 18.1% 19.0%

0.2 mmol PETMP
4 2.8 mmol BDT, 1.2 mmol PCLD, 4.2 mmol TDI, DBU 213/0.16 19.4% 20.3%

0.2 mmol PETMP
5 2.0 mmol BDT, 2.0 mmol PCLD, 4.2 mmol TDI, DBU 164/0.07 21.9% 23.4%

0.2 mmol PETMP

“ All the samples were prepared at room temperature and cyclohexane was used as a continuous phase.

state "*C nuclear magnetic resonance (NMR).*>** The charac-
teristics of the synthesized nanocapsules, i.e. average size, size
polydispersity (PDI) and solid content are summarized in Table
1. From DLS results, it was observed that most of the synthe-
sized nanocapsules possess hydrodynamic diameters ranging
between 160 and 215 nm in cyclohexane. From the values ob-
tained, a direct relationship between the size and amount of
PCLD used in the reaction can be observed up to a concentra-
tion of 1.2 mmol of PCLD; the size of the nanocapsules (sample
1-4) increases with increasing amounts of PCLD used for
synthesis. Moreover, the PDI value gradually rises with
increasing amount of PCLD. The larger size can possibly be
attributed to the chemical structure of PCLD, which is a larger
and flexible molecule compared to the other linear bifunctional
monomers that were used. With two different competing reac-
tions, unclear at this moment, one cannot exclude the role of
a sterically large molecule on the interfacial polymerization
reaction itself which might also affect the size and PDI.

Surprisingly, sample 5 (which contains 1:1 BDT and
a higher amount of PCLD) is relatively smaller in size. This
discrepancy in the trend will be explained in the text later.
Overall, the sizes observed here are comparable and similar to
values previously reported for polythiourethane and poly-
urethane capsules.”»* The experimental solid content, which
refers to the solid content of the nanoparticle dispersion con-
taining only particulates, excludes any large aggregates/bulk
materials formed during the reaction. The theoretical solid
content refers to the calculated solid content of the nanoparticle
dispersion upon complete conversion of all monomers added
during the reaction. As expected, the value of the solid content
increases with higher amounts of PCLD used. Moreover, the
measured solid contents are in agreement with previous values
reported for thiourethane-based nanocapsules.*

3.2 Chemical characterization of nanocarriers

The overall success of the thiol-NCO and hydroxyl-NCO reaction
is determined by the presence of the thiourethane and urethane
groups in the product.® The strong evidence provided by the
ATR-IR spectra obtained from air-dried samples from the
cyclohexane phase confirms the successful formation of thio-
urethane and urethane linkages (Fig. 1). The complete spectral
range for all samples in Table 1 is presented in Fig. S1.7 The

This journal is © The Royal Society of Chemistry 2018

characteristic peaks for isocyanate, thiol and hydroxyl groups
(2280 cm™" to 2270 ecm™', 2556 cm ™' to 2400 cm ' and
3446 cm ' to 3558 cm ', respectively) have disappeared after
the product formation.*” The presence of the thiourethane peak
at 1675 cm ™' in Fig. 1 indicates the successful reaction between
the diisocyanate and the thiol moieties,* while the presence of
N-H bending bands at 1529 cm™ " and a carbonyl group (C=0)
stretching transmittance at 1725 cm ™' for urethane indicates
the successful reaction between the diisocyanate and the
hydroxyl moieties of PCLD.* The ester carbonyl group (C=O0)
stretching transmittance of PCLD is also present at 1730 cm ™"
along with the urethane carbonyl group. Moreover, it can be
observed for sample 1 that the thiourethane peak becomes
broadened due to the presence of urea at 1640 cm ™ *.** The latter
is formed as a result of the reaction between the amine (formed
by isocyanate-water side reactions) and the isocyanate groups,
as has been reported previously.*

On the contrary, in samples 2-5 this characteristic peak is
not observed. Interestingly, it seems like the presence of PCLD
monomer inhibits the urea formation (sample 2-5) which can
be attributed to one or a combination of the following reasons:
(i) the presence of the hydrophobic PCLD molecules at the
interface can possibly hinder the interaction between the
isocyanate groups and water molecules in the dispersed phase;
(ii) urea formation is only a secondary reaction where the

=
c
=
£
&
< sample 1
§ — sample 2
£ sample 3
2 sample 4
[ ——sample 5
T T T T
1500 1600 1700 1800 1900 2000

wave number(cm™”)

Fig. 1 Transmission FT-IR spectra indicating the presence of thiour-
ethane and urethane in all synthesized nanocarriers (sample 1-5).
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Fig. 2 High-resolution solid-state *C NMR data demonstrating the
presence of thiourethane for sample 1 (a) and both thiourethane and
urethane for samples 2 (b), 3 (c), 4 (d) and 5 (e) (see Table 1).

former should compete with the primary reactions resulting in
thiourethane and urethane formation.

Chemical composition analysis by solid-state '*C NMR of
samples 1-5 are presented in Fig. 2. Here, the methyl group
originating from the diisocyanate is assigned to the peak at
17 ppm. The peak around 62 ppm can be assigned to ether
functionalities of PCLD and the peak at 70 ppm originates from
the alcohol and ether functionalities of the surfactant (Hyper-
mer B246) which is a block copolymer consisting of poly-
hydroxystearic acid and polyethylene glycol moieties.** The
peaks ranging from 140 ppm to 110 ppm are attributed to the
carbons of the aromatic ring of TDI. The ester carbonyl carbon
originating from PCLD is assigned to the peak at 173 ppm. As it
can be observed, the intensity of the peak increases gradually
with increasing amount of PCLD monomer. The well-defined
intense peak at 166 ppm confirms the successful formation of
thiourethane via the reaction between the diisocyanate and the
thiol moieties.*® And the peak at 154 ppm corresponds to
urethane formed by the successful reaction between the diiso-
cyanate and the hydroxyl moieties of PCLD.*® Concomitantly,
the intensity of the peak at 154 ppm gradually increases with
increasing amount of PCLD monomer, which indicates an
increasing amount of urethane that is formed.

The solid-state NMR results together with the FT-IR data
thus confirm the successful incorporation of PCLD moieties in
the different synthesized samples.

3.3 Morphology studies using TEM

The morphology of the nanocarriers was studied using TEM.
The size distribution observed in the TEM images (Fig. 3) for all
samples are comparable to the size measurements using DLS.
TEM micrographs of samples 1-4 illustrate a clear core-shell
nanocapsule morphology. The average shell thicknesses are 27
+6nm, 38 £ 8nm, 55+ 12 nm and 79 + 17 nm for samples 1, 2,
3 and 4, respectively. It was observed that with increasing
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Fig. 3 TEM images of samples 1 (a), 2 (b), 3 (c), 4 (d) and 5 (e) from the
organic phase. Image (f) is obtained from sample 3 after redispersion in
water. Scale bar corresponds to 250 nm.

amount of PCLD monomer, the thickness of the capsule shell
increases (Fig. 3b-d). Since the TEM grids were prepared by air-
drying small amounts of the nanoparticle dispersion (executed
overnight), the size measurements via TEM are subjected to
small errors because the nanocapsules are slightly deformed
due to the drying process. The size distributions obtained for
different samples are presented in Fig. S2f and it can be
observed that the size distribution gets relatively broader, which
reflects the same trend as observed in DLS measurements.
However, for the highest amount of PCLD incorporated (sample
5) the nanocarriers adopt a compact solid nanoparticle
morphology (Fig. 3e). As the reaction at the interface is critically
dependent on the solubility of the precursor materials in the
respective solvents and the interfacial tension between the
different phases, the morphology and the size of the nano-
carrier can be affected by the reaction conditions where the
nature and the amount of used precursor materials can have
a significant impact.*” This result is in agreement with DLS
results in which the size measured for sample 5 is lower as
compared to the other samples (1-4) that possess a nanocapsule
morphology. To be useful for biomedical applications, the
synthesized nanocapsules have been transferred from the
cyclohexane phase to the aqueous phase. Since the other set of
samples analogous to the ones listed in Table 1 will be dis-
cussed in the following sections where further studies in the
aqueous phase were executed, in here only the characterization
of sample 3 (from Table 1) after redispersion is presented. The
redispersion process involves replacement of the organic
solvent by water. The block copolymeric surfactant provided the
colloidal stability of the nanocarriers in the cyclohexane phase.
However, the former is not suitable for providing the colloidal
stability in the aqueous phase. Therefore, in order to reduce the
interfacial tension for the nanocarriers in the aqueous phase,
a second surfactant (anionic surfactant, SDS) is added to the
aqueous phase. The trend in the nanocarrier size and size
distribution before and after redispersion in the respective
phases confirms that the redispersion process was successful.
The redispersed aqueous nanocapsule dispersion was colloidal
stable, whereas the measured hydrodynamic diameter
increased. The average size measured was 281 nm with a PDI
value of 0.19, demonstrating an increase in the size of about
75 nm compared to the value measured in the organic

This journal is © The Royal Society of Chemistry 2018
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cyclohexane phase. This size increase after redispersion is ex-
pected due to the hydration of the hydrophilic part of the block
copolymeric surfactant in the aqueous phase.** Importantly,
Fig. 3f clearly illustrates that the nanocapsules (sample 3) are in
fact intact after the redispersion. Overall, the results from DLS
and TEM characterization clearly confirm the formation of
stable aqueous dispersions and intact nanocapsules, respec-
tively. Interestingly, our method describes an elegant interfacial
reaction to synthesize pH-responsive nanocapsules and tune
their morphology based on the amount of functional monomer
PCLD present in the reaction formulation.

3.4 pH-dependent release kinetics

Since the nanocarriers of samples 2-5 contain biodegradable
segments of ester linkages that are susceptible to hydrolytic
degradation, the time-dependent release of encapsulated water-
soluble fluorescent dye (hydrophilic payload) as a function of
pH was investigated. For these experiments, different nano-
carriers (samples 1'-5' (Table S17)) were synthesized using
rhodamine B (2 mg aqueous dye solution) as hydrophilic
payload using the same protocol as employed for the samples
listed in Table 1. The encapsulation efficiencies for all samples
were in the range of 88-93% (Table S21 provides more infor-
mation on the respective encapsulation efficiencies and loading
content). The loading achieved reflects the amount of the dye
included in the formulation. As the amount of dye was low with
respect to the amount of polymer added for the synthesis, the
loading content was also low. However, we wanted to show as
a proof of concept — with a dye as hydrophilic payload - that we
can achieve an efficient loading with respect to the initially
incorporated amount as the theoretical and the observed values
are in agreement. The encapsulation of hydrophilic compounds
is of particular interest when the final purpose of the nano-
carriers is envisaged for applications within a biological envi-
ronment. In contrast, most of the particles based on aliphatic
polyesters developed before (such as poly(lactic-co-glycolic
acid), PLGA, nanoparticles) allow mostly the encapsulation of
hydrophobic compounds.?”~*® Moreover, as compared to nano-
carriers prepared via self-assembly approaches, nanocarriers
synthesized by means of the miniemulsion process have shown
to allow for the highly efficient encapsulation of payload, while
preventing undesirable payload release as well as the sponta-
neous disassembly of polymer chains.?**°

In order to evaluate the optimal time period to evaluate the
pH-dependent release for all samples, sample 3’ was first tested
to investigate the time-dependent release of the encapsulated
dye rhodamine B as a function of pH using fluorescence spec-
troscopy. Because sample 1’ does not contain ester linkages, it
was considered as a negative control for the release studies.
Aliquots of the redispersed nanocapsule samples were first
adjusted to pH 6.5 and pH 4.0 with hydrochloric acid (0.1 M)
and with sodium hydroxide (0.1 M) to pH 9.0, and subsequently
placed in an incubator for well-defined periods at physiological
temperature (37 °C). Prior to evaluation by optical studies, the
size of the nanocarriers was also measured by DLS (Table S1t) in
order to evaluate the effect of pH on the nanocarrier stability
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and size. It was found that at 37 °C and for the different pH
conditions (4.0, 6.5 and 9.0) the capsule diameters and PDI
increased considerably with time. The capsule diameter at pH
6.5 was increased by about 50 nm from the initial diameter (281
nm) after 8 hours and the PDI value also increased from 0.14 to
0.34. A similar trend was observed for capsules treated at pH
9.0. The capsules exposed to acidic pH (pH 4.0) demonstrated
a massive change in their size (almost doubled) after 8 h, and
their size distribution was also broad with PDI > 0.50. In
contrast, the average size and PDI of the control capsules
prepared without PCLD (sample 1') remained almost
completely unchanged. Therefore, the obtained results clearly
demonstrate the disruption of the colloidal system that was
synthesized with PCLD. The time-dependent release profile of
rhodamine B at different pH conditions from sample 3’ are
depicted in Fig. 4a. It can be observed that the capsule shells
containing ester linkages (from PCLD), are labile and allow
degradation of the nanocarrier shell under physiological
temperature which results in a time-dependent release of the
encapsulated dye with the effect being most stark at acidic
conditions. The fluorescence spectroscopy measurements
correlate well with the results of the DLS measurements, and
confirm that the capsule shell degrades at a faster rate in acidic
conditions (pH 4.0, which demonstrates the strongest release
profile, and pH 6.5, as representative pH value for tumour
cells) as compared to basic conditions (pH 9.0). For all condi-
tions, however, a similar trend in release profile is observed
where over time (in here over a time of 30 hours) more dye is
being released. As next step, all samples were tested for pH-
dependent release after 8 hours and the respective release
profiles are summarized in Fig. 4b. A clear trend is observed for
the nanocapsule samples (2'-4"), in which the samples with
higher PCLD amounts demonstrate an increased dye release for
all pH values. For all samples (sample 2'-5'), the release of dye is
faster at acidic pH as compared to physiological and basic pH
values.

For all samples (sample 2'-5'), the release of dye is faster at
acidic pH as compared to physiological and basic pH values.
However, irrespective of the amount of PCLD, the rate of release
is slower from the nanoparticles (sample 5') as compared to the
nanocapsules thereby supporting the importance of nano-

carrier morphology on release properties. In case of
a b
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Fig. 4 (a) Release kinetics of rnodamine B from sample 3’ at different
pH values (pH 4.0, pH 6.5, and pH 9.0). (b) Percentage of rhodamine B
release from different nanocarrier samples (1'-5) at different pH
conditions after 8 hours.
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nanocapsules, the PCLD chains located in the shell are in
contact with the aqueous phase as compared to the chains in
the bulk of the solid particle. As the shell starts to undergo
hydrolytic degradation, more chains are exposed and degrada-
tion proceeds to the core of the particle. Therefore, the release
in case of the shell morphology is faster. It is also important to
consider the packing and the crystallization of the PCLD chains
as only less PCLD is present in the shell morphology as
compared to the solid particle morphology; the packing of the
chains in the latter might play a role in the slow release profile.*
All these observations clearly indicate a stimuli-responsive
mechanism for the release of dye that is evidently dependent
on pH, exposure time under degrading conditions and nano-
carrier morphology. In contrast to previous investigations on
PCL-based microspheres and films, we demonstrate here for the
first time that we can design nanocarriers based on PCL with
diol functionality that allow for a fast payload release of
hydrophilic compounds depending on the number of degrad-
able segments and the morphology of the nanocarriers (which
is usually not the case if polycaprolactone is used as a biode-
gradable polymer).**** As compared to other commonly used
biodegradable polymers such as polylactic acid, poly glycolic
acid, and poly(lactic-co-glycolic acid), polycaprolactone
degrades slowly due to the latter's hydrophobicity and crystal-
linity.®* However, based on the obtained results via our elegant
interfacial formulation procedure, we have shown that the
degradation profile can be tuned. Especially, based on the
morphology, which we could tune by the number of degradable
segments, different types of applications requiring tunable
release profile can be envisaged. For instance, whereas a nano-
capsule morphology offers a large aqueous core to polymer ratio
encapsulating a large payload, the bulk nanoparticle can be
used for applications envisaging high polymer content and
slower degradation.

3.5 Biocompatibility and proof of concept for cellular uptake

To validate the potential of the nanocarriers towards biomed-
ical applications, a biocompatibility test was performed of
sample 3 using HelLa cells (as a representative cell line for
cancerous cells) employing the Alamar Blue assay (Fig. S31). No
dose-response effect or significant cell toxicity (one-way ANOVA
P < 0.05) was observed for the tested concentration range (100
ug mL~") thereby demonstrating the biocompatibility of the
nanocarriers. To demonstrate cellular uptake, nanocarriers
encapsulating rhodamine B (sample 3') were incubated with
HeLa cells for 6 hours. The confocal microscopy image (Fig. S47)
illustrates successfully the internalization of the nanocapsules
by cells, already after an exposure time of 6 hours.

4. Conclusions

In summary, we have successfully developed biodegradable
nanocarriers encapsulating hydrophilic payload via the inverse
miniemulsion technique using a biodegradable polymer as
precursor material along with monomer units containing thiol
and isocyanate groups via in situ hydroxyl-NCO and thiol-NCO
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reactions at the droplet interface. The presence of thiour-
ethane and urethane functionalities, as well as the incorpora-
tion of biodegradable PCLD segments, was confirmed by FT-IR
spectroscopy and high-resolution "*C solid-state NMR spec-
troscopy. The morphology studies by TEM illustrated that the
nanocarriers exhibited a core-shell as well as compact solid
nanoparticle morphology depending on the amount of PCLD
monomer used. The release studies of the water-soluble fluo-
rescent dye rhodamine B, encapsulated at room temperature
with high efficiency, demonstrated a time-dependent release
profile for the different pH conditions evaluated. A clear trend
of dye release was observed for the different nanocapsule
samples in which an increased release for all pH values was
evidenced by increasing PCLD content. The ester linkage of
PCLD demonstrates a useful pH-sensitive degradation profile,
i.e. a faster degradation rate at acidic pH and the slower rate at
basic pH for all the samples. However, irrespective of the
amount of PCLD, the release rate is slower for the nanoparticles
compared to nanocapsules. This observation underpins the
importance of nanocarrier morphology on the release profile of
its cargo. Detailed cellular uptake and drug release studies are
currently in progress as a follow-up of these encouraging
results, thereby aiming for the development of smart advanced
drug delivery vehicles. In concise, our results successfully
demonstrate a stimuli-responsive mechanism for the release of
dye that depends on the pH, time period for the respective
degrading conditions and nanocarrier morphology. The devel-
oped system has a clear potential in opening new avenues
towards the development of advanced stimuli-responsive
nanocarriers.
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