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Magnetically Active Bicontinuous Polymer Structures for
Multiple Controlled Drug Delivery

Elisa Lacroce, Fabio Pizzetti, Nicolás M. Barbosa Urrego, Giuseppe Nunziata,
Maurizio Masi, and Filippo Rossi*

The targeted delivery of drugs using wireless navigable magnetic robots
allows the delivery of drug molecules to be controlled non only in time but
also in space, improving medical outcomes. The main disadvantages behind
their use lies in the low amount of drug that can be transported and the single
nature of drug that can be loaded (hydrophilic or hydrophobic). These
considerations limit their use in co-delivery systems, now recognized to be
very promising for many different pathologies. A magnetic bijel-like structure
is developed to load and release different types of molecules (hydrophilic and
hydrophobic). In this work, the use of 𝝐-caprolactone is explored, which can
polymerize, forming hydrophobic domains (oil phase). After mixing with iron
oxide nanoparticles (NPs), the water dispersion creates a magnetic biphasic
porous structure without phase separation. The resulting device shows good
performance both in magnetic actuation and as a drug delivery system.

1. Introduction

Routes for drug administration and their relative pharmacoki-
netics inside the body are among the most critical issues in
ultramodern medicine.[1,2] Indeed, the effectiveness of recently
developed pharmaceutical agents is strictly limited by traditional
administration strategies.[3,4] They are based on the non-selective
distribution of the active ingredient throughout the body, inter-
mediated by the bloodstream. The high clearance associated with
blood circulation and the consequent inefficient administration
of the active ingredient forces the use of higher amounts of
the drug, increasing costs and drawbacks for the patient.[5,6]

For this reason, recent advanced administration strategies are
aimed at guaranteeing targeted delivery. Drug molecules can
be released in controlled quantities accordingly and only in the
target organ, avoiding distribution across the whole body and
limiting the invasiveness of the therapy. Numerous varieties of
smart delivery approaches have been described in the recent
literature.[7,8] Many of them focus on nanostructures capable of
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traveling through the blood system until
they reach the target organ where the phar-
macological activity takes place. Such is
the case with delivery systems that con-
sider liposomes,[9] polymeric micelles,[10]

nanoparticles,[11] microspheres, and DNA
composite nanostructures.[12] However, de-
spite many good results in preclinical
studies, persisting doubts relate to tox-
icological aspects and reliable manufac-
turing procedures.[13,14] Other extremely
promising approaches to advanced targeted
drug delivery have recently been devel-
oped. One method focuses on controlled
release devices using wirelessly naviga-
ble robots.[15–17] Small-scale robots can be
guided toward the target organ inside the
human body for localized drug delivery.

Since they are designed for in vivo use, their locomotion strategy
is a crucial aspect. Indeed, among the different remote actuation
methods (light, chemical, or ultrasounds) that have been pro-
posed, magnetic actuation seems to be the most promising.[18–20]

A large number of functional micro- and nano-devices have
been presented in the literature covering operational fields such
as localized surgery, bacteria disinfection, cell delivery, and also
drug delivery.[21–23] Targeted delivery using magnetic-driven
microrobots can be done using different techniques based on
metals or metal-coated devices.[24–26]

The presence of an organic external layer (coating) creates
a drug reservoir for the controlled release of active molecules
loaded in[27,28] or linked to the external layer.[21] One of the main
drawbacks of this approach is that the amount of drug that can
be loaded is very low due to the external layer, which must be
very thin to avoid affecting the overall magnetic properties of
the device. On the other hand, only one type of drug molecule
can be loaded (hydrophilic or hydrophobic), and so their use
as co-delivery systems is impossible. Indeed, many different
diseases present a strong need to assess the co-delivery of mul-
tiple drugs to enable multitherapy that can work simultaneously
against different biochemical pathways.[29,30] As an example,
recent knowledge on diseases of the central nervous system
shows that devices capable of simultaneously releasing drugs
to different cell phenotypes, such as microglia, astrocytes, and
neurons, can help to improve medical outcomes.[31–33] With
respect to cancer therapy, it has also been demonstrated that
multitherapy is better than monotherapy in terms of efficacy and
safety.[34,35] We recently developed a tunable library of bijel-like
structures, biphasic porous structures capable of loading and
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Figure 1. a) Schematic illustration of the synthetic route used to produce Fe NPs; b) size analysis of Fe3O4 NPs using DLS; c) zeta potential of Fe3O4
NPs in water (black circles) and in PBS (red circle) using DLS; d) TEM images of Fe3O4 NPs (scale bar = 20 nm).

simultaneously releasing hydrophilic and hydrophobic
molecules.[36,37] These are bicontinuous structures where
hydrophobic polymer (oil) and water are present in similar
amounts and the final structure is retained and stabilized by
the presence of nanoparticles (NP) at the interface without
using surfactants.[38,39] In particular we propose the use of
𝜖-caprolactone (CL) as the oil phase, which, together with a bio-
compatible initiator (ethanol) and catalyst (triazabicyclodecene,
TBD) undergoes ring-opening polymerization, forming a poly-
mer that is hydrophobic as well. Then, at the proper time before
complete polymerization, iron oxide NP dispersion was added
with the consequent formation of a three-dimensional structure.
Here we study the formation of similar structures using iron
oxide nanoparticles that can add to the magnetic properties
of the system, making them promising tools for magnetically
driven drug delivery.

2. Results and Discussion

2.1. Preparation and Characterization of Fe3O4 NPs

The basic steps necessary to produce iron-based NPs are pre-
sented in Figure 1a. Production started with a growth solution,
NaOH was added, and finally recovered using an external magnet
as described in detail in the Experimental Section. The resulting
NPs were characterized in terms of X-ray diffraction (XRD) di-
mension, superficial charge, shape, and stability. The synthesized
NPs showed peaks at 2𝜃 values of 18.27°, 30.13°, 35.44°, 43.21°,
53.44°, 56.90°, and 62.65° related to the iron oxide (Fe3O4) pat-
tern. The crystal phase of Fe3O4 NPs matched with that of mag-
netite demonstrating a good crystallinity (Figure S1, Supporting
Information).[41] Dynamic light scattering (DLS) analysis showed

a mean dimension of about 15 nm (Figure 1b). Moreover, the de-
pendence of superficial charge on pH was studied in water and
a buffered solution (PBS, red circle). The trend in water showed
positive values at an acidic pH while negative charges were found
for pH values higher than 4 (Figure 1d). The value obtained in the
presence of PBS, which is typical of biomedical applications, is
≈−20 mV (red circle in Figure 1c), in accordance with previous
studies.[42] The difference between the value obtained in water
and in PBS at the same pH results from the presence of elec-
trolytes in PBS that partially screen the charges, reducing the
overall value. The dimension obtained from DLS analysis was
also confirmed by transmission electron microscopy (TEM) anal-
ysis that also showed the cubic shape of Fe3O4 NPs in accordance
with previous works (Figure 1d).[43,44]

2.2. Preparation and Characterization of Biphasic Porous
Structures

The preparation of the iron-based biphasic structure starts with
the polymerization of 𝜖-caprolactone, a hydrophobic monomer
that in bulk and in the presence of a catalyst and initiator rep-
resents the oil phase of this particular Pickering emulsion. Be-
cause bijels form a specific category of Pickering emulsions, the
stability of the final system is possible thanks to the presence of
nanoparticles present at the interface between the two immisci-
ble phases, obviating the need for surfactants. In previous stud-
ies, we optimized the procedure using hydroxyapatite NPs and
polyethylene glycol-polyethyleneimine NPs while here we inves-
tigate the possibility of using Fe3O4 NPs in the formation of these
systems.[36,45] Figure 2a shows a schematic representation of the
steps necessary to produce iron-based bijels. A syringe is used
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Figure 2. a) Schematic representation of the steps used for biphasic
porous structures production and the photo of the bijel obtained (in-
sert); b) GPC analysis of PCL in biphasic porous structures (blue line);
c) swelling ratio of a biphasic porous structures in PBS (pH 7.4).

to introduce 𝜖-caprolactone, which starts to polymerize at room
temperature in bulk conditions. The syringe was mixed using a
shaker (details in Experimental Section) for an optimized amount
of time before an aqueous dispersion of Fe3O4 NPs was dropped
into the system, leading to the formation of a biphasic structure.
This optimization is necessary to obtain a final solid structure
and not a phase-separated liquid system. Indeed, the early ad-
dition of the aqueous dispersion of NPs inhibits polymerization
while late addition does not guarantee interpenetration of the two
phases. Both situations lead to phase separation between the oil
and aqueous phases.

At the end of the procedure, the biphasic system is removed
from the syringe without water loss as visible in Figure 2a insert
and Figure S2 (Supporting Information). All the samples showed
high stability at 37 °C without breakage (data not shown). This
temperature is typical of biological tissues, making these devices
desirable for biomedical applications.[46,47] The resulting polymer
was then dissolved in tetrahydrofuran (THF) and analyzed with
gel permeation chromatography (GPC) (Figure 2b) to understand
the impact of Fe3O4 NPs on the polymerization of 𝜖-caprolactone.
Similar to other studies, we see that the presence of NPs only par-
tially affects the formation of the polymer.[36] Indeed the number-
averaged molecular weight is ≈1600 g mol−1, the weight-averaged
molecular weight is ≈2600 g mol−1 and the polydispersity index is
1.62. In contrast with hydrophobic matrices, the final bijel shows
an ability to retain water without dissolving. This property is typ-
ical of hydrogels, hydrophilic networks known as swelling behav-
ior, which can be seen in Figure 2c. The bijel samples showed su-
perabsorbent characteristics with a swelling equilibrium reached
after 8 hours with a 35% increase in term of weight. Another
important characteristic is biocompatibility, which was assessed
by culturing fibroblasts in vitro followed by an MTS assay. This
test is commonly used as a test for the biocompatibility of bio-
materials and the results showed no differences between cells

Figure 3. FTIR spectrum of iron-based bijel structures. The peaks at 2950
and 2860 cm−1 correspond to C-H groups (red), 1730 cm−1 to carbonyl
groups (green), 1240 and 1150 cm−1 to C-O-C groups (black) of PCL. The
peak at 953 cm−1 corresponds to the Fe-O bond (*).

in contact with bijels (BIJEL in Figure S3, Supporting Informa-
tion) and without contact (CTRL in Figure S3, Supporting Infor-
mation). From the Fourier tranformed infrared (FTIR) bijel spec-
trum, typical signals of Fe3O4 NPs and polycaprolactone are vis-
ible in Figure 3. Polycaprolactone peaks can be seen at 2950 and
2860 cm−1, corresponding to C─H asymmetric and symmetric
stretching of hydroxyl groups (red circles). Moreover, the peak at
1730 cm−1 is also related to polycaprolactone, in particular the
carbonyl stretch vibration of esters (grey circle). In addition, C-
O-C groups (black circle) are clearly visible at 1240 cm−1 (asym-
metric stretching) and 1150 cm−1 (symmetric stretching) in ac-
cordance with previous works.[48,49] Fe3O4 NPs correspond to the
peak at 953 cm−1 (Fe-O bond, * in Figure 3) that underline their
presence within the biphasic structure.[50]

In previous studies, we checked for the presence of the two
continuous phases using nuclear magnetic resonance (NMR)
DOSY experiments, but this was not possible in this case due
to the presence of magnetic NPs, which enables the use of
NMR.[36,51] The biphasic structure was verified using environ-
mental scanning electron microscopy (ESEM) analysis (Figures 4
and S4) on lyophilized samples (Figure 4a,b). Figure 4c shows
carbon EDS, corresponding to the polyester phase, while the iron
EDS map in Figure 4d is related to the presence of Fe3O4 NPs. It
is clear that polycaprolactone is in the bulk phase while NPs are
present at the interface. The corresponding EDS spectra confirm-
ing this interpretation are visible in Figure S5 (Supporting Infor-
mation). The porosity of the final system is also observable using
pyrene, a fluorescent tracer soluble only in hydrophobic phase
(Figure S5, Supporting Information). The two different phases
are well observable in Figure S5c,d: in both these images the
black holes (not colored due to the incompatibility with pyrene)
represents the water phase.

2.3. Magnetization of Biphasic Porous Structures

The magnetization curves were obtained at room temperature
for Fe3O4 NPs (black line) and iron-based bijels (blue line) with
applied magnetic fields of up to 2T (Figure 5a). All the samples
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Figure 4. a, b) SEM analysis of biphasic porous structure; c) EDS image on C presence within the sample; d) EDS image on Fe presence within the
sample. Scale bars: 100 μm (a); 20 μm (b–d).

Figure 5. a) Magnetization of biphasic porous structure (blue line) vs iron oxide NPs (black line); b) magnetic hysteresis loop for the obtained biphasic
porous structure; c) images of the iron-based bijels (yellow circle) attracted by the magnet.
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Figure 6. a) In vitro release profile of FITC delivered from a biphasic porous structure; b) in-vitro release profile of SF delivered from a biphasic porous
structure; c,d) the slope of drug release against the square root of time represents Fickian diffusion coefficients for each sample (p < 0.001 between all
groups). The cumulative release (%) is calculated relative to the amount of drug loaded (n = 3, mean ± standard deviation).

tested were almost saturated in this field, underling the absence
of remanence with the experimental set-up. The bijel samples ex-
hibited magnetic saturation two times lower than neat NPs due to
the presence of polycaprolactone and water. Their presence only
partially influences the magnetic properties of the entire device,
as shown in previous studies.[26,52] The magnetic tests performed
confirmed the superparamagnetic property of both Fe3O4 NPs
and iron-based bijels, since the hysteresis loop is very limited
(Figure 5b). This is as expected, given the small size of the NPs;
indeed, it is well known that the critical size of magnetic NPs for
showing these characteristics is ≈50 nm.[53] Figure 5c shows the
magnetic properties of the final device attracted by the presence
a magnet (details in Video S1, Supporting Information).

2.4. In Vitro Drug Delivery

The main advantage of these systems is that they can load and
release drugs with different steric hindrance and water affin-
ity simultaneously. For this investigation, we used three cate-
gories of commonly used drug mimetics to represent the condi-
tions of low molecular weight hydrophobic drugs, low molecular
weight hydrophilic drugs, and high molecular weight hydrophilic
drugs.[54,55] Low molecular weight drugs (hydrophilic and hy-
drophobic) have a low steric hindrance and are commonly used
as anti-inflammatory drugs, while high molecular weight drugs
mimic biomolecules and antibodies used in several therapies.[56]

The loading procedure, which ensures 100% loading efficiency,
depends on the nature of the drug being loaded. In particular,
hydrophilic drugs (here sodium fluorescein SF and fluorescein
isothiocynate dextran FITC-DXT) are added in the second step

(Figure 2a) and dissolved in water together with NPs, while hy-
drophobic compounds (here FITC) can be added in the monomer
phase in the first step (Figure 2a). Samples were then placed
in a Petri dish at 37°C in PBS and the release buffer was re-
placed at multiple times points. The data are represented as a
percentage of the cumulative release of drugs loaded within the
system (calibration lines in Figure S6, Supporting Information).
Figure 6 presents the release profiles of low steric hindrance drug
mimetics: FITC (Figure 6a,c) and SF (Figure 6b,d). The release
of FITC and SF are prolonged for more than 10 days with dif-
ferences related to their water affinity. Along these lines, it can
be seen that hydrophilic molecules have quicker rates consider-
ing the higher affinity with the aqueous environment. The drug
mimetics showed sustained delivery without burst release, the
uncontrolled contribution that represents drug molecule waste
and thus the main drawback of controlled drug delivery sys-
tems. Burst release is typical of many hydrophilic devices such
as hydrogels,[57,58] while the bijels developed in this study elimi-
nate this unwanted effect for both hydrophobic and hydrophilic
molecules. The release is therefore diffusion-driven starting from
time 0; this can be seen by plotting release rates against the
square root of time (t1/2 in Figure 6c,d), where a linear correla-
tion represents Fickian diffusion.[59] The slopes, which represent
the diffusivity of the cargo through the carrier, show a difference
between FITC and SF.

In particular, the SF slope is higher, with a clear linear region
in the first 12 h, while FITC shows a flatter slope for more
than 3 days. As expected from the literature on drug delivery,
hydrophobic molecules are released with slower kinetics because
this phenomenon is limited by water solubility. In addition, with
bijels, we can not only sustain the release of low steric hindrance
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Figure 7. a) In vitro release profile of FITC-DXT 70 kDa delivered from a
biphasic porous structure; b) the slope of drug release against the square
root of time represents the Fickian diffusion coefficient for each sample
(p < 0.001 between all groups). The cumulative release (%) is calculated
relative to the amount of drug loaded (n = 3, mean ± standard deviation).

hydrophobic drugs, but also the release of hydrophilic drugs. We
can also notice that the use of iron oxide NPs, respect to bijels
already studied,[36,37] increases the release rates of both FITC and
SF on one side but decreases the duration of pure Fickian diffu-
sion and increases the percentage of uncontrolled release (burst
release) on the other. This is probably a consequence of a higher
swelling ability of bijels with iron oxide NPs (≈40%) in compar-
ison with bijels without (≈30%) and consequent bigger pores.

Figure 7 presents the release of high steric hindrance hy-
drophilic molecules from bijels. In this case as well, the burst
release is absent and the release is sustained for more than 10
days. As expected, the linear trend shows long-range Fickian dif-
fusion behavior, underlining the suitability of these systems for
proper delivery of high steric hindrance molecules such as anti-
bodies and biomolecules.

3. Conclusion

The experiments discussed above demonstrated the possibility
of preparing a magnetic device capable of carrying and releasing
multiple drugs at the same time. In particular, this is made

possible using paramagnetic nanoparticles that can be placed
at the oil-water interface, stabilizing the system without being
released. This procedure relies on a hydrophobic monomer that
polymerizes under bulk conditions and, after being mixed with
an NP aqueous colloid dispersion at the same volume, creates
a three-dimensional structure that can maintain both phases
without phase separation, partitioning them with NPs at the
interface and obviating the use of surfactants. The resulting
biphasic structure showed abilities typical of hydrophilic matri-
ces (i.e., hydrogels) such as biocompatibility and swelling. It also
solves classic drawbacks such as the difficulty in sustaining the
release of hydrophilic drugs and the high correlated burst release.
Given these results, magnetic bijels may be potential candidates
for targeted delivery of drugs and biomolecules in medical
applications.

4. Experimental Section
Materials: For biphasic porous structure synthesis, 𝜖-caprolactone

(CL), ethanol, and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) were pur-
chased from Merck (Deisenhofen, Germany). For the iron oxide nanopar-
ticles, iron (II) chloride tetrahydrate (FeCl2∙4H2O, 98%), iron (III) chloride
hexahydrate (FeCl3∙6H2O, 97%), and NaOH were purchased from Merck
(previously Sigma–Aldrich Chemie GmbH, Deisenhofen, Germany). The
fluorophores used as fluorescent drug mimetics in release tests included
fluorescein sodium salt (SF), fluorescein isothiocyanate (FITC), and flu-
orescein isothiocyanate-dextran (FITC-DXT, MW = 70 kDa), produced by
Merck (Germany). Products containing fluorescent molecules were stored
in the dark at 4 °C until their use. All aqueous solutions were prepared us-
ing milliQ water. All reactants and solvents were used as received, without
further purification. The solvents were of analytical grade. The reactions
were carried out at atmospheric pressure.

Synthesis of Fe3O4 NPs: The co-precipitation method was used to
synthesize the Fe NPs. First, 1.057 g of FeCl2∙4H2O and 2.523 g of
FeCl3∙6H2O were dissolved in 106.6 mL of deionized water and the so-
lution was stirred at 400 rpm at 100 °C for 1 h in a nitrogen atmosphere.
Then, 33.3 mL of NaOH (10 m) was added to the reaction mixture, which
was stirred for 1 h. Finally, the solution was cooled at room temperature
and washed three times with distilled water. The NPs were recovered at the
bottom of the flask after every wash using an external magnet (neodymium
fishing magnet model NJD90 made by Wukong).

XRD Analysis: An X-ray diffraction experiment was carried out by
SAMM laboratory at the Politecnico di Milano using the Empyrean diffrac-
tometer by Malvern Panalytical, equipped with Cu radiation (K-Alpha1,
wavelength = 1.54060 Å). The experiment was performed at 25 °C.

Dynamic Light Scattering (DLS): DLS measurements were made using
a Malvern Zetasizer Nano ZS at a scattering angle of 173° (backscatter).
The temperature was kept at 25 °C and an equilibration time of 60 s was
included before each measurement.

Transmission Electron Microscopy Analysis (TEM): Transmission elec-
tron micrographs were collected using a TEM-Zeiss LIBRA 200FE
equipped with 200 kV FEG, in-column second-generation omega filter for
energy selective spectroscopy (EELS) and imaging (ESI), HAADF STEM
facility, EDS probe for chemical analysis and integrated tomographic HW
and SW systems. TEM specimens were prepared by dropping an aqueous
solution of NPs onto a carbon-coated copper grid (300 mesh) and evapo-
rating the solvent. The particle size distribution was estimated using the
ITEM-TEM Imaging platform by Olympus Soft Imaging Solutions.

Biphasic Porous Structure Synthesis: A mixture of CL (1 mL, 9.44 mmol,
1 eq.) was fed with ethanol (0.11 mL, 1.89 mmol, 0.2 eq.) as an initiator and
TBD (26.5 mg, 0.189 mmol, 0.02 eq.) as a catalyst. The solution was mixed
using a Heidolph Multi Reax shaker equipped with a 12-rack carousel at
1000 rpm for 8 minutes, according to the sample.

The same volume of iron oxide NP (20 mg mL−1) colloidal dispersion in
water was then introduced, and the shaking speed was increased to 1700
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rpm for 40 s and then lowered to 1000 rpm for 5 min until the complete
biphasic porous structure formed.

Fourier-Transform Infrared Spectroscopy (FTIR): FTIR transmission
spectra were recorded using a Thermo Nexus 6700 spectrometer cou-
pled to a Thermo Nicolet Continuum microscope equipped with a 15×
Reflachromat Cassegrain objective at a resolution of 4 cm−1 using the ATR
technique.

Gel Permeation Chromatography (GPC): GPC analyses were carried
out using a Jasco LC-2000Plus gel permeation chromatograph coupled
with a refractive index detector (RI-2031Plus, Jasco) using 3 Agilent PLgel
columns, 5 × 106 m particle size, 300 × 7.5 mm (MW range: 5 × 102 to 17
× 105 g mol−1). The GPC samples were injected using a Jasco AS-2055Plus
autosampler. The instrument was calibrated using polystyrene standards.
The analyses were carried out using THF as an eluent with a 0.5 mL min−1

flow rate at a temperature of 25 °C.
Swelling Behavior: Biphasic porous structures were lyophilized im-

mediately after the synthesis and weighed (w0). The samples were then
immersed in PBS, stored at 37 °C, and removed at certain times to be
weighed again (wt). The collection times were initially more frequent for
monitoring any eventual fast swelling kinetics. The mass swelling ratio was
evaluated using Equation (1):

swelling ratio [%] =
wt − w0

w0
⋅ 100 (1)

Drug Loading: Due to their double nature, biphasic porous structures
can entrap both hydrophilic and hydrophobic molecules. The cargo load-
ing procedure is different if the molecules are hydrophilic or hydropho-
bic. The former can be dissolved directly in the aqueous solution of NPs,
whereas the latter should be added to the 𝜖-caprolactone prior to polymer-
ization. As described in paragraph 2.6 we used 1 mL of 𝜖-caprolactone and
1 mL of Fe3O4 NPs aqueous dispersion (20 mg mL−1). The concentration
of the drug mimetic used here was 0.05 mg mL−1 for FITC (solved in e-
caprolactone), 0.1 mg mL−1 for SF (solved in water), and 1 mg mL−1 for
FITC-DXT (solved in water).

Drug release Experiments: Release assays involved fluorescent tracers
released from the scaffold, relying on the relation between concentration
and absorbance described by the Lambert–Beer equation.[40] Absorbance
was measured using the Tecan Microplate Reader spectrophotometer at
the highest excitation wavelength typical of each tracer (SF = 485 nm,
FITC and FITC-DXT = 500 nm). The cargo was loaded during the biphasic
porous structure synthesis, and different types of fluorescent molecules
were tested. After drug loading each bijel was immersed in excess of PBS
solution (3 mL at pH 7.4) in a 12-well plate and release kinetics was mon-
itored during time at 37 °C and 5% CO2, resembling human body con-
ditions. At each time point all PBS was removed, analyzed with UV, and
replaced with fresh one. The amount of fluorophore released (cumulative
release) was evaluated using Equation (2):

Cumulative release [%] =
mt

tot

m0
⋅ 100 (2)

where mt
tot is the overall drug released at time t and m0 is the initial drug

mass.
Scanning Electron Microscopy Analysis (SEM): SEM analysis was per-

formed on gold sputtered samples at 10 kV with Evo 50 EP Instrumen-
tation (Zeiss, Jena, Germany). To preserve the actual morphology of the
biphasic porous structures, the samples were freeze-dried (for 24 h) to re-
move all the liquid by sublimation. Because of the low operating temper-
ature and pressure, the polymer chains were expected to retain the same
conformation they had under wet conditions. Comparative evaluation of
the surface and internal morphology of the samples was performed.

Fluorescent Confocal Microscopy: Fluorescent confocal microscopy
analyses have been performed introducing a fluorescent tracer inside the
biphasic porous structures: pyrene that is soluble in the hydrophobic
phase. Images were collected using an Olympus Fv1000 confocal micro-
scope (Laser 594 nm).

Cytotoxicity: Mouse fibroblasts (L929) were cultured in complete
medium (Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum, 1% penicillin/streptomycin, 1% l-glutamine
200 mm). Cells were maintained at 37 °C in 5% CO2. Three-dimensional
macrostructures formed and were placed in cell culture inserts. L929 were
seeded in 24-well plates at a concentration of 50 000 cells/well in 1 mL of
complete medium and grown at 37°C, 5% CO2. After 24 h, the medium
was changed and the inserts with biphasic porous structures were added
in contact with the medium. After 3 days of culturing, the cytotoxicity of
the macrostructure was evaluated by performing an MTS assay. The ab-
sorbance was measured at 570 nm, and the results were compared with
the results of the control wells to determine relative cell viability.

Statistical Analysis: Experimental data were analyzed using analysis of
variance (ANOVA). Statistical significance was set to a p-value < 0.05. The
results are presented as a mean value ± standard deviation.
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