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4D Printing Nanocomposite Hydrogel Based on PNIPAM
and Prussian Blue Nanoparticles Using Stereolithography

Tristan Pelluau, Thomas Brossier, Michel Habib, Saad Sene, Gautier Félix,

Joulia Larionova, Sébastien Blanquer,* and Yannick Guari*

The potential of photoactive Prussian blue nanoparticles dispersed in
thermo-responsive PNIPAM hydrogels in 4D printing using a
stereolithography is investigated with digital light processing. The proportion
of Prussian blue nanoparticles used in the resin is chosen to deliver a
significant photothermal effect providing a heating above the volume phase
transition temperature of the final nanocomposite hydrogels; while, giving
only a limited effect on light scattering during the 3D printing process. Four
formulations with various amounts of Prussian blue nanoparticles are used to
print 3D structures with different shapes, such as Aztec pyramids, cylinders,
gyroid porous cubes, and porous films. The shrinkage effect triggered by light
irradiation at 808 nm on the as-obtained nanocomposite hydrogels is
demonstrated through the delivery of a representative molecule fluorescein

once a volume phase transition temper-
ature (VPTT) is reached. The class of
polymers with a low critical solution tem-
perature (LCST) is the most investigated
among the thermo-responsive hydrogels.
Typically, LCST polymers display a ther-
modynamic change causing precipitation
above the critical temperature. Few types of
smart hydrogels based on LCST polymers
have been investigated in the literature,
but the number of works devoted to hydro-
gels based on poly(N-isopropylacrylamide
(PNIPAM) is dominating due to its charac-
teristic sharp LCST around 32 °C,[!) which
evidences the potential for biomedical

and a triggered 4D shape-morphing effect.

1. Introduction

Hydrogels are a class of soft and elastic polymers with remark-
able capacity to absorb a large amount of water. Such aptitude
to swell in the presence of water leads to specific deformations
of the hydrogel shape. Consequently, a reversible deformation
process can be expected once water is expulsed. In the case of
smart hydrogels, the generated volume transformations can be
triggered in time upon external stimulation. The behavior is a
consequence of a phase transition within the polymer matrix,
which alters its affinity with water. This ability is commonly en-
countered with smart thermo-responsive hydrogels, which can
lead to a significant deformation by swelling/shrinking process
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applications.[?3] For instance, anisotropic
deformations through thermal stimulation
of PNIPAM based hydrogels have been no-
tably used to create hydrogel actuators.[*’]
Recently, an important effort has been done on improving of the
PNIPAM performance regarding its mechanical properties and
the possibility of the shape control.l! In this line of thought,
the introduction of inorganic nanoparticles leading to smart
nanocomposite hydrogels with unusual properties has been re-
ported in the literature.”] In particular, nanocomposite PNIPAM
based hydrogel combined with nanoparticles is able to provide a
local photothermic effect under light irradiation; and therefore,
trigger the deformation by an orthogonal stimulation having cap-
tured a specific attention. Recent works presented such orthogo-
nal thermo-stimulated PNIPAM hydrogels using nanoparticles,
such as plasmonic gold nanorods,!®l nanothylakoid particles,®! or
graphene oxide.!'*12] Complex bilayer actuators have been devel-
oped with these smart nanocomposite hydrogels leading to effi-
cient anisotropic near infra-red (NIR) light deformations.
Upgrading from 2D to 3D structures involves the use of ad-
ditive manufacturing approaches.'3] Smart PNIPAM nanocom-
posite hydrogel in 4D printing technology remains a pristine field
and a challenging task. The 4D printing is a recent process, which
consists in modifying functions, properties or shapes of exter-
nally stimulable 3D objects fabricated by additive manufacturing.
The literature on the development of smart hydrogels through
4D printing using stereolithography is quite scarce.l'*'°] More-
over, to the best of our knowledge, there are no reports on the
creation of smart nanocomposite hydrogels using this particular
technique. Interestingly, no research has been carried out thus
far to investigate the incorporation of Prussian blue nanoparti-
cles into 3D printed hydrogel nanocomposites.

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 1. Schematic representation of the synthesis of PB and PBol nanoparticles and the fabricated nanocomposite hydrogels by DLP stereolithography.

Prussian Dblue (PB) presents a chemical formula
A,_ Fe'[Fe" (CN)¢],_, s[04 nH,0, where n is the number
of water molecules, A is a monovalent cation, and [] is a
cyanometallate vacancy needed to assure the electroneutrality.
In its crystal structure, the Fe?* and Fe** ions are linked through
cyano-bridges to form a porous 3D face centered cubic struc-
ture (fec).2241 The development of PB nanoparticles has been
initiated recently with two pioneering works reported by S. P.
Moulik et al. in 19991%) and S. Mann et al. in 2000.12) Starting
with these seminal works, the synthesis and investigation of
nano-sized PB systems have attracted a great deal of attention
from numerous research teams worldwide.[?-%] The amazing
prospects offered by PB nano-objects in comparison to other
inorganic nano-sized systems consist in the fact that they present
a variety of useful properties among which their photothermal
activity takes an important place. In fact, PB nanoparticles have
an intense absorption band in the NIR between 600 and 900 nm
with a high molar extinction coefficient of 1.2 x 10" M~ s7,
providing an exceptional photothermal conversion effect of up to
41.4%, which can be compared to the reference nano-objects in
this area, such as the gold nanorods (21%) or gold nanovesicles
(37%), but with better photothermal stability.*3] Therefore, these
nanoparticles are able to provide an important and localized tem-
perature rise when subjected to irradiation in the NIR domain,
which is suitable for various applications in the biomedical field.

We therefore propose in this study to investigate the po-
tential of photoactive PB nanoparticles dispersed in thermo-
responsive PNIPAM hydrogels in 4D printing process using a
stereolithography process with digital light processing (DLP).
DLP stereolithography is an additive manufacturing process that
has already demonstrated its efficiency to fabricate sophisticated
3D structures with a remarkable precision.***] The principle
is based on spatial curing layer-by-layer of a photo-printable
polymer resin.*®! Using this approach, we intend to develop a
smart photothermal-responsive composite hydrogel using NIR
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stimulation to generate localized deformation and release of
molecules.

2. Results and Discussion

2.1. Synthesis and Characterization of PB and PBol Nanoparticles

First, PB (Prussian blue) nanoparticles were synthesized
through the controlled addition of Fe3* and hexacyanoferrate
Na,[Fe(CN),] building blocks using a peristaltic pump in an
aqueous media as previously reported (Figure S1, Supporting
Information).3’-3%! The as-obtained PB nanoparticles were then
covered with oleylamine using a phase transfer protocol to obtain
PBol (prussian blue oleylamine) nanoparticles (Figure 1).[%]

The IR spectra were recorded especially in the spectral win-
dow 1800-2400 cm™, that is, in the vicinity of the CN~ stretch-
ing modes, which are fingerprints of the structural and electronic
changes occurring in cyano-bridged compounds (Figure S2, Sup-
porting Information). Both PB and PBol exhibited a strong band
at 2078 cm™!, which was characteristic of the stretching cyanide
vibration, v(Fe'=CN—Fe'™) of PB. Further, both samples dis-
played the typical stretching and bending modes of the Fe'—CN
at 601 and 500 cm~!. In addition, the IR spectrum for PBol
showed the stretching vibration bands v(C—H) and o(C=C) at
2800-3000 cm~! and 1655 cm™, respectively, due to the presence
of oleylamine. Both samples showed a strong adsorption band in
their absorption spectra at 723 nm, which was due to a transition
during which an electron was transferred from a ground state
Fe, (I1T)Feg(II) to an excited state Fe, (II)Fey (I1I) form (Figure S3,
Supporting Information).[!]

The X-ray diffraction pattern obtained for nanoparticles PB
and PBol are characteristic of the fcc PB structure with cell
parameters of 10.1656(2) A and 10.2032(3) A, respectively
(Figure S4, Supporting Information). The crystallites’ sizes ob-
tained by using the Scherrer equation were equal to 110 and
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Figure 2. TEM images of a) PB and b) PBol nanoparticles.

85 nm for PB and PBol, respectively. The transmission elec-
tronic microscopy (TEM) images for PB and PBol showed well-
defined cubic nanoparticles with sizes of 111.2 + 12.2 nm
and 107.9 + 13.8 nm, respectively (Figure 2). The SEM/EDS
coupled with TGA analysis for PB and PBol allowed obtain-
ing the following formulas of Na, ;,Fe[Fe(CN)], 3]y 17-10H,0
and Na ;;Fe[Fe(CN)41o.g3o 16-3-80leylamine-8.6H,O for PB and
PBol, respectively (Figure S5, Supporting Information). The
ThermoGravimetric analysis (TGA) curves were carried out for
oleylamine, PB, and PBol showing that the degradation of the
PB structure occurred at a similar temperature for PB and PBol,
that is 250 °C. However, while the degradation temperature of
oleylamine occurred at 245 °C; it occurred at 434 °C within PBol,
which could be explained by the interaction of oleylamine with
PB nanoparticles’ surface. Similar shift to higher degradation
temperature has been observed on silver nanoparticles coated
with oleylamine.[*?]

2.2. Printability and Characterization of the Printed
Nanocomposite Hydrogels

PNIPAM was widely used in the design of thermosensitive
hydrogels due to its specific VPTT around 32-37 °C, re-
sulting in a volume contraction of the hydrogel and water
expulsion.[¥}] We investigated a nanocomposite resin based on
N-isopropylacrylamide and PEG dimethacrylate as crosslinker
where PB nanoparticles coated with oleylamine (PBol) had been
added in different proportions (Figure 3). PB is known as an ef-
ficient photothermal agent that is used to reach VPTT of PNI-
PAM by simple appropriate light irradiation. However, given
that PB is a natural blue pigment, the proportions should be
carefully selected to ensure high-resolution printing by photo-
polymerization with limited light scattering. Different PNIPAM
hydrogels have been prepared in the presence of PEGDA700 as
crosslinker and Darocur 1173 as photoinitiator. We have then
chosen four different formulations to generate nanocomposite
hydrogels denoted as 7 PBol, “12PBol, “*2PBol, and >3°PBol with
increasing quantity of PBol nanoparticles given in mg of Fe per
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gram (see Experimental Section). A reference hydrogel without
PB nanoparticles denoted °PBol was also elaborated in the same
experimental conditions. The chosen range of PB amount en-
sured a significant increase in temperature under irradiation
once the nanocomposite hydrogels had been produced, but on
the other hand, it was low enough to avoid any influence in the
printing process. SLA printing process was done with Asiga Max
X with 43 um of XY resolution and 100 um layer thickness as ob-
tained from the working curve shown in Figure S6, Supporting
Information. Hence, all formulations required 10 s irradiation
under 5 mW cm~2 UV light to cure 100 pum layer resin. By increas-
ing the PBol nanoparticles’ content, the characteristic blue colour
intensified as it could be seen for the cylinders on top of Figure 3
(from left to right). In addition, five formulations were used in or-
der to print various 3D structures such as Aztec pyramids, cylin-
ders, gyroid porous cubes, and porous films (Figure 3). The PBol
nanoparticles were easily dispersed in EG during formulation of
the resin due to their hydrophobic coating. In addition, the hy-
drophobic coating on the nanoparticles enhanced their stability
in the hydrogel matrix as no release was observed from the sys-
tem after several months in water.

The IR spectra of the hydrogels °PBol-*°PBol showed the
stretching and bending vibration bands for amine N—H bond
at 3275 and 1538 cm™' and the stretching vibration mode for
C=0 bond at 1634 cm™! characteristic of PNIPAM (Figure S7,
Supporting Information).** In addition, magnification in the
spectral window 1800-2500 cm~! revealed the presence of
the CN stretching vibration at #2100 cm™ for NH %“PBol-
030pBol. Structures *“PBol-"*PBol showed an adsorption
band in their electronic spectra at 771 nm, which was typical
of an electron transfer from a Fe, (III)Feg(II) ground state to
an Fe, (II)Fey(IlI) excited state occurring in PB which was
absent in the PB nanoparticles’ free hydrogel °PBol (Figure S8,
Supporting Information). Both spectroscopies confirmed the
successful integration of PB nanoparticles in the nanocomposite
hydrogels *“PBol-"*PBol. Finally, TEM images of °3°PBol
using ultramicrotomy technique showed that the PB nanopar-
ticles formed homogeneously dispersed in the nanocomposite
hydrogel islands of few nanoparticles (Figure S9, Supporting
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Figure 3. Photographs of nanocomposite hydrogel containing PB nanoparticles: a) side view of cylinders, b) top view, and c) perspective view for
a selection of swollen 3D-printed structures in the shape of Aztec pyramids, cylinders, gyroid porous cubes, and porous films with increasing PBol
concentration from left to right.
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Figure 4. Photothermal experiments for 3D printed hydrogels in the shape
of cylinders °PBol (blue), ®7PBol (orange), ®12PBol (green), %22PBol
(red), and %3°PBol (purple) under irradiation at 808 nm.

Information ). The characteristic VPTT for the thermosensitive
hydrogels °PBol-"3°PBol was measured by Differential Scanning
Calorimetry (Figure S10, Supporting Information ). It could be
seen from the thermograms that all the investigated hydrogels
showed similar thermal response between 10 °C and 60 °C. The
VPTT was detected between 28 °C and 40 °C with a PNIPAM
characteristic peak between 33 °C and 35 °C. Therefore, the pres-
ence of PB nanoparticles did not influence the VPTT of PNIPAM
based hydrogels. It is known that the addition of inorganic parti-
cles in a polymer matrix with specific proportion and size tends
to reinforce the mechanical performance of the final composite
material.[*=#’] In this line, we studied the mechanical behaviour
of the hydrogels under compression and shear stresses. For both
studies, the incorporation of nanoparticles within the PNIPAM
based hydrogels did not show any significant difference in the
compression and shear stress moduli (Figure S11, Supporting
Information). In fact, Young’s modulus was found to be ~14 kPa
across all samples. Similarly, by rheological measurements, all
samples showed similar G’ and tan 6 of 250 Pa and 0.04, respec-
tively. It can be concluded that the proportion of nanoparticles in
all nanocomposite hydrogels was sufficiently low to not influence
their thermal response nor their mechanical properties.

2.3. Photothermal Effect on Printed Structures

The photothermic effect in the nanocomposite hydrogels was in-
vestigated by using a thermal camera for monitoring the tem-
perature modification over 5 min’ irradiation under at 808 nm.
Figure 4 shows the temperature variation versus time for the
nanocomposite *”PBol-*3°PBol hydrogel cylinders taking the
printed cylinder without PB nanoparticles as a reference. While
the reference hydrogel without PB nanoparticles didn’t show any
temperature increase, it could be seen that the temperature in-
creased when the amount of PB nanoparticles in the nanocom-
posite hydrogels increased reaching a plateau with maximum
temperature of 28.4 °C, 41.1 °C, 50.3 °C, and 53.9 °C for ®*’PBol,
0-12pBol, %22PBol, and **°PBol, respectively (Figure S12, Support-
ing Information). This study demonstrates that the proportion of
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PB nanoparticles used in the resin is sufficient to deliver a signif-
icant photothermal effect allowing the heating above the VPTT
of the nanocomposite hydrogels when the amount of PB is equal
or superior to 0.08 mg of Fe per g of nanocomposite (nanocom-
posite hydrogel “'2PBol).

Nanocomposite hydrogel ®3°PBol was selected due to its ef-
ficient photothermal effect for further studies on simple 3D
printed cubes. To do so, the top face of simple 3D printed cubes
(5 x 5 x 5 mm) of “*PBol was irradiated with NIR light for 15
min (Figure 5a). Upon irradiation, the nanocomposite hydrogel
noticeably shrunk (Figure 5b) and water was expulsed from the
matrix. This volume change corresponded to the heat dissipa-
tion in the hydrogel due to the photothermal effect from the PB
nanoparticles absorbing the NIR light and transforming it into
heat. The successful shrinkage of the nanocomposite hydrogel
confirmed that the amount on PB nanoparticles was sufficient
to induce an increase of the temperature above the VPTT. In or-
der to evaluate the volume change, the residual mass for ®3°PBol
was measured after 15-, 30-, and 60-min. of irradiation. The resid-
ual mass represents the nanocomposite hydrogel mass after the
expulsion of water upon irradiation. A significant water loss of
36%, 48%, and 60% was detected after 15, 30, and 60 min of irra-
diation, respectively. The same experiment was also performed
with the PB nanoparticles’ free hydrogel °PBol as a reference.
In that case, the water loss was relatively low and reached 7%,
14%, and 20% after irradiation during 15, 30, and 60 min. This
latter could be attributed to the dehydration of the hydrogel in
ambient atmosphere, the VPTT not being reached in that case.
Note that the quantity of water expressed in % refers to the max-
imum mass loss during the elimination of water for the corre-
sponding nanocomposite hydrogel dried in an oven for 12 h at
100 °C (Figure S13, Supporting Information). This difference in
behaviour of °PBol and ®3°PBol under NIR irradiation demon-
strated the effect of PB nanoparticles where the photothermal ef-
fect triggered the shrinkage of the hydrogel resulting in the wa-
ter expulsion. Once the irradiation was stopped, the shrunken
printed cube was placed in an aqueous medium at room temper-
ature where it recovered its original volume after at least 30 min
through water reabsorption (Figure 5c). The significant loss of
water observed for “3°PBol and the related deformation on an ir-
radiated object in its entirety shows the advantage of this type
of material with a very significant deformation/collapse. In ad-
dition, carrying out heating and then rehydration cycles beyond
three cycles did not show any material fatigue with a preserved
shape and constant loss and rehydration rates (Figure S14, Sup-
porting Information).

The volume change observed upon irradiation could be used
as a tool to induce shape deformation of 3D printed structures.
For instance, taking a 3D printed staircase (Figure 5d), the dimen-
sions of a single step could be modified by irradiating the chosen
area (Movie S1, Supporting Information). As shown in Figure 5,
only the irradiated zone of a staircase-based hydrogel **°PBol
shrunk (Figure 5e). In addition, the expulsed water droplet could
be seen flowing on the side. As previous, this shape deformation
could be recovered upon submerging the deformed structure in
aqueous solution at room temperature (Figure 5f).

Following the demonstration of the localized shrinkage of
the printed structure after NIR irradiation and its promise in
4D printing, we also intended to demonstrate the potential of

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 5. Visual aspect of 3D-printed cube and staircase nanocomposite hydrogel %3°PBol a,d) before; b,e) after 60 min of irradiation by a laser at
808 nm; and c,f) after at least 30 min in water. The arrow shows the irradiated area and the dotted circle indicates the formed water droplet. Scale bar =

5 mm.

our approach in delivery of molecules in solution. To this pur-
pose, fluorescein sodium salt was chosen as a hydrophilic drug
model loaded in a 3D printed structure in order to investigate
its delivery under NIR irradiation. After impregnating **°PBol
with fluorescein, the hydrogel’s colour changed from blue to
green which was the characteristic color of fluorescein sodium
salt as it could be seen in Figure 6a,b. The amount of fluores-
cein impregnated was 0.011 mmol per gram of nanocomposite
hydrogel *3°PBol.

A sample of *3°PBol loaded with fluorescein was placed in wa-
ter and irradiated locally during 10 min on a small cubic out-
growth, as shown by the arrow of Figure 6d (in the same man-
ner as shown in Figure 3). For comparison, a reference sample
0-3°pPBol loaded with fluorescein was placed in water for 10 min
without irradiation (Figure 6c). In both cases, the supernatant’s
colour became yellowish (Figure 6e,f). From Figure 6g, it could
Dbe seen that both supernatants showed the presence of the char-
acteristic absorption peak of fluorescein at 490 nm. By using the
spectrophotometric calibration curve of fluorescein, its delivery
was measured without and after irradiation in solution at 808 nm.
The release of fluorescein corresponded to 9% and 16% of the
total amount incorporated in sample 5 without and with irradi-
ation, respectively. This increase in release in solution may be
explained thanks to a temperature rise of the hydrogel in the
irradiated zone which, compared to the non-irradiated sample,
enhanced the diffusion mechanism. It could be concluded that
the spatially controlled volume transformation could be used as

Macromol. Mater. Eng. 2023, 2300305 2300305 (6 of 10)

a means to induce shape deformation as a solid, as well as to re-
lease encapsulated molecules in a liquid.!*3*]

It should be noted that the amplitude of the deformation will
depend on the shape of the hydrogel nanocomposite. When a
nanocomposite hydrogel ®*°PBol 3D-printed as a square grid
containing fluorescein was irradiated at 808 nm for 2 min
at each square of the grid following a diagonal shown as a
blue arrow on Figure 7b, the resulting nanocomposite hydro-
gel (Figure 7c) displayed a considerably altered shape compared
to its initial flat form (Figure 7a) (Movie S2, Supporting Infor-
mation). In the irradiated area, the surface of the film shrunk
first, creating a swelling gradient across its thickness; creat-
ing therefore, a mechanical stress between the shrunk and the
swollen parts and forcing the system to bend. Thus, by the
integration of PB nanoparticles in a PNIPAM matrix, a pho-
tothermal response was added to the system triggering the
4D shape-morphing effect upon NIR irradiation demonstrat-
ing the possibility to design through DLP stereolitography PB-
based nanocomposite hydrogels as potential remotely activated
actuators.

3. Conclusion

We elaborated nanocomposite hydrogels associating photoactive
PB nanoparticles with a thermo-responsive matrix, PNIPAM via
a DLP stereolithography process. To do so, the PB nanoparti-
cles were coated with oleylamine conferring them a hydrophobic

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 6. Photographs of the 3D-printed polymer: a) before and b) after impregnation in a fluorescein solution for one night, placed in 2 mL of water
for 10 min. c) Without and d) with irradiation and e,f) their respective supernatants after removal of %3°PBol. g) UV-vis spectra of the supernatants for
the experiment without irradiation (light green) and with laser irradiation at 808 nm (dark green). Scale bar = 5 mm.

coating allowing easy dispersion during formulation of the resin
and a good affinity for the hydrogel matrix avoiding any release
in water even for several months in water. Moreover, during all
the irradiation experiments inducing a deformation of the struc-
ture induced by shrinkage, we never observed any release of the
PB nanoparticles either. The PB proportions were selected con-
sidering high-resolution printing by photo-polymerization with
limited light scattering and efficiency for photothermal effect in
the aim to reach temperatures above the VPTT of the nanocom-
posite hydrogels.

The 3D printability was demonstrated for all formulations
tested obtaining various 3D structures. Further, the tempera-
ture increase of the nanocomposite hydrogels upon irradiation at
808 nm was measured and demonstrated a correlation between

the quantities of PB nanoparticles inserted in the nanocomposite.
The minimum amount of PB nanoparticles to reach the VPTT of
the nanocomposite was then determined. The photothermal ef-
fect of hydrogels was then used to produce the localized shrink-
age and the controlled water expulsion. This process was shown
to be fully reversible by immerging the nanocomposite hydro-
gels in water at room temperature. Such phenomenon was also
exploited to demonstrate the possibility to trigger delivery of a
drug molecule model, fluorescein sodium salt, which was pre-
viously loaded in the nanocomposite hydrogel. Finally, depend-
ing on the shape of the nanocomposite hydrogels, it was shown
that its deformation under laser irradiation could be accentu-
ated leading to potential remotely activated actuators. This type
of nanocomposite hydrogel represents an interesting example of

Figure 7. Photographs of the 3D-printed nanocomposite hydrogel %3°PBol square grid containing fluorescein a) before irradiation; b) during irradiation
with a laser at 808 nm following the blue arrow for 2 min at each square; and c) final shape after irradiation. Scale bar = 1cm.
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thermosensitive 4D nanocomposites, in particular for their po-
tential in the field of medical devices.

4. Experimental Section

Chemicals:  All chemical reagents were purchased and used without
further purification. Sodium hexacyanoferrate(ll) decahydrate (Alfa Ae-
sar, 99%), iron(lll) chloride hexahydrate (Sigma—Aldrich, 97%), ultra-
pure water (resistivity 18.2 MQ.cm), oleylamine (Acros Organics, 80—
90%), fluorescein (Acros organics, pure), dichloromethane (Merck, ACS),
2-hydroxy-2-methylpropiophenone (Darocur 1173, Sigma—Aldrich), N-
isopropylacrylamide (NIPAM, Sigma-Aldrich 97.0%), poly(ethylene gly-
col) diacrylate, (PEGDA,q,, Sigma-Aldrich 97.0%), and ethylene glycol
were commercial products and used without further purification.

Synthesis of Prussian Blue Nanoparticles (PB): The PB nanoparticles
were synthesized using a controlled co-precipitation method adapted from
a previously reported method leading to the formation of cubic shape
nanoparticles.’-3°1 Na,[Fe(CN)g]- 10H,0 at 11.25 mm and FeCl;-6H,0
at 10 mm in water were simultaneously added at 25 °C using thermostat-
ically controlled beakers at a speed of 4 mL h™" using a peristaltic pump
for 10 h (40 mL in a total of each solution) in a dead volume of 100 mL of
water. The final suspension was collected by centrifugation at 37500 x g
(20 000 rpm, 15 min). The final nanoparticles were obtained after three
cycles of centrifugation/water washing.

IR (ATR): o(O—H) = 3235 cm™" (crystallized water),
0(C=N) = 2078 cm™' (PB), §(O—H) = 1611 cm™' (crystallized wa-
ter), o(Fe''—CN) = 601 cm~' (PB), §(Fe''—CN) = 500 cm~' (PB);
EDS: Na/Fe = 0.17; TGA: 50.6% at 800 °C; Estimated formula :
Nag 3,Fe[Fe(CN)glogslo.17-10H,0; drgy = 1112 + 122 nm; UV :
Amax = 723 nm; m = 100 mg; Yield : 94%.

Prussian Blue Nanoparticles Coating by Oleylamine (PBol): The PB
nanoparticles were coated with a layer of oleylamine to transfer them
in an organic phase through liquid-liquid separation. 50 mg of PB
nanoparticles was dispersed in 10 mL of water and separately, 100 mL of
dichloromethane was mixed with 5 mL of oleylamine. Several PB nanopar-
ticles extraction was performed by stirring the aqueous phase and 10 mL
of the organic phase for a few min followed by a liquid-liquid separation.
All the organic phases were collected and centrifuged at 37500 x g (20
000 rpm, 15 min).

IR (ATR): 0(O—H) = 3235 cm™ (crystallized water), v(C—H) = 2800
3000 cm™! (oleylamine), v(C=N) = 2078 cm~' (PB), v(C=C) = 1655
cm™! (oleylamine), 6(O—H) = 1611 cm~" (crystallized water), v(Fe''-CN)
=601 cm™" (PB), §(Fe'"-CN) = 500 cm~' (PB); EDS: Na /Fe = 0.19;
TGA: 16.4% at 800 °C; Estimated formula: Nag 33Fe[Fe(CN)glog3[o 16
3.80leylamine-8.6H,0; drgy = 107.9 & 13.8 nm; UV: Amax = 723 nm; m:
87 mg; Yield: 15%.

Photo-Sensitive Resins Formulations and Fabrication of 3D Printed Objects
1 and 2-5 by SLA:  The resins formulations were prepared by dissolving
PEGDA700 (3 wt% relative to the formulation) and NIPAM (50 wt% rela-
tive to the formulation) in ethylene glycol (47 wt%) as a non-reactive dilu-
ent. Then nanoparticles were added to the formulations at different pro-
portions in PB (0.4 mg.g™'; 0.7 mg.g™'; 1.1 mg.g~"; 1.5 mg.g™"). Finally,
darocur 1173 (3 wt% relative to the polymer) was added as photoinitiator.
The solutions were stirred and sonicated few min to allow homogeneous
photo-polymerization and provided an efficient cure depth and optimal
pattern resolution.

3D structures were designed using the STL format of Rhinoceros 3D.
The 3D structures were constructed from the mentioned resins by stere-
olithography at 385 nm (Max X27, Asiga Australia). The 3D objects were
constructed by photo-crosslinking successive layers of resin with a thick-
ness of 100 um. This optimal layer thickness was determined using the
Jacob ’s equation. Each layer was irradiated at an intensity of 5 m\W cm™2
for 10 s. After construction, the structures were removed from the stage
and washed with distilled water for 24 h to eliminate unreacted prepolymer
residues.

IR (ATR): o(N—H) = 3275 cm~1 (PNIPAM), v(C—H) = 2800-3000 cm™"’
(PNIPAM), v(C=N) = 2100 cm~" (PB), v(C=0) = 1634 cm™' (PNIPAM),
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8(N—H) = 1538 cm™" (PNIPAM); dTEM =~ 94 + 15 nm; UV : A, =
771 nm; Fe Elementary analysis (ppm): 0.07 for %97PBol, 0.12 for ®2PBol,
0.22 for ®22PBol and 0.30 for ®30PBol.

Characterizations: Transmission electron microscopy (TEM) images
were performed at 100 kV (JEOL 1200 EXII). Samples for TEM measure-
ments were deposited from suspensions on copper grids and allowed to
dry before observation. The size distribution histograms of PB and PBol
nanoparticles were determined using enlarged TEM micrographs taken
at magnification of 100 K on a statistical sample of 100 nanoparticles.
Slices of ~60-100 nm of the nanocomposite %3°PBol were cut with an
ultramicrotome apparatus equipped with a diamond knife allowing visu-
alization of the PBol nanoparticles. SEM/EDS microscopy was performed
on a FEI Quanta FEG 200 instrument. The powders were deposited on
an adhesive carbon film and analyzed under high vacuum. The quantifi-
cation of the heavy elements was carried out with the INCA software,
with a dwell time of 3 ps. The amount of iron in the nanocomposite hy-
drogels %97PBol-%30PBol was determined using ICP-AES (Spectro Arcos
ICP, AMETEK Materials Analysis). The nanocomposites were dried prior
to digestion (=140 mg of nanocomposites °%’PBol, %'2PBol, °®22PBol,
and %3%PBol) in 100 pL of HNO; (67-69% super pure for trace analysis);
and then, diluted in 10 mL of ultrapure H,O. Infrared spectra were ob-
tained by attenuated total reflectance (ATR) on a PerkinElmer Spectrum
Two spectrophotometer with four acquisitions at a resolution of 4 cm~'.
UV-visible spectra (UV-vis) were collected on a V-650 spectrophotometer
model from JASCO. DSC analysis were carried out using a Mettler Toledo
(Mettler Toledo, France) DSC1 calorimeter. A constant calibration was per-
formed with standards of biphenyl, indium, bismuth, zinc, and cesium
chloride standards. Nitrogen was used as the purge gas. For the measure-
ments, in order to detect a signal in DSC, the samples were analysed at a
semi-swollen state with 50% w/w of water. 40 mg of swollen gels was put
in a high-pressure aluminium sample holder (120 uL). Thermal properties
were recorded between 10 °C and 60 °C at a heating rate of 5 °C min~" at
the second cycle.

Photothermal Measurements: The photothermal properties of the
nanocomposites were measured using two different setups. LASER setup:
The samples were irradiated by a laser (Kamax society, Limoges, France) at
808 nm with a diameter of 1 cm and an adjustable light surface power from
0to 2.58 W cm™2 for a chosen time. The laser spot surface was 0.32 cm?.
The temperature variations were measured using a thermal camera.

Contraction and Release Measurements: Nanocomposites with differ-
ent size and shape with or without PB nanoparticles were irradiated for 60
min with the LASER setup. The contraction of the polymers was followed
by monitoring their mass every 15 min, and pictures were taken at the be-
ginning and the end of the experiment. After one hour of irradiation, the
samples were left in water for at least 30 min. and a picture as well as their
mass is taken the following day.

Hydration/Dehydration Cycles Experiment: A rectangular cuboid of
0-22pBo| with a (hydrated) volume of 92 mm? was utilized to carry out
hydration/dehydration cycles. The dimensions of the cuboid were mea-
sured using a calliper. The procedure was repeated six times on the same
sample.

Fluorescein Encapsulation and Release: 30 mg of composites %3°PBol
were immersed and gently mixed for one night with 10 mL of a solution
of fluorescein at T mm. After removal of the composites, the remaining
supernatants were measured by UV spectroscopy to define the encapsu-
lated amount of fluorescein. Standard curve with calibrated solutions (5—
20 pm) was established for fluorescein in water, its maximum absorption
wavelength being measured at 490 nm. Fluorescein releases from %39PBol
were performed by placing composites in 10 mL of water for 10 min with
local irradiation with a laser at 808 nm or without irradiation. The amounts
of released fluorescein in both cases were then determined by UV spec-
troscopy.

Mechanical Characterization: Mechanical performances were mea-
sured by rheology using a MH MARS thermofisher (Germany) and com-
pression tests using an Instron 3366L5885 instrument. Compression test
had been performed on cylindrical samples fabricated by stereolithogra-
phy (8 X 4 mm) and immersed in water for 2 days before testing. The
compression test was performed at a speed of T mm min~! using a 100
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N force cell. The compressive strain was expressed as a percentage of the
length. Measurements were represented by the mean + standard devia-
tion (n = 3). Rheology was performed on cylindrical samples fabricated by
stereolithography (8 x 1 mm) and immersed in water for 2 days before
testing. Mechanical properties of the hydrogel were assessed using a par-
allel (PP 25 sandblasted) plate geometry. Compression force was fixed at
0.2 N and the frequency sweeps were done at 5% constant deformation
and recorded between 0.1 and 10 rad s~
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