JAC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Integration of Porous Coordination Polymers and Gold Nanorods
into Core—Shell Mesoscopic Composites toward Light-Induced
Molecular Release

Kira Khaletskaya,T A ]uhen Reboul T Mikhail MelllkhOV,T Masashi Nakahama, Stéphane D1r1ng,
Masahiko Tsullmoto, Seiji Isoda, Franklin Klm, Ken-ichiro Kamel, Roland A. Flscher,
Susumu Kltagawa,*’T’ and Shuhei Furukawa®"

Institute for Integrated Cell-Material Sciences (WPI-iCeMS), Kyoto University, Yoshida, Sakyo-ku, Kyoto 606-8501, Japan

*Department of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering, Kyoto University, Katsura,
Nishikyo-ku, Kyoto 615-8510, Japan
§Department of Inorganic Chemistry II, Ruhr University Bochum, Universititsstrasse 150, 44780 Bochum, Germany

© Supporting Information

pubs.acs.org/JACS

ABSTRACT: Besides conventional approaches for regulating in-coming molecules for gas storage, separation, or molecular
sensing, the control of molecular release from the pores is a prerequisite for extending the range of their application, such as drug
delivery. Herein, we report the fabrication of a new porous coordination polymer (PCP)-based composite consisting of a gold
nanorod (GNR) used as an optical switch and PCP crystals for controlled molecular release using light irradiation as an external
trigger. The delicate core—shell structures of this new platform, composed of an individual GNR core and an aluminum-based
PCP shell, were achieved by the selective deposition of an aluminum precursor onto the surface of GNR followed by the
replication of the precursor into aluminum-based PCPs. The mesoscopic structure was characterized by electron microscopy,
energy dispersive X-ray elemental mapping, and sorption experiments. Combination at the nanoscale of the high storage capacity
of PCPs with the photothermal properties of GNRs resulted in the implementation of unique motion-induced molecular release,
triggered by the highly efficient conversion of optical energy into heat that occurs when the GNRs are irradiated into their
plasmon band. Temporal control of the molecular release was demonstrated with anthracene as a guest molecule and fluorescent

probe by means of fluorescence spectroscopy.

B INTRODUCTION

Controlled release of chemical substances has proved to be
useful in a number of areas including food, pesticide, cosmetic,
or medicine.' > In contrast to spontaneous release system from
which molecules simply leak, the sophisticated design of
materials is required for the development of a controlled or
switchable system, in which the release can be initiated or
interrupted by responding to external environmental changes,
such as temperature,4 pH,5 magnetic6 or electric’ fields, and
ultrasound.®
certainly promising because of its facile localizability toward the
control of molecular release in spatial and temporal fashions.”

Porous coordination polymers (PCPs), a class of crystalline
microporous materials composed of metal ions connected to
each other by organic ligands, are good candidates for host
matrices that transitory but effectively store molecules.'® This is
because of the designability of pores in uniform size and in
surface nature for the tunable framework—guest interaction.
However, the research on PCPs is totally focused on the
control of in-coming molecules into the pores to develop
materials for applications in storage,"" separation,'* catalysis,"
and sensing.'* Regarding the releasing property, a few studies in
which the releasing can be initiated by exposing the materials to
certain environmental conditions were reported.'> However,
the interruption and restarting of molecular release in a

In particular, light as an external stimulus is
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controlled manner is missing. Here we focus our study on the
fabrication of a novel PCP platform that temporally controls
the release of molecules by light irradiation.

The design of materials takes advantage of photothermal
property derived from gold nanorods (GNRs). Upon near-
infrared (NIR) light irradiation into the plasmon bands of
GNRs, electrons at the excited conduction band relax to the
ground state, simultaneously dissipating the resulting excess
energy by the conversion of optical energy to heat."® Such heat,
transferred from the surface of GNRs to the surrounding
environment, is highly localized and triggers the release of
molecules attached on the gold surface. To date, thermally
induced release of the active molecules was achieved either by
dissociation of double-stranded DNA molecules into single-
stranded DNA,"” shrinkage of thermo-responsive hydrogel
shells,"® or a morphological change of GNRs."? Besides those
releasing mechanisms, molecules accommodated into pores can
be released by localized heat, which triggers a molecular
desorption through the increase of molecular motion. Indeed,
the thermal movement of their crystalline lattice as well as the
temperature-dependent molecular mobility within their micro-
pores were recently reported.’® In our approach, this
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temperature-dependent molecular motion is exploited to
trigger the desorption and diffusion of guest molecules
(Scheme 1). Thus, the key for the fabrication is to integrate

Scheme 1. Concept of the Temporally Controlled Guest
Release”

NIR

gold nanorod

“The light-induced molecular release is based on the unique hybrid
system where the optical switch GNR is incorporated within PCP.

PCPs and GNRs into core—shell structures, in which the PCP
shell is grown in the vicinity of the surface of GNRs. In order to
effectively transfer the heat through the whole PCP crystal, the
thickness of the PCP shell should be controlled in the
mesoscale.

Recent developments in synthetic protocols allowed for the
encapsulation of metal nanocrystals within PCP crystals.>' The
synthesized composites displayed performances for catalysis*>
or surface-enhanced Raman scattering.23 However, heteroge-
neous structures of metal @PCP composites invariably
consisted in a dispersion of a number of metal nanocrystals
within large PCP single crystal or crystal aggregates. Very few
reports focused on the control of szpatial configuration of metal
and PCP crystals at the mesoscale™* and no report, to the best
of our knowledge, mentioned the synthesis of nonaggregated
core—shell composite, in which individual metal nanocrystals
were coated with PCP shells. This is the most likely due to a
lack of method to control over the spatial localization of the
heterogeneous PCP nucleation. Consequently, a core—shell
organization would expand the range of possible applications of
metal @PCP composites.

In this work, we show the synthesis of core—shell composites
consisted of an individual metal nanorod as a core and well-
intergrown PCP crystals as a shell and their potential usage as
molecular delivery system. The localized synthesis of PCP only
at the surface of GNRs is achieved by coordination replication
of alumina to aluminum-based PCP, in which the kinetic
coupling between the dissolution of alumina and the
crystallization of PCP allowed for the precise localization of
PCP nucleation on the targeted environment.” Using 1,4-
naphthalenedicarboxylic acid H,(1,4-ndc) as a linker, we
convert the core—shell composite of GNR@alumina into
GNR@[AI(OH)(1,4-ndc)],. The resulted composites store
high amounts of molecules in the pores of [Al(OH)(14-
ndc)],?® as demonstrated by quartz crystal microbalance
(QCM) based sorption experiments. Light-triggered molecular
release is confirmed using anthracene as fluorescent probe.
While anthracene is strongly confined in the pores of
[AI(OH)(14-ndc)], due to the sufficient host—guest inter-
action, the heat production from the GNR core under NIR-
light irradiation induces the release of anthracene from the
pores. We further demonstrate the incorporation of the core—
shell composite into biocompartible polymethylglutarimide
(PMGI) nanofibers. By the implementation of confocal laser

scanning microscopy, the homogeneous distribution of the
core—shell composites throughout the nanofibers is clearly
observed.

B EXPERIMENTAL SECTION

All reagents and solvents were commercially available and used
without further purification. Hexadecyltrimethylammonium bromide
(99%) (CTAB) and 14-ndc (95%) were purchased from Wako
Chemicals (Japan). Sodium borohydride, silver nitrate, and L-ascorbic
acid were obtained by Nacalai tesque (Japan). Hydrogen tetrachlor-
oaurate (III) hydrate (HAuCl,-3H,0) was purchased from Strem
Chemicals (U.S.A.). Thiolated polyethylene glycol (HO-PEG-NH-
CO(CH,),-SH) with molar weight of 3317 Da was delivered by Rapp
Polymer (Germany). Aluminum-tri-sec-butoxide (99.99%), aluminum
oxide, and anthracene were obtained by Sigma-Aldrich (Japan). The
solution of PMGI at 11% in tetrahydrofuran (THF) was purchased
from Microchem Corporation (Germany). Sodium dodecyl sulfate
(SDS) was purchased from Sigma-Aldrich (Japan). In all experiments
deionized water (18.2 M) was used.

Synthesis of CTAB-Stabilized GNRs. CTAB-stabilized GNRs
were prepared using the seed-mediated growth method, reported
previously.”” For the seed solution, an aqueous CTAB solution (0.2 M,
S mL) was first mixed with HAuCl, solution (0.5 mM, S mL) and then
with ice-cold NaBH, solution (0.01 M, 0.6 mL). The reduction of the
gold salt resulted in the formation of a brownish yellow solution.
Growth solution was prepared by adding of CTAB (0.2 M, S mL) to
AgNO; (4 mM, 0.2 mL) and mixing with HAuCl, (1 mM, S mL). A
reducing agent in form of ascorbic acid (0.0788 M, 0.07 mL) was then
added leading to the formation of a colorless growth solution. Finally,
12 uL of the seed solution was added to the Au* stock solution at 30
°C. The reaction was left to proceed for 30 min. The wine-red color of
the mixture indicated the formation of the GNRs.

Surface Modification of Gold Nanorods. GNRs were purified
by centrifugation (10 000 rpm, 10 min) to remove excess CTAB and
were redispersed in 1 mL H,0. SH-PEG (2 mg) was dissolved in
water (200 uL), sonicated for 10 min, and mixed with NaBH, (20 uL,
0.1 M). The mixture was sonicated for another 15 min to prevent the
SH-PEG dimerization (PEG-S-S-PEG). The solutions of GNRs and
PEG-SH were mixed under vigorous stirring, sonicated for 30 s and
left to react for 5 h. Excess PEG molecules were removed by repeated
centrifugation (7000 rpm, 10 min).

Attachment of Amorphous Alumina to the Gold Surface.
GNRs were coated with amorphous alumina by hydrolyzing
aluminum-tri-sec-butoxide in a suspension of nanoparticles. Alumi-
num-butoxide (7.5 mg) was added in ethanol (1 mL) and sonicated
for 1 h to completely dissolve the aluminum source. PEGylated
nanorods were washed 2 times with ethanol to remove water and
finally resuspended in 1 mL of ethanol. The 100 uL solution of
aluminum-butoxide in ethanol was added to 1 mL of GNRs in ethanol
strictly under sonication. The two solutions were allowed to sonicate
for 1 h. To hydrolyze the aluminum-butoxide into alumina on the
surface of GNRs, 200 pL of H,0 was added. The mixture was
sonicated for one more hour and washed several times with ethanol to
remove alumina, which was not attached to the gold surface.

Conversion of Amorphous Alumina on the Gold Surface
into Al-Based PCP. The formation of core—shell composites was
performed in the microwave reactor. GNR@alumina was transferred
into 1 mL water and mixed with 10 mg of H,(1,4-ndc). Some drops of
nitric acid in water were added to the mixture to adjust the pH value to
2. The mixture was put into a microwave vial equipped with a
magnetic stir bar and stirred for 2 min before synthesis. Finally,
amorphous alumina on the surface of GNRs was converted into Al-
based-PCP, [AlI(OH)(1,4-ndc)],, at 180 °C within 60 s in the
microwave reactor (sample labeled GNR@[AI(OH)(1,4-ndc)],). After
cooling down, the core—shell composites were washed several times
with N,N-dimethylformamide (DMF) via slow centrifugation to
remove the unconverted linker and empty crystals.

Incorporation of Anthracene into GNR@[AI(OH)(1,4-ndc)],,.
The anthracene loading was performed by soaking of dried core—shell
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composites (DMF was exchanged to dichloromethane and core—shell
composites were dried overnight at 70 °C under vacuum) in a 20 mM
cyclohexane solution of anthracene in a thermomixer at room
temperature for 24 h. After insertion of the guest, the core—shell
composites were washed by following a procedure to remove the
anthracene molecules from the surface of the crystals. After soaking of
core—shell composites in the anthracene solution of cyclohexane for
24 h, the composites were centrifuged. The core—shell composites felt
to the bottom of container, and the excess of anthracene remained in
the supernatant. Then, the composites were moved to the fresh
cyclohexane and again centrifuged. This procedure was repeated three
times. Finally, the absence of remaining anthracene in the supernatant
was confirmed by UV—vis spectroscopy.

Light-Induced Anthracene Release. The sample of core—shell
composites with incorporated anthracene molecules was divided into
14 equal parts. In general, seven experiments were performed.
Thereby, 2 parts were resuspended in 1 mL cyclohexane each. One
sample was then directly irradiated with the Xenon lamp (NIR-light:
wavelength = 750 nm) for 1, S, 10, 15, 30, 60, and 120 min, while
another one was left in the solution for the same times without any
irradiation in order to assess the passive anthracene release. After each
experiment, both samples were centrifuged, and the fluorescence
spectra of the supernatants with and without lamp irradiation were
recorded and compared to each other. Reference experiments were
performed with [AlI(OH)(1,4-ndc)], loaded with anthracene but
without GNRs inside.

Fabrication of Hybrid PMGI Nanofibers Embedding
GNR@[AI(OH)(1,4-ndc)],. For the fabrication of nanofibers the
previously reported electrospinning method was used.”® First, the
viscous PMGI solution was mixed with sodiumdodecylsulfate to avoid
the formation of undesired beads in fibers. Core—shell composites
loaded with anthracene were suspended in 136 uL tetrahydrofuran
(THF) and added to 364 uL of 11% v/v PMGI solution.
Consequently, the final concentration of the polymer solution was
8% v/v. The polymer solution was loaded into 1 mL syringe with a
stainless steel 18-gauge needle connected to a high-voltage supply, and
the distance between the needle and the silicon wafer placed with a
collector (a microscope glass substrate or a TEM grid) was kept at 10
cm. A voltage of 8 kV vs the silicon wafer with the collector was
applied to the needle. Then, nanofibers incorporated with core—shell
composites were produced onto the collector by ejecting the polymer
solution with a syringe pump at a feeding rate of 0.6 xL/min.

B RESULTS AND DISCUSSION

Fabrication of Core—Shell Composite. For a shell we
chose the previously reported PCP framework composed of
aluminum hydroxide chains and 1,4-ndc linkers [AI(OH)(1,4-
ndc)],.2® To ensure an accurate localization of the PCP crystal
nucleation onto GNRs, the gold nanoparticles were first coated
with a hydrated amorphous alumina layer that acted as localized
aluminum source (Scheme 2). The alumina-modified nanorods
were then used as reactive seeds. Dissolution of the amorphous
alumina coating during a microwave treatment in the presence
of 1,4-naphthalenedicarboxylate promoted the nucleation of an
aluminum-based PCP on the surface of the GNR.

GNRs were first synthesized by applying a seed-mediated
growth method.”” This approach produced high yield of GNRs
with an aspect ratio of ~4 (Figure la). UV—vis spectroscopy
was used to observe the plasmon resonance band of the GNRs
(Figure 2). The transverse plasmon resonance band peak was
located near 517 nm, whereas the tunable longitudinal plasmon
band was located near 756 nm. The surface of the GNRs was
then modified with PEG-SH polymer chains, which act as a
coupling agent for a subsequent alumina coating. Because of the
affinity of thiol for gold, CTAB bilayer adsorbed onto the gold
surface after the synthesis was displaced by the PEG-SH.”
Surface-functionalized GNRs exhibited high sterical stability

Scheme 2. Schematic Illustration of the Synthesis of
GNR@[AI(OH)(1,4-ndc)], Core—Shell Composites
Capable of Light-Controlled Molecular Release

Surface
modification

Gold nanorod (GNR) GNR@PEG-chain

Alumina
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Figure 1. TEM images of (a) CTAB-stabilized GNRs, (b) GNRs after
the surface modification with PEG-SH, (c) PEGylated GNRs coated
with amorphous alumina, and (d) core—shell composites.
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Figure 2. UV—vis spectra of GNR@CTAB (black), of GNR@PEG
(green), and GNR@alumina (blue).
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Figure 3. EDX elemental mapping images of single GNR@[AI(OH)(1,4-ndc)], core—shell composite. (a) TEM image of composite and elemental

mapping images by (b) Au, (c) Al (d) all merged, (e) O, and (f) C.

and, therefore, remained nonaggregated as observed on the
transmission electron microscopy (TEM) images (Figures 1b).
The successful PEG-coating was confirmed by X-ray
fluorescence spectrometry (XRF) that shows the presence of
thiol functions (Table S1). The UV—vis spectrum of the PEG-
modified GNRs showed two extinction peaks at 517 and 755
nm (Figure 2). No significant changes in both of plasmon band
shapes and positions were observed compared to the CTAB-
stabilized GNRs. Change in chemical environment at the gold
surface after CTAB exchange by PEG is likely not significant
enough to induce a clear shift of the plasmon band position.
An amorphous alumina layer was then deposited onto the
gold surface by a sol—gel process. PEGylated GNRs were mixed
with a dry ethanolic solution of aluminum-tri-sec-butoxide as an
aluminum precursor. Mineral polymerization was initiated by
the addition of a small amount of water and led to GNRs
embedded within a hydrated amorphous alumina matrix.
Notably, no well-defined core—shell GNR@alumina nanostruc-
tures were observed on TEM pictures (Figures 1c and S1). We
believe that the irregular alumina coating observed on these
pictures is an artifact originating from the preparation of the
TEM grids. Indeed, at room temperature and under the
experimental conditions, the amorphous alumina produced in
water/ethanol solution is most likely composed of soluble
aluminum hydroxide oligomers attached to the PEG chains
through the formation of a hydrogen-bonding network between
the ethylene oxide units of the PEG chains and the hydroxide
groups of the alumina species.”® The observed irregular alumina
coating likely originated from the collapse and further
condensation of the soluble alumina species during the drying
step of TEM grids preparation. The coverage of the GNR
surface by soluble alumina species was further validated by a
shift of the surface plasmon band (Figure 2) and energy-
dispersive X-ray spectroscopy (EDX) (Figure S2). Though the
transverse plasmon band remains almost unchanged, a slight

blue shift of the longitudinal plasmon band occurred upon
deposition of the alumina layer.

Finally, 1,4-naphthalenedicarboxylic acid linkers were added
to the freshly washed GNR/alumina suspension, and the
resulting mixture was treated under microwave conditions.
Localized PCP nucleation on the GNR surface resulted in the
formation of discrete particles with a well-defined core—shell
composites (Figures 1d and S3). EDX mapping measured on
one core—shell composite (Figures 3) displays signals
corresponding to the carbon atoms, which proves the formation
of a hybrid shell around the GNRs. Powder X-ray diffraction
(PXRD) measurement for the core—shell composites un-
ambiguously reveals the formation of the [Al(OH)(1,4-ndc)],
phase (Figure S4). This result is confirmed by the analysis in
selected-area electron diffraction of the shell that shows a ring-
like diffraction pattern reflecting the contribution from
[AI(OH)(1,4-ndc)], crystallites with a random orientation
(Figure SS). The field emission scanning electron microscopy
(FESEM) image presented in Figure 4 points out the
homogeneity of the sample that is composed of few intergrown
PCP nanocrystals aggregated around individual GNRs with a
mean size of 300 nm.

Utilization of alumina-modified GNRs as reactive seeds was
the key point to precisely controlling the localization of PCP
crystallization onto the gold surface. This strategy directly
derives from a dissolution—recrystallization process, so-called
coordination—replication, which we established in the previous
study for the formation of PCP architectures.”® This process is
based on the pseudomorphic replacement of a metal oxide
phase that is out of equilibrium by a more stable PCP
framework in the presence of multitopic organic ligands.
Preservation of the shape and dimension of the parent phase is
guaranteed by a precise coupling between kinetics of the metal
oxide dissolution and kinetics of PCP crystallization. In the case
of GNR@[AI(OH)(1,4-ndc)], formation, the alumina species
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Figure 4. FESEM images of core—shell composites.

attached onto the gold surface act as localized aluminum
source. Their dissolution is immediately followed by the fast
crystallization of [AI(OH)(1,4-ndc)],. Surface of GNRs acts as
starting point for the PCP heterogeneous nucleation. Note-
worthy, local Joule heating resulting from the adsorption of the
microwave energy by the conductive GNR most likely also
contributes to the promotion of the heterogeneous PCP
nucleation. Indeed, the effect of this phenomenon upon
heterogeneous PCP nucleation of gold substrates was
previously reported.®'

Temporal Control of Molecular Release Using Light
Irradiation. Core—shell composites were then tested as
molecular release systems. Anthracene was chosen as a guest
model molecule for two main reasons: (1) Anthracene
molecules can be strongly stabilized within [Al(OH)(14-
ndc)], PCP pores through both a perfect size matching (on the
basis of the crystallographic data and the van der Walls radii of
atoms dimensions of the large channels of [Al(OH)(1,4-ndc)],,
are about 7.7 X 7.7 A, while the in-plane van der Walls
dimensions of anthracene are 11.3 X 7.4 A) and strong 7—x
stacking interactions between anthracene and naphthalene
moiety at the pore wall. Such an efficient stabilization is critical
in order to avoid any leakage of guest molecules. Here we took
an advantage of PCPs that enable to stabilize small molecules in
the pores through physisorption, without the requirement of
the specific chemical modification. (2) Owing to its
fluorescence properties in its solubilized state, anthracene can
be used as a probe that allows for an easy detection of the
molecular release by means of fluorescence spectroscopy
measurements.

Athracene incorporation and stabilization within the pore of
[AI(OH)(1,4-ndc)], were first investigated. Anthracene was
loaded into the PCP shell by soaking the composite particles in
a 20 mM cyclohexane solution at room temperature for 24 h.
The composite materials were first activated by the guest
exchange from DMF to dichloromethane followed by a drying
process at 70 °C overnight under vacuum. Anthracene loading
within the PCP pore was evidenced by means of methanol
sorption analysis. Methanol adsorption properties were
investigated before and after anthracene loading by environ-
ment-controlled quartz crystal microbalance (QCM) technique
(Figure 5).3* All isotherms were measured simultaneously in a
six-channel QCM chamber. Adsorption isotherm measured at
25 °C with activated GNR@[AI(OH)(1,4-ndc)], composites
before anthracene loading displays a type-I behavior, revealing
the microporosity of the [Al(OH)(1,4-ndc)], framework (black
trace).”® After loading with anthracene, the saturation uptake at
P/Py = 100% decreased by a factor 2, evidencing the successful
incorporation of anthracene guest molecules (blue trace). A

0.301
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0.109

Amount adsorbed (mg/g)
=
>
1

S SN

I L)
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Figure S. Methanol adsorption isotherms of core—shell composites
measured by environment-controlled QCM technique before loading
with anthracene (black), after loading (blue), and after release of
anthracene (red).

maximum amount of 4 wt % of anthracene adsorbed in the
shell was determined by thermogravimetric analysis (TGA;
Figures S6).

To demonstrate the photothermal actuation of our molecular
release system, NIR irradiation experiments were achieved on
both GNR@[AI(OH)(1,4-ndc)], composites and [Al(OH)-
(1,4-ndc)], crystals without GNRs as reference. Experiments
were performed by using a Xenon light source with an emission
wavelength at 750 nm and equipped with an infrared module.
Each sample was separated in two batches. During 120 min,
one batch was irradiated with NIR in solution, while the other
batch was not irradiated in order to evaluate the passive release.
Irradiated and nonirradiated samples were centrifuged, and a
small aliquot from the supernatant was analyzed by
fluorescence spectroscopy at different times of experiment
(Figure S7). Figure 6a compares the fluorescence intensities
plotted as a function of time for irradiated and nonirradiated
core—shell GNR@[AI(OH)(1,4-ndc)], composites. Intensity
measured in the case of the nonirradiated sample almost did
not vary for 120 min, indicating the high stability of the
anthracene loaded within the PCP pores and the absence of any
leakage. In contrast, a very clear and effective light-induced
increase of the fluorescent intensity was observed during the
first 60 min in the case of the irradiated sample. The intensity
measured after 120 min was 13.4 times higher than for the
nonirradiated sample. In order to clarify whether the
anthracene escapes from the PCP pores is due to the GNR
photoconversion ability or to a possible thermal effect inherent
to the NIR irradiation, a similar experiment was then achieved
with irradiated and nonirradiated [Al(OH)(1,4-ndc)], (without
GNRs) as reference (Figure 6b). In this case, fluorescence
intensity maxima measured after 120 min for the irradiated
sample was only 1.4 times higher than the nonirradiated,
indicating the negligible thermal effect of the NIR irradiation
upon the anthracene release. Therefore, the burst release of
anthracene from the core—shell composites was unambiguously
ascribed to the remote heating generated by the GNRs through
photothermal conversion. Anthracene light-induced release was
also evidenced by solid-state UV—vis measurements (Figure
$8) and methanol adsorption QCM measurements (Figure S).

Figure S shows that saturated methanol adsorption capacity
measured with GNR@[AI(OH)(1,4-ndc)], sample irradiated
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Figure 6. Evaluation of anthracene release from (a) core—shell
composites and (b) [Al(OH)(1,4-ndc)], crystals without GNRs. The
graphs show linear plots for fluorescence intensity maxima of the
released anthracene versus time with (red) and without (black) NIR-
light irradiation.

for 120 min (red trace) returned to a value close to the
saturated methanol adsorption value measured with the sample
before anthracene loading (black trace). The lower adsorbed
methanol amount observed after NIR-irradiation (35% less
than the amount measured with the core—shell composite
before anthracene loading) is explained by the presence of a
fraction of anthracene that remains trapped within the pores at
the end of the irradiation experiment. Indeed, isothermal TGA
of the samples before and after NIR-irradiation revealed the
presence of 32% of the total amount of loaded anthracene still
trapped within the micropores of the PCP shell (Figure S9).
These remaining guest molecules most likely correspond to the
anthracene molecules the most deeply adsorbed within the
PCP pores. As heat generated through photothermal
conversion is dependent on the applied NIR irradiation
power density,'® it can be anticipated that the application of
higher power densities would further enhance the molecular
motion within the hybrid framework and therefore enable the
release of the entire amount of loaded anthracene. Importantly,
this last result emphasizes the benefit of using PCP crystals as
containers when targeting the synthesis of a controlled guest
release system. Indeed, in contrast with other porous materials
investigated as drug release system, such as porous silica, the
efficient guest molecule stabilization provided by PCP micro-
pores consisting of judiciously chosen organic and inorganic
building units makes unnecessary any postmodification steps
sometimes required to prevent uncontrolled released.'”
Spatial Control of Molecular Release by Incorporation
of Core—Shell Composite into Nanofibers. GNR@[AI-
(OH)(1,4-ndc)], composites loaded with anthracene were then
incorporated into PMGI nanofibers via electrospinning.
Though several polymers, such as polyvinylpyrrolidone,
polystyrene, or polyacrysonitrile were used for the formation
of PCPs/nanofiber composite,33 we chose PMGI nanofibers,

which are biocompatible and easily patternable. The incorpo-
ration of the core—shell composites within this organic one-
dimensional matrix will allow for the control of their position as
well as their integration into bioenvironments.*®

Electron microscopy (EM) images (Figure 7ab) clearly
display the incorporation of the core—shell composites into

1um

Figure 7. Incorporation of core—shell composites loaded with
anthracene into PMGI nanofibers. (a) Annular dark-field scanning
transmission electron microscopy and (b) bright-field TEM images of
PMGI nanofibers with incorporated core—shell composites. (c)
Transmission and (d) CLSM images of the PMGI nanofibers
incorporating the core—shell composites loaded with anthracene.
Contrast corresponds to the fluorescence intensity from anthracene.

nanofibers with 300 nm to 1 um thickness. The TEM image
(Figure 7b) indicates that the integrity of the core—shell
nanostructure remains unchanged even after the incorporation
procedure. The confocal laser scanning microscopy (CLSM)
images (Figure 7c for transmission and Figure 7d for emission)
of the nanofibers incorporating the core—shell composites
loaded with anthracene under the excitation at 370 nm also
demonstrate the successful incorporation of core—shell
composites into PMGI nanofibers. Noteworthy, the homoge-
neity in size of GNR@[AI(OH)(1,4-ndc)], composites and
their low degree of aggregation allows for their homogeneous
distribution throughout the nanofibers.

H CONCLUSION

In conclusion, we have developed a strategy for controlling the
molecular release from the pores of PCP crystals by combining
the loading and unique guest stabilizing ability of PCPs with the
photothermal properties of GNRs. In this system, GNRs are
individually incorporated within the aggregates of PCP
nanocrystals to form well-defined core—shell composites. The
photothermal conversion ability of the GNRs acts as an optical
switch that enables to remotely release the guest molecules
adsorbed within the PCP pores through an increase of
molecular mobility. Light-induced release of anthracene
demonstrated the efficiency of this new molecular release
system. We further demonstrated the method to incorporate
the core—shell composites into biocompatible PMGI nano-
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fibers known to be good cell-culture scaffolds.”** This system

will offer the possibility to spatially control the molecular
release and to integrate them into biological systems for future
applications in the field of cell biology. It can be anticipated that
these PCP-based composites will be used as platform systems
for the remote-controlled release of various relevant bioactive
molecules to chemically stimulate living cells.
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