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ABSTRACT: Artificial microcompartments are highly desir-
able for understanding the mechanism of formation of
primitive cells for the origin of life and have technological
effects in broad fields such as materials science, catalysis,
environmental remediation, biomedicine, and biotechnology.
However, it remains a critical challenge for the construction of
a structurally stable, semipermeable, and multifunctional
compartment that can maintain a protective and confined
internal space while allowing internalization of ingredients.
Here, we present a strategy for construction of novel smart
multifunctional hybrid compartments (SMHCs) with semi-
permeability, stimulus-response, and enzymatic bioactivity. The smart compartments were assembled by packing magnetic
nanoparticles on oil/water interface, and the interstitial pores were gated by designed thermosensitive copolymer brushes. The
materials characterization, multifunctionality, and on-demand permeability of prepared hybrid compartments were investigated.
Notably, biological macromolecules can be easily encapsulated without sacrifice of the original bioactivity. We exploited the
reversible permeability of these responsive inorganic−organic smart compartments, demonstrated temperature-triggered release
of small molecules, and displayed SMHCs as a light programmable artificial microreactor.

■ INTRODUCTION

As one the of basic building units of life, the cell is a
compartmentalized space with an outer membrane and multiple
internal organelles, which can mediate many complex
biochemical reactions in concert and provide specialized
cellular functions.1 By mimicking biological compartmentaliza-
tion, the design and construction of the smart artificial
compartments based on bottom-up strategies attract particular
attention in various fields.2−6 A typical artificial compartment
has a lumen segregated from the external environment by a
membrane, while accessible and tunable pores on the
membrane would allow small molecules to pass through. The
encapsulate cargo thus can be effectively protected against
potential damage and controllably released. This property is
particularly important in the fields of biomedicine and catalysis
involving bioactive protein cargos.7−10 For instance, the smart
compartments either as bioreactors or as delivery vehicles are
expected to shelter protein cargos from attack of protease.11,12

To date, various approaches have been explored to artificial
compartments.13−17 Among them, use of a template to create
“hollow cavity” is the most common technique.18−21 However,
one of the major challenges is the incorporation of guest
biomolecules while maintaining their bioactivity. Moreover,
existing artificial compartments show a sole response to pH or
ionic strength for on-demand permeability.22,23 They are still
not effective to accomplish a variety of advanced applications
and show inferior potency in comparison with multistimuli

responsive ones. Hence, smart multifunctional compartments
with intact structure and semipermeable membrane for facile
encapsulation of bioactive molecules are highly desirable.
With development of nanotechnology, self-assembly of

nanoscale materials to form hierarchically ordered structures
provides new chances to construct functional compart-
ments.24−30 Especially, Pickering emulsions stabilized by a
wide range of colloidal particles can easily and directly
encapsulate molecules into compartment during emulsifica-
tion.31,32 Although promising, the inherent stability arising from
the noncovalent interactions between particle/particle/liquids
is not strong enough to keep the intact structure in pure
aqueous solution. In addition, small molecules can rapidly
diffuse out through the interstitial pores on the membrane
assembled by nanoparticles. To address these concerns, both
the development of new nanoblocks and the design of
membrane with on-demand permeability are important. Herein,
we report the design and preparation of novel smart
multifunctional hybrid compartments (SMHCs), which can
compatibly encapsulate guest biomacromolecules for program-
mable biofunction (Scheme 1). SMHCs are constructed by self-
assembly of partially hydrophobic magnetic nanoparticles on
the oil/water interface of the emulsions and simultaneously
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cross-linked by a designed smart thermosensitive copolymer
brushes to gate the formed interstitial nanopores. Importantly,
the self-assembly at oil/water interfaces allows us to encapsulate
almost any guest molecules with high capacity at ease.
Moreover, the multifunctional inorganic−organic hybrid
membrane with mild photothermal responsibility can induce
the conformational change of smart polymer brushes to open
or close the gated nanopores and thus enable the reversible
membrane permeability to be controlled by both temperature
and near-infrared (NIR) light. Selective and dynamic
permeability and the stimulus-response mechanism of the
multifunctional hybrid colloidosome compartments have been
investigated. We finally demonstrate that programmable
dephosphorylation reaction can be achieved by confining
phosphatases in the smart multifunctional hybrid compart-
ments.

■ EXPERIMENTAL SECTION
Materials. Ferric chloride (FeCl3·6H2O), tris(hydroxymethyl)-

aminomethane (Tris), hydrogen chloride (HCl), fluorescein (FITC),
sodium acetate (NaAC), ethylene glycol, trisodium citrate, toluene,
ethanol, sodium acetate, ethanol, dichloromethane, diethyl ether, and
acetone were obtained from Alfa Aesar. Tetraethyl orthosilicate
(TEOS), N-isopropylacrylamide (NIPAA), 3-(trimethoxysilyl)propyl
methacrylate (TPM), acrylamide (AA), azobis(isobutyronitrile)
(AIBN, recrystallized), tetramethoxysilane (TMS), octyltriethoxysilane
(OTS), Rhodamine 6G (Rh6G), alkaline phosphatase (ALP), 4-
nitrophenyl phosphate (NPP), methanol, and dodecane were
purchased from Sigma-Aldrich. All chemicals and reagents were used
directly without further purification.
Synthesis and Modification of Core−Shell Magnetic Nano-

particles. Carboxyl Fe3O4 nanoparticles with excellent dispersibility
were prepared by a solvothermal method.33 Typically, 2.16 g of FeCl3·
6H2O and 0.40 g of trisodium citrate were dissolved in 40 mL of
ethylene glycol under vigorous stirring, and then 2.40 g of NaAc was
added. The mixture was stirred for 30 min and followed by
ultrasonication for another 30 min. Then the mixture was transferred
to a Teflon-lined stainless-steel autoclave and heated at 200 °C for 12
h. The black product was collected and washed with ethanol and
deionized water for several times and, finally, vacuum-dried at 60 °C.

Then silica was coated onto the Fe3O4 nanoparticles by a modified
Stöber method to form magnetic silica (MS).34 Briefly, 60 mg of as-
prepared Fe3O4 nanoparticles was ultrasonically dispersed in a solution
containing 300 mL of ethanol, 60 mL of water, and 6 mL of
concentrated ammonia (28 wt %). Then 0.4 mL TEOS was added
dropwise to the solution under ultrasonication followed mechanical
stirring for 10 h at room temperature. Subsequently, the particles were
collected and washed with deionized water and ethanol for several
times before drying at 60 °C for 12 h.

Surface modification of as prepared core−shell magnetic nano-
particles was conducted to optimize their wettability. A predetermined
amount of OTS and 300 mg of MS nanoparticles were dispersed in 20
mL of toluene under ultrasonication for 30 min. The mixture was then
transferred to a Teflon-lined stainless-steel autoclave and heated at 120
°C for 12 h. The product (MS-OTS) was collected and washed with
toluene and ethanol for several times before drying at 60 °C for 12 h.

Synthesis and Characterization of Thermosensitive Copoly-
mer Brushes. Copolymer brushes (poly NIPAA-AA-TPM; NAT)
were synthesized by free radical copolymerization. Briefly, NIPAA,
TPM, AA, and AIBN in designed molar ratios were dissolved in
methanol and degassed by the nitrogen purge for half an hour. The
solution was stirred and heated at 65 °C under the nitrogen
atmosphere for 24 h. Residual methanol in the resulted mixture was
evaporated. The product was dissolved in dichloromethane and then
precipitated out by adding the diethyl ether. This step was repeated
several times to purify the product. The final copolymer brushes were
dried under vacuum and stored in a desiccator before use. The lower
critical solution temperature (LCST) was determined by plotting the
temperature of cloud point. The absorption of the copolymer at 450
nm was continuously measured against temperature at a heating rate of
1.0 °C min−1 using a multimode reader equipped with a temperature
controller.

Construction of SMHCs. Nanoparticle-stabilized water-in-oil
Pickering emulsions were first prepared. Typically, core−shell
magnetic nanoparticles were well dispersed in oil (dodecane) with a
concentration of 10 mg mL−1 by ultrasonication, while the NAT
copolymer brushes were dissolved in deionized water at a
concentration of 1 mg mL−1. Three-hundred microliters of the
above nanoparticles dispersion was added to 100 μL of NAT aqueous
solution with Rh6G fluorescent dye or bioactive phosphatase. The
water-in-oil Pickering emulsions were formed by vigorously shaking
with a vortex shaker for 2 min. Afterward, additional 0.5 mL of oil was

Scheme 1. (a) Construction of SMHCs by Self-Assembly of Magnetic Nanoparticles on Water-in-Oil Droplets; (b) Reversible
on/off of Stimulus-Responsive Gate of SMHCs by Either Temperature or NIR Light for Programmable Reaction
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added, and the nanoparticles-stabilized emulsions stood still for 1 h in
a refrigerator (4 °C). Then 30 μL of TMS was added to the Pickering
emulsions, and the dispersion was rotated gently for 5 min before
standing still. After 6 h, 30 μL of TMS was added, and the mixture
aged overnight with gentle mixing occasionally. To transfer the
prepared SMHCs from oil phase to aqueous phase, 200 μL of acetone
was added to above mixture, and the mixture stood for 30 min. The
supernatant oil was removed, and SMHCs were washed with acetone
and water to remove possible broken fragments and unencapsulated or
leaked fluorescent dye or ALP enzyme before redispersed in 1 mL of
aqueous solution. To determine the amount of encapsulated
fluorescent dye, the final SMHCs were dispersed in 0.5 mL of ethanol
and followed by ultrasonication for 2 h. After rotation and vibration for
24 h, the solution with dye was recovered, and the residuals were
dissolved in aqueous solution after evaporation of ethanol.
Permeability and Stability Characterization of SMHCs. The

controllable permeability of prepared SMHCs was evaluated by the
on-demand release of Rh6G encapsulated in the SMHCs. Rh6G
solution (100 μg mL−1) was encapsulated in the SMHCs during the
formation of Pickering emulsions. The final SMHCs (3 mg mL−1)
were redispersed in 10 mL of aqueous solution at different

temperatures (37 and 40 °C). The time-dependent concentrations
of released Rh6G in the continuous phase of water were determined
by recording the fluorescence intensities using a fluorescence
spectrometer. The optical and fluorescent microscopy images of
typical SMHCs before and after the release of the dye were also
observed using a fluorescent microscope. To avoid the possible
deviation arising from the size of SMHCs or the photobleaching of dye
during exposure to the light excitation source, SMHCs with the same
size were snapshotted under the same exposure condition rapidly. To
check the permeability of prepared SMHCs for ALP molecules, the
FITC-labeled ALP was caged in SMHCs as described above. Then
SMHCs (3 mg mL−1) were redispersed in 10 mL of aqueous solution
at different temperatures (37 and 40 °C). The optical and fluorescence
microscopy images of typical SMHCs before and after the release of
the dye were recorded using fluorescence microscopy. For evaluation
of the stability, SMHCs (3 mg mL−1) were incubated at 37 °C (below
the LCST) and 40 °C (above the LCST) for 3 days, respectively. The
resultant SMHCs were collected by a magnet, and the aqueous phase
was evaporated at room temperature. The morphology of the SMHCs
before and after incubation was observed using the SEM equipment.

Figure 1. (a) TEM and HRTEM (inset) images of the Fe3O4 nanoparticles. (b, c) TEM images of the synthesized MS nanoparticles. (d) The
contact angle of MS modified with different amount of OTS. (e) FTIR spectra of MS (red) and MS-OTS (blue). (f) Chemical structure of the
designed copolymer brush (NAT) with functional monomers. Note: different monomers were randomly distributed in the NAT copolymers, and the
sketch only represents the accurate chemical structure of the monomers included in the copolymers. (g) The LCST temperature of the polymer
brush was tuned by hydrophilic monomers with different NIPAA/AA/TPM ratios: (1) 100/0/2, (2) 97.5/2.5/2, (3) 95/5/2, (4) 92.5/7.5/2, (5)
90/10/2.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.6b04326
Chem. Mater. 2017, 29, 2081−2089

2083

http://dx.doi.org/10.1021/acs.chemmater.6b04326


Biofunctional SMHCs for Programming Dephosphorylation.
Biofunctional SMHCs (100 μL, 3 mg mL−1) caged with 0.1 U ALP
enzymes were added into 2 mL of 25 μM NPP solution (dissolved in
Tris-HCl buffer containing 1 mM MgCl2, pH = 9.5) at the different
temperatures (37 and 40 °C) to mediate the dephosphorylation.
Dephosphorylated product 4-nitrophenolate (NP) in the continuous
aqueous phase was monitored over time at 410 nm by a UV−vis
spectrometer. Control experiments of enzymatic dephosphorylation
using pure ALP were also conducted at the predetermined
temperatures.
NIR-induced dephosphorylation by stimulus-responsive SMHCs

was remotely controlled using a continuous wave (CW) diode laser
(DS3−11322−110-K808/980F14CD, BWT Beijing Ltd., China) with
the wavelength of 808/980 nm. The irradiation area of the laser was a
circular spot with the diameter of 1 cm. The irradiation position was
accurately aligned and focused on the SMHCs with the help of the
equipped visible light beam. The power density was first optimized by
tuning the laser power, and the laser power density of 3.18 W cm−2

was used for following experiments. To investigate the thermal
reversibility, SMHCs (0.15 mg mL−1) were incubated with 2 mL of 25
μM NPP solution (dissolved in Tris-HCl buffer containing 1 mM
MgCl2, pH = 9.5), and the dephosphorylation mediated by the
biofunctional SMHCs were repeatedly regulated 10 times with the 20
min laser on and 60 min laser off for each cycle, while the

dephosphorylated product NP in the continuous aqueous phase was
monitored after each step at 410 nm by a UV−vis spectrometer
(Infinite 200 PRO).

Characterizations. Scanning electronic microscopy (SEM) images
were obtained on a field emission scanning electron microscope
(FESEM; NanoSEM 630, NOVA), equipped with an energy-dispersive
X-ray analysis (EDXA) system. Transmission electron microscopy
(TEM) images were taken with a JEOL-2010 microscope at the
accelerating voltage of 200 kV. X-ray diffraction (XRD) patterns were
collected on a PANanlytical Empyrean X-ray powder diffractometer.
UV−vis−NIR spectra were recorded on a PerkinElmer Lambda 950
UV−vis−NIR spectrophotometer. Samples for NMR spectroscopy
were recorded in CDCl3 using a Bruker 400 Ultrashield spectrometer
operating at 400 MHz. Fourier transform infrared (FTIR) spectra were
determined on a Bruker Vertex V70 FTIR spectrometer and scanned
from 400−4000 cm−1 at a resolution of 6 cm−1. Water contact angles
were measured with a contact angle goniometer (rame-hart model 260
Automated Goniometer/Tensiometer) by the sessile water drop
method with 5 μL water drops. Magnetization measurements of the
core−shell magnetic nanoparticles and SMHCs were carried out with a
superconducting quantum interface device (SQUID) magnetometer at
300 K. Fluorescence intensity and spectra were recorded on a
HORIBA Scientific Fluoromax-4 spectrofluorometer. The absorbance
of NP at 410 nm was determined on an Infinite 200 PRO multimode

Figure 2. (a) Microscopy, (b, c) SEM, and (d) TEM images of magnetic nanoparticles assembled capsules with NAT copolymer brushes. (e, f) SEM
images of collapsed compartments due to the absence of NAT copolymer. (g, h) Microscopy images of SMHCs in oil and (j) aqueous solution. (i, k,
l) SEM images of a free-standing SMHC.
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UV−vis reader. Microscopy images were obtained on a fluorescence
microscope (Leica). Confocal fluorescence microscope (Olympus
FV1000 laser scanning confocal microscope) with automatic Z-
scanning was used to further study the enzyme distribution inside the
artificial cells. The thermal images of SMHCs under NIR radiation
were taken by an infrared thermometer (Fluke, USA) at designated
time intervals.

■ RESULTS AND DISCUSSION

Preparation of Magnetic Nanoparticles and NAT
Polymers. First, Fe3O4 nanoparticles (diameter: ∼60 nm)
with excellent dispersibility as building blocks of SMHCs were
synthesized (Figures 1a and S1). High-resolution TEM
(HRTEM) image (Figure 1a, inset) and X-ray diffraction
pattern of Fe3O4 (Figure S1d) indicate these magnetic
nanoparticles correlate well with cubic magnetite (JCPDS No.
19−0629).35 Fe3O4 nanoparticles were further coated with a
silica shell (MS, Figure 1b,c). The stability of nanoparticles on
the oil/water interface depends on surface wettability, which
can be visualized by contact angle (Figure 1d). Nanoparticles
with a contact angle of 90° have optimum stability at the oil/
water interface as they require the lowest transfer energy
(Figure S2).36 Therefore, we prepared magnetic colloids with
the contact angle of 95.4° (Figure 1d) through optimizing the
density of grafted alkyl residues of OTS. The presence of
vibration bands at 2856 cm−1 and 2925 cm−1 (−CH3, −CH2)
in FTIR spectrum of OTS-modified MS confirms the successful

surface modification (Figure 1e). We also designed a smart
thermosensitive copolymer brush composing of active anchors
and temperature sensitive units as the thermosensitive
molecular gate of SMHCs. The copolymer brush NAT (Figure
1f) includes thermal responsive monomer (N-isopropylacryla-
mide; NIPAA), hydrophilic adjuster (AA), and active anchor
(TPM). The composition of NAT copolymers was verified by
NMR and FTIR spectra (Figure S3a,b). The NAT copolymer
can conformationally switch from expanded coil to compact
globule at LCST,37−39 and the LCST can be tuned by
copolymerization of different proportion of AA hydrophilic
monomers (Figure 1g). To accommodate to most of the
biomolecules, we chose the thermal responsive window of 38−
42 °C. As shown in Figure S3c, NAT is responsive to
temperature, and reversible phase transitions of the NAT
copolymer can be realized.

Construction and Characterization of SMHCs. To
construct SMHCs, aqueous solution with NAT copolymer
was introduced into oil phase containing nanoparticles,
followed by shaking to generate emulsions (Figure S4). Then
nanoparticles assembled capsules were formed (Figure 2a),
which present polydispersity in size. Interestingly, after
evaporation of the solvent, intact but deflated balloon-like
capsules were observed (Figure 2b). NAT copolymer brushes
play a pivotal role in the formation of intact capsules, as they
can further cross-link the self-assembled nanoparticles (Figure
2c,d). Notably, the reactive silane coupling groups in NAT

Figure 3. (a) Magnetic hysteresis loops of the SMHCs, and (inset) the magnetic manipulation of SMHCs with the external magnetic field. (b) UV−
vis−NIR diffused reflection spectra of prepared Fe3O4 nanoparticles, precursor nanoparticles, and the SMHCs. (c) Photothermal effect of the
SMHCs under laser irradiation with different power. (d) Release of the fluorescence dye from SMHCs at different temperatures. (e) Fluorescence
microscopy images of SMHCs with encapsulated dye: (1) before release, (2) after release at 40 °C for 70 h.
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copolymers would covalently react with the hydroxy groups on
the silica surface, which would result in the covalent cross-link
of the adjacent magnetic silica nanoparticles (Figure S5). In
contrast, without NAT polymer cross-linking nanoparticles, the
assembled microcompartments dissembled after solvent evap-
oration (Figure 2e), and only residual randomly dispersed
nanoparticles could be observed (Figures 2f and S6). After
further aging, the NAT cross-linked capsules, intact and stable
SMHCs were prepared (Figure 2g). Interestingly, SMHCs have
the typical wrinkled surface (Figure 2h). These SMHCs can be
easily transferred into the pure aqueous phase with intact
structure (Figure 2j). Evaporation of solvent would result in the
significant shrinkage of SMHCs (Figure S7), indicating their
inherent flexibility and elasticity. According to SEM character-
ization, the free-standing and intact SMHCs with spherical
morphology can be observed (Figure 2i). Apparently, SMHCs
are assembled by nanoparticles (Figure 2k,l), and these
nanoparticles are cross-linked and gated by NAT copolymer
(Figure S8a,b), which is also evidenced by the presence of
characteristic absorption bands of NAT in the FTIR spectrum
of the SMHCs (Figure S8c). The intrinsic nature of SMHCs
was confirmed by X-ray diffraction analysis, and they have the

same crystalline phases as the precursor magnetic nanoparticles
(Figure S9).

Multifunctionality and Dynamic Permeability of
SMHCs. After basic characterization of SMHCs, we studied
their multifunctionality and stability. As core−shell magnetic
silica nanoparticles were used as building blocks, SMHCs have
superparamagnetism at room temperature with the saturation
magnetization (Ms) value of 16.2 emu g−1 (Figure 3a), and
thus, they can be freely manipulated by an external magnetic
field (Figure 3a, inset). Moreover, SMHCs also have NIR light
responsiveness, and they have a relatively strong absorbance in
the NIR range (Figure 3b), owing to the NIR absorbance of
Fe3O4 building nanoblocks.

40 Under NIR light radiation, Fe3O4
nanoparticles building blocks can mildly respond to NIR light
and convert optical energy to local heating. Thus, the
temperature of the SMHCs increased rapidly and then
stabilized at a certain temperature depending on the laser
power (Figure 3c). The long-term stability of SMHCs below or
above the LCST was then investigated. As revealed in Figure
S10, even after incubation at the temperature above the LCST
for over 3 days, SMHCs keep the spherical structure, and their
morphology is almost the same as that before incubation. The

Figure 4. (a) Illustration of SMHCs artificial microreactor. (b) 2D and (c) 3D confocal fluorescence microscopy of SMHCs with caged
phosphatases. (d) Time-dependent changes of the dephosphorylation induced by free phosphatases and (e) the artificial microreactors in the
continuous aqueous phase at different temperatures. (f) Thermographic images of the SMHCs suspension recorded under NIR irradiation at the
different time. (g) Programming SMHCs induced dephosphorylation by NIR light with several on/off cycles.
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stability of SMHCs could be ascribed to the covalent cross-link
of self-assembled magnetic silica nanoparticles by multifunc-
tional NAT copolymers and TMS agents.
Then we further evaluated the dynamic permeability of

SMHCs by the release of encapsulated fluorescence dye Rh6G
(Figure S11). The fluorescence dye molecules were easily
encapsulated in SMHCs during formation of emulsion droplets.
Then the SMHCs with dye-containing liquid core were
transferred into the aqueous solution. At different temperatures,
the fluorescence intensities of aqueous solutions with released
dye molecules were recorded periodically. It should be noted
that the slight increase in temperature from 37 to 40 °C would
not significantly influence the dye diffusion.41 As shown in
Figure 3d, the increased fluorescence intensity of aqueous
solutions revealed that initially encapsulated dye could rapidly
diffuse out from SMHCs at the temperature above the LCST,
as molecule gate of NAT copolymer brushes was open.
However, the diffusion is much slower at the temperature
below the LCST due to the closed NAT gate. Furthermore,
after release for 70 h, fluorescence microscopy images (Figure
3e) show that the fluorescence intensity of individual SMHCs
in water significantly decreased at the temperature above the
LCST in comparison of that at the low temperature (Figure
S12), due to the release of the dye molecules. These results
demonstrate that SMHCs have temperature-dependent con-
trollable permeability.
Biofunctional SMHCs as Artificial Microreactors for

Programmable Biocatalysis. Phosphorylation/dephosphor-
ylation, one of the most common while significant post-
translational modifications, regulates various cellular processes
such as metabolism, signaling, cell growth, and division.42

Inspired by the multifunctionality and on-demand permeability
of SMHCs, we demonstrated that alkaline phosphatase (ALP)
embedded SMHCs can be used as an artificial microreactor for
performing in situ dephosphorylation (Figure 4a). This
biomimicking model system we developed would be helpful
in understanding the signaling pathways in protocell.43

Phosphatases were caged in SMHCs directly during the
formation of the water-in-oil emulsions, and SMHCs could
be transferred into the aqueous solution. The encapsulation of
fluorescence-labeled ALP molecules was confirmed under 2D/
3D confocal fluorescence microscopy first (Figure 4b,c). The Z-
optical axis confocal imaging revealed caged ALP molecules
evenly distribute in the core (Figure S13). As shown in Figure
S14, these ALP molecules were well caged in with no apparent
leakage even the temperature increased to above LCST. It is
due to the relatively large size of ALP molecules (∼6.2−8.3
nm) compared with the interstitial pore size of the SMHCs.44

Importantly, the nanopores on the semipermeable hybrid
membrane were gated by thermal sensitive NAT polymer
brushes. Thus, the bioactivity of caged phosphatases can be
controlled by the thermal stimulus to regulate the accessibility
of the substrate and product molecules diffusion between the
outside continuous aqueous phase and confined compartment.
As an example, we tested their controllable dephosphorylation
of a colorless substrate, 4-nitrophenyl phosphate (NPP). The
formation of dephosphorylated product, the yellow 4-nitro-
phenolate (NP), was monitored by measuring the optical
absorption at 410 nm (Figure S15). As shown in Figure 4d,
when the temperature of SMHCs was moderately elevated to
40 °C, the polymer brushes gated nanopores were opened.
Thus, the colorless substrates NPP were able to enter into the
liquid core of SMHCs through opened pores. Once NPP meets

ALP, it is dephosphorylated and thus rapidly converted to NP,
which resulted in the strong absorbance. In comparison, at 37
°C below the LCST, the entrance was blocked, and thus few
NPP could cross the membrane, which resulted much slower
color change (Figure 4e). As a result, the dephosphorylation
rate at 40 °C was approximately eight-fold faster than that at 37
°C. However, for dephosphorylation induced by pure
phosphatase, the dephosphorylation rate was almost the same
in pure phosphatase solution at 37 and 40 °C, respectively
(Figure 4d). Therefore, the dephosphorylation rate in SMHCs
was controlled by the temperature stimulus responsive
permeability of the hybrid membrane.
More importantly, SMHCs have the NIR responsibility, as

we demonstrated above. NIR light is relatively moderate to
biomolecules and even biological tissues.45 This inspired us to
remotely program the functionality of biomolecules by NIR
light stimulus-responsive SMHCs. Intrinsically, under NIR
radiation, Fe3O4 nanoparticles in SMHCs mildly convert
optical energy to local heating (Figure 4f), while the extreme
fever to impair the biomolecules is avoided.46 When the
temperature of the artificial compartments is above/below the
LCST, the copolymer gated nanopores are triggered to be
open/close remotely. The dynamic permeability of the SMHCs
would lead to the programmed functionality of confined
phosphatase. As shown in Figure 4g, the biofunctional SMHCs
were irradiated by a NIR laser for several cycles of the laser on/
off. When the laser was on, the dephosphorylation started upon
irradiation. However, when the laser was off, the reaction
slowed down significantly. The dephosphorylation can be easily
programmed by switching the laser on/off for many cycles,
manifesting the SMHCs can be used as light-remoted artificial
microreactors for programmable dephosphorylation reaction.
The above results have shown the construction of novel

stimulus-responsive artificial compartments by confining
biomolecules in multifunctional inorganic−organic hybrid
colloidosome capsules. In comparison with traditional capsules
prepared by template-based strategy, the SMHCs offer an easy
and biocompatible approach for loading the guest molecules.
The SMHCs were assembled by magnetic nanoparticles
packing on water-in-oil droplet, while these nanoparticles
were cross-linked by the NAT smart copolymer brushes. The
inherent elasticity and rigidness arising from the inorganic−
organic hybrid structure enable the free-standing and intact
structure of SMHCs, and they can be stable in pure aqueous
solution, which differentiates them from other reported
emulsion microcompartments. Although a few monofunction-
ally responsive (pH sensitive) smart compartments have been
reported, they are limited to only pH-resistant biomolecules,
and application of these compartments is also compromised by
their monofunction. Slight fluctuation of temperature has
negligible effects on most of the biomolecules, and SMHCs
have temperature-sensitive and controllable permeability, in
virtue of their NAT temperature-responsive polymer gated
mesoporous shell. More importantly, the multifunctionality of
SMHCs provides multiple approaches (temperature and
remote NIR light) for manipulating their shell permeability.
These could offer substantial advantages in the construction
and application of the biomimetic system.

■ CONCLUSION
In conclusion, novel SMHCs have been developed by self-
assembly of magnetic nanoparticles in Pickering emulsions and
further cross-link with designed thermosensitive copolymer
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brushes. Our SMHCs can be easily transferred from oil to
aqueous solution without destroying their intact structure. By
using multifunctional magnetic nanoparticles as the hybrid
building blocks, the SMHCs have excellent magnetism and
mild NIR photothermal response. Moreover, SMHCs have the
dynamic and selective permeability at water/water phase
boundaries, enabling protection of encapsulated cargo or
temperature/light stimulus responsive release of cargo mole-
cules. Furthermore, SMHCs were explored as microbioreactors
by performing programmed dephosphorylation in the core.
Therefore, our work provides a new solution for the
construction of biomimetic systems for regulating bioactivity
of biomolecules, and the SMHCs can also be used as
bioreactors, biosensors, and drug delivery vehicles in various
research fields.
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