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Soft-and-hard hybrid structures are ubiquitous in biological systems and have inspired the design of man-made Commons Attribution

mechanical devices, actuators, and robots. The realization of these structures, however, has been challenging at
microscale, where material integration and actuation become exceedingly less practical. Here, through simple
colloidal assembly, we create microscale superstructures consisting of soft and hard materials, which, serving as
microactuators, have thermoresponsive shape-transforming properties. In this case, anisotropic metal-organic
framework (MOF) particles as the hard components are integrated with liquid droplets, forming spine-mimick-
ing colloidal chains via valence-limited assembly. The chains, with alternating soft and hard segments, are re-
ferred to as MicroSpine and can reversibly change shape, switching between straight and curved states through
a thermoresponsive swelling/deswelling mechanism. By solidification of the liquid parts within a chain with
prescribed patterns, we design various chain morphologies, such as “colloidal arms,” with controlled actuating
behaviors. The chains are further used to build colloidal capsules, which encapsulate and release guests by the
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temperature-programmed actuation.

INTRODUCTION

Many biological organisms, ranging from mammals to arthropods
and microorganisms, contain structures of synergistically integrated
soft and hard components (1-4). Adopting unique spatial arrange-
ments and existing at different length scales, these hybrid structures
are responsible for the diverse mechanical properties and functions
entailed by biological systems. As a typical example, the human
spine has alternating stacks of hard bones and soft intervertebral
discs, which is an essential architecture that supports human
body weight while maintaining body flexibility. Arguably, mimick-
ing the soft-hard structures in nature has inspired the design of in-
telligent man-made mechanical devices such as actuators and
robots (5-9).

At macroscale, the integration of soft and hard materials is rel-
atively easy to implement. Various devices with combined compo-
sitions in proper structures have been manufactured to perform a
range of mechanical functions, including loading, gripping, and
moving (6, 9-14). By contrast, the miniaturization of similar struc-
tures and functions, as an effort to make microactuators, is much
more challenging (15, 16). At smaller length scales (micrometer
and below), both material integration and arrangement as well as
their actuation become less practical. Albeit challenging to make,
these microactuators are desirable for making microrobotics,
which can be potentially used for minimally invasive diagnostics,
targeted drug delivery, and localized sensing (17-19).

Current fabrication of microactuators mainly relies on top-down
methods (20-23), primarily lithography. Although lithography can
produce complex patterns, the material scope has been rather
limited. It is thus difficult to combine mechanically distinct compo-
nents, in this case, the soft and hard materials. In addition, these
methods require tedious, multistep processes and suffer from a
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low yield. They usually produce structures larger than hundreds
of micrometers, and further miniaturization, down to several and
tens of micrometers, is less feasible and even prevented.

In circumventing these challenges, we envision the use of colloi-
dal assembly (24-26) to build microactuators, in which nano- and
microparticles spontaneously organize into ordered spatial pat-
terns. Because particles of various compositions can in principle
be used, including metals, polymers, and oxides (27-31), their in-
trinsic properties can be used to impart mechanical strength and the
responsiveness to external stimuli. As a bottom-up approach, self-
and co-assembly should produce microactuators in a high yield
with simple steps. However, despite these advantages, colloidal as-
sembly has been used only in a few systems, such as magnetic cube-
based microrobots (32) and actuating chain of polymer beads (33).
Assembling soft and hard materials to make biomimetic superstruc-
tures and actuators has yet to be demonstrated.

Here, by exploiting colloidal assembly, we introduce a supra-col-
loidal, spine-mimicking microactuator, MicroSpine, which inte-
grates soft and hard components and has thermoresponsive
shape-transforming properties. MicroSpine is co-assembled by
rigid metal-organic framework (MOF) particles and shape-chang-
ing liquid droplets, arranged at alternating locations and forming
colloidal chain architecture. The chains can reversibly actuate by
switching between straight and curved conformations as a thermor-
esponsive swelling agent diffuses in and out of the oil droplets. By
solidification of the liquid droplets at specified chain locations using
a customized microscope, we design various chain morphologies
and precisely tune their actuation behaviors. Furthermore, Micro-
Spine is used to build capsules, which can encapsulate and release
colloidal guests as regulated by temperature.
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RESULTS

The soft and hard components

The spinal column of human (or animals) features hard vertebrae
connected by soft intervertebral discs, with the endplates serving as
the interface (Fig. 1A). The vertebrae support the weight of human
body and protect the spinal cord, while the intervertebral discs keep
the spine flexible and allow different body gestures (I, 2). The spinal
discs can also swell or deswell by absorbing or releasing fluid, in re-
sponse to body pressure change. To make MicroSpine, the micro-
scale counterpart of spine, our strategy is to combine soft and hard
materials at the colloidal level and arrange them in alternating loca-
tions, all enabled by assembly. Besides, we design a similar swelling/
deswelling mechanism to adjust the volume of the soft component,
making MicroSpine responsive (Fig. 1B).

The soft component chosen is a thermoresponsive, shape-
tunable liquid (Fig. 2A). It is based on an oligomeric organosilane
oil, derived from 3-(trimethoxysilyl)propyl methacrylate (TPM) via
hydrolysis and oligomerization in aqueous solution (34) (see Mate-
rials and Methods). TPM oil can adopt different forms, either as
colloidal droplets or thin films depending on the conditions of
wetting (as we discuss later). When combined with a tempera-
ture-sensitive swelling agent, TPM oil changes its volume and
shape accounting for the responsiveness and actuation of Micro-
Spine (Fig. 2B). Using uniform TPM oil droplets as models,
below we first demonstrate its thermoresponsive property, which
can be directly applied when TPM is later incorporated in
MicroSpine.
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Fig. 1. Structure of spine and MicroSpine. (A) Representation of human spine
structure, which contains hard vertebrae connected by soft intervertebral discs.
The hard and soft components are bridged by the endplates (orange plates) as
interface. Also shown is an illustration of the swelling/deswelling property of the
intervertebral discs in response to body pressure. (B) MicroSpine chain, a micro-
scale actuator that mimics the soft-hard architecture of spine, is assembled by
hard MOF particles and soft oligomeric liquid interfaced by the patch structure
(yellow plates). Schematics (bottom) show that MicroSpine imitates the working
mechanism of spine.
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TPM oil droplets 1.1 + 0.1 pm in diameter are synthesized and
mixed with Pluronic L61 (or PL61), the swelling agent (Fig. 2, A to
D). PL61 is an amphiphilic triblock copolymer of PEO,-PPO3-
PEO, [polyethylene oxide (PEO); polypropylene oxide (PPO)], as
shown in Fig. 2C. At low temperatures, the polymer is completely
soluble in aqueous conditions [pure water or N,N'-dimethylforma-
mide (DMF)/water cosolvent]; upon heating, the polymer becomes
more hydrophobic and phase separates from solution (fig. S1). The
transmittance of a PL61 solution (0.5 wt % in 20% DMF/water) at
different temperatures indicates a cloud point temperature of
30.0°C. With TPM droplets present, the insoluble aggregates of
PL61 at high temperatures can enter and dissolve in the TPM oil,
expanding the size of the droplets (Fig. 2, B and D, and movie
S1). Unexpectedly, the diameter of droplet increases linearly over
temperature, from 1.3 pm at 20°C to 2.0 pm at 80°C (Fig. 2E and
note S1). The size-changing process is fully reversible, whereby
the droplets shrink at lower temperatures as PL61 becomes hydro-
philic and diffuses out of the TPM oil (Fig. 2F). The droplets remain
uniform at all temperatures.

The change in size of the TPM oil droplets also depends on the
concentration of PL61, which determines the maximum degree
TPM can swell. Figure 2G and fig. S2 show the sizes of the droplets
with an increasing PL61 concentration (while the number of drop-
lets is kept constant). For example, when 0.5 wt % of PL61 is includ-
ed in the system, the expanded droplet at 80°C is around four times
the volume of the initial one at 20°C.

In choosing the hard component for MicroSpine, several re-
quirements are to be satisfied. Apart from being mechanically
rigid and nondeformable, the material should exist in uniform col-
loidal sizes. Moreover, it should have favorable interaction with
TPM droplets to enable the soft-hard material integration via as-
sembly. Last, the valence of the assembly (i.e., number of colloidal
bonds each particle forms) must be well controlled to spontaneously
result in the desired linear alternating structure.

For this purpose, we select MOF and, specifically, MIL-96 [Ma-
terials Institute Lavoisier (MIL)], a framework of aluminum ions
and trimesate ligands (35). As a rigid, crystalline framework,
MIL-96 can be synthesized as uniform colloidal particles several
hundred nanometers to several micrometers in size (31, 36). The
particles adopt various polyhedral shapes of the hexagonal crystal
family, including short hexagonal cylinders, which we mainly use
here (Fig. 3A). Previously, we have shown that the two hexagonal
(002) facets (i.e., the top and bottom facets of the hexagonal cylin-
der) of MIL-96 can be selectively modified by growing a thin layer of
zirconium-terephthalate framework, UiO-66 (Universitetet I Oslo)
(Fig. 3, A and B, and fig. S3) (37). As we discuss below, the UiO-66—
modified facets, serving as sticky surface “patches,” provide specific
interaction that combines the MIL-96 body with the soft
component.

Valence-controlled colloidal assembly

When TPM is mixed with the patched MIL-96 particles (2.9 + 0.1
pum), it forms small oil droplets that selectively adhere and wet the
patches of the particles. This produces a triblock soft-rigid-soft
building block, shown in Fig. 3 (A and C), where the MOF particle
is sandwiched by two TPM droplets/layers. TPM only sticks to the
Ui0O-66 patches rather than the MIL-96 surface, presumably due to
different surface charges/composition (see note S2). The molecular
structures of the interfaces between TPM oil, the UiO-66 patch, and
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Fig. 2. The soft component. (A) Schematics of TPM oil droplets (spheres) and the swelling agent Pluronic L61, or PL61. (B) Size of TPM oil droplets changes upon heating/
cooling by swelling/deswelling. (C) Top: Chemical structure of PL61. Bottom: Transmittance of PL61 aqueous solution containing 20% DMF as cosolvent, indicating the
solubility of PL61 at different temperatures. The insets illustrate the soluble PL61 polymers at low temperatures and their aggregates at high temperatures. The cloud
point temperature (transmittance = 50%) is around 30.0°C. (D) Microscope images showing the temperature-dependent size changing of micrometer-sized TPM droplets
with 0.5 wt % of PL61. (E) Plot showing the diameter of TPM droplets versus temperature. (F) Plot showing the reversible thermal expansion and shrinkage of TPM
droplets. (G) Plot of size of TPM droplets as a function of PL61 concentration at 20° and 80°C. Scale bars, 2 um.

the MIL-96 particle are shown in Fig. 3D, whereby the UiO-66
patch bridges the soft (TPM oil) and rigid materials (MIL-96); it
resembles the structure and role of endplate in human spine
(Fig. 1). The thermoresponsive swelling/deswelling property of
the TPM oil droplets on the triblock building block is confirmed.
With PL61 and at varying temperatures, the TPM can expand and
shrink accordingly (Fig. 3, A and C, and movie S2). During these
processes, the TPM oil remains wetting on the patches of the
MOF particle.

The triblock building blocks are further assembled to construct
the MicroSpine, whereby the TPM droplets on different MOF par-
ticles merge to bridge the particles by liquid capillary force (Fig. 3, E
and F). In forming the target linear alternating structure, the
binding valence should be restricted to two (n = 2). For each
MOF particle, the two patches allow specific interaction with two
TPM oil lobes (Fig. 3A). While for the TPM, the valence is
limited by reducing the volume of TPM oil on MOF particle, so
only a thin film is formed (Fig. 3E). Merging of the thin films is
only geometrically allowed between two particles (n = 2) but not
more. This is easily controlled by adjusting the amount of TPM
added to the system (Fig. 3G and see Materials and Methods).
Linear colloidal chain with alternating soft-hard arrangement is as-
sembled, being the MicroSpine, as shown is Fig. 3 (H to K). The
chains upon formation can adopt a straight conformation (see
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also fig. S4). By introducing dye molecules, rhodamine B, the
TPM films are visualized, which have uniform thickness (b) along
the chain (Fig. 3, H and I). We can also solidify the TPM film, al-
lowing for the characterization of the chains by scanning elelctron
microscope (SEM) (Fig. 3]). Notably, the MOF particles in the
chains have their side facets mutually aligned, which, by completely
overlapping their hexagonal patches, maximizes the TPM-induced
capillary force between particles.

We have examined the length distribution of the MicroSpine
chains, and the result is shown in fig. S5. The relation between
the number of particles per chain, x, and their weight fraction, w,
can be fitted to the Flory-Schulz distribution, wy = x(1 — p)*p*~"
where p is the extent of assembly. This indicates a step-growth as-
sembly kinetics. The dispersity of the chains is estimatedas D =1 +
p and, for the specific sample shown, b = 1.84. We note that, com-
pared to top-down method, MicroSpine chains are formed in solu-
tion, so that they can be produced in scalable yield (see also fig. S5).

While the linear structure is our target, branched structures (n >
2) can also be produced when the valence of TPM joints is not
strictly controlled, for example, with an increased volume of the
TPM oil. Some branched chains are shown in fig. S6, which are
also used for special purposes (see the “Guest loading and
release” section).
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Fig. 3. The hard component and the assembly. (A) Schematics showing the patched MOF particle derived from MIL-96 hexagonal cylinder (i). TPM oil attaches and wets
on the patches of MOF particle, forming a triblock soft-rigid-soft building block. With PL61 and upon heating, the TPM oil on the MOF particle can swell and expand,
demonstrating their thermo-responsiveness (ii). (B) Scanning electron microscope (SEM) image of the patched MOF particles. The cylindric matrix (MIL-96) and thin patch
(Ui0-66) are indicated by blue and yellow arrows, respectively. (C) Microscope images showing the size changing of TPM oil attached to a MOF particle at 20° and 50°C. (D)
lllustration of the molecular structures of the interfaces between TPM oil, UiO-66, and MIL-96. The UiO-66 is the key layer that bridges the soft TPM oil and hard MIL-96
particles. Green, cyan, orange, red, gray, and blue spheres represent organo-functional group of TPM, silicon, zirconium, oxygen, carbon, and aluminum atoms, respec-
tively. (E) Cartoon showing thin films of TPM oil formed on the UiO-66 surface to reduce assembly valence (n = 2). (F) Schematics showing the assembly of linear chain and
its thermoresponsive shape changing through liquid expansion. (G) Microscope images of the triblock building blocks with thin TPM oil films before self-assembly. (H)
Confocal fluorescent and bright-field microscope images of an assembled colloidal chain, with the TPM oil films doped with rhodamine B dye molecules. (I) Histogram
showing the distribution of the thickness of TPM film (b). (J) SEM image with false color showing the mutually aligned facets of MOF particles after assembly. (K and L)
Microscope images of a representative chain with straight/curved conformations at 0° and 50°C. Scale bars, 2 um (B) and (C) and 5 um (G) to (L).

Thermoresponsive actuation of MicroSpine

With PL61 and upon heating, the MicroSpine transforms from the
straight state to a curved state (Fig. 3, K and L). This is due to the
expansion of the TPM parts, which spaces the MOF particles further
apart and allows some adjacent MOF particles to adopt a non-
aligned orientation. This local flexibility builds up along the chain
and results in the chain's global shape transformation. When the
system is cooled, the chain returns to the straight state, as the

Lyu et al., Sci. Adv. 9, eadh2250 (2023) 30 June 2023

TPM joints shrink and resume the film state, which forces the
MOF particles to come close and overlap their flat patch facets.
Microscope images in Fig. 4A and movie S3 show the reversible
shape changing (or actuation) of a MicroSpine chain in a heating-
cooling cycle. The chain’s conformation is characterized by its end-
to-end distance (R®), and its temperature dependence is further in-
vestigated by recording R values at 5°C intervals. As shown in
Fig. 4B, R° decreases only slightly at the beginning of a heating
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Fig. 4. Thermoresponsive actuation of MicroSpine chain. (A) Microscope
images of a representative MicroSpine chain during a heating/cooling cycle. The
chain transforms from straight to curved and then back to straight conformations.
(B) Plot of the chain’s end-to-end distance R over temperature, which decreases
upon heating (orange dots) and increases on cooling (blue dots). (C) Shape trans-
formation of MicroSpine chains, characterized by R, is reversible and is performed
for four cycles. The gray and green dotted lines delineate the fully straight and bent
states, respectively. The pale orange and pale blue shades represent heating and
cooling processes, respectively. Scale bar, 5 um.

cycle. This is because the small volume change of the TPM joints
has yet to contribute to the curvation of the chain; because of favor-
able wetting, TPM still induces strong capillary force between flat
surfaces of bound MOF particles. A sharp decrease of R® starts at
around 30°C, signifying a large shape changing of the chain. Like-
wise, when cooling the chain down from 50° to 0°C, R® increases
accordingly. We note that these heating-cooling cycles can be re-
peated reversibly for many times (Fig. 4C). The shape transforma-
tion occurs quickly, within several seconds, after heating or cooling
the chains (see fig. S7 and movie S4 for more information).

The shape transformation of MicroSpine, ascribed to the swell-
ing-induced volume expansion/shrinkage of the TPM oil at the cor-
responding temperatures, can also be regulated by the
concentration of PL61. Microscope images in Fig. 5A show the rep-
resentative chains of similar lengths at 50°C, while the amount of
PL61 varies, from 0 to 0.4 wt %. Without PL61, the chains do not
show responsiveness and remain straight at high temperatures.
Adding a small amount of PL61, 0.025 to 0.1 wt %, leads to moder-
ate bending between the chain segments. More flexible, curved
chains with various conformations can be obtained by further in-
creasing the PL61 concentration from 0.2 to 0.4 wt %.

For MicroSpine chains, we define the bond vector, r, as one that
connects the centers of two TPM joints and passes through the
centre of the sandwiched MOF particle, as illustrated in Fig. 5B.
The angle between adjacent bonds is the bond angle, 0. At each of
PL61 conditions, the values of 0 for around 20 individual chains are
collected. The distributions of |0| are shown in Fig. 5B and fig. S8,
which normally follow a Gaussian form (see note S3). With a rise in
PL61 amount from 0.05 to 0.4 wt %, the mean value of 0 shifts from
10° to 36°, indicating a larger allowed curvation at each MOF-TPM

Lyu et al., Sci. Adv. 9, eadh2250 (2023) 30 June 2023

junction. The broad distribution of 0 at the higher PL61 concentra-
tions corresponds to a greater chain flexibility. For example, at 0.4
wt % of PL61, the chain at 50°C is almost completely collapsed
(Fig. 5A, bottom right). We also show that MicroSpine chains as-
sembled from MOF particles with a truncated hexagonal bipyramid
shape, and a small patch can entertain increased chain flexibility, as
shown in fig. S9. This is attributed to a relatively thick TPM film
sandwiched between two MOF particles.

The flexibility of MicroSpine chains can also be quantified.
Within each chain, the bond vector freely rotates in two-dimension-
al (2D), as illustrated in Fig. 5B and fig. S10. This assumption
ignores the out-of-plane chain twisting, which, due to the gravity
of the chain, is only occasionally observed in experiments (see
also note S3). In addition, because the TPM joints are of similar
sizes, we assume that all bond lengths (equal to r) are identical at
the same conditions. We apply the 2D worm-like chain model
(38) (commonly used for linear polymers) to derive the persistence
length (I,) of MicroSpine chains, as also shown in Fig. 5B. For the
chain confined in 2D, the degree of flexibility is determined by the
orientation correlation function, denoted as {cos0)). This function
represents the mean cosine of the bond angles between different
bond vectors (r; and rj, 1 < i < j < m) separated by the arc length
s. Here, 0y, is the angle change over s, while m is the total number of
bonds per chain. The arc length s can be approximated by s = (j — i
+ 1) and runs from 0 to the contour length of the MicroSpine chain
denoted by I (I = mr). This correlation can be described as an expo-
nential function

ost) = exp =57 (1)

Equation 1 can be rewritten as

N joitl
(cosb;) ~ exp (— T)

2)

where s, = [,/r represents the number of bonds in the persistence
segment, and it is also the property of chain flexibility as used in
this context. Taking the natural logarithm on both sides of Eq. 2,
sp can be estimated by extracting the slope of the equation (see
note S3 for more details).

The values for s, at PL61 concentrations of 0 to 0.5 wt % are
shown in Fig. 5C. As can be seen, a notable decrease in s, from
830 to 24, occurs when PL61 concentration increases from 0 to
0.05 wt %. This is followed by a relatively slow decline to s, = 11
at 0.1 wt % of PL61, while further increase in PL61 amount only
gives a slight reduction to s, = 1.7 at 0.5 wt %. For linear chains
of an organic polymer, it is denoted as rigid, semiflexible, and flex-
ible when the ratio between the contour length and the persistence
length I/I, is < 1, ~1, or > 1, respectively. Similarly, we define the
degree of flexibility of MicroSpine chain as f, which is given by m/s,,.
We calculated the average value of f for 20 chains under each con-
dition, shown in Fig. 5C. The MicroSpine is accordingly classified as
rigid, semiflexible, and flexible when PL61 concentration is <0.05,
0.05 to 0.1, and >0.1 wt %, respectively.

Tuning actuation behaviors by photopatterning

Because TPM oil droplets can be solidified by photopolymerization
(in presence of photoinitiators) and they are in alternating locations
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Fig. 5. Conformations of MicroSpine. (A) Microscope images of MicroSpine chains at 50°C, with various concentrations of PL61 (0 to 0.4 wt %). Iron red, orange, and blue
frames represent rigid, semiflexible, and flexible conformations. (B) Probability of bond angles |6| for MicroSpine chains at different conditions. The inset depicts the chain
model, highlighting the bond vector r, bond angle 6, separating arc length s, and chain’s contour length /. (C) A plot illustrates the effect of PL61 concentration on the
shape transformation of MicroSpine chains, with the blue dots representing the calculated number of bonds in the persistence segment (s,) and the red dots showing the
corresponding degree of chain flexibility (). The orange shading indicates the classified semiflexible conformations. Scale bar, 5 pm.

along the MicroSpine chain, we seek to realize a more controlled
actuation by selectively hardening the TPM joints. In other
words, we can design by patterning the number and location of
the soft segments within a chain. We use an ultraviolet (UV) laser
(built within a customized microscope) with variable beam sizes
comparable to the particle sizes, around 4 to 20 pm in diameter,
which allows us to cure the TPM droplets one at a time or as a
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group (Fig. 6, A and B, and see Materials and Methods and fig.
S11 for microscope setup). The solidified TPM joints become
rigid and thus lose their response to heating.

For example, Fig. 6 (C to E) and movie S5 show the sequential
photomanipulation of a MicroSpine chain, which contains 22 TPM
parts, and the corresponding actuation behaviors. Initially, this
chain was straight at 0°C with all bond angles |8 < 10°. When
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Fig. 6. Photopatterning of MicroSpine chain. (A) Schematic showing that the TPM joint can be polymerized by UV irradiation (red arrows). The zoomed-in view shows
the molecular structure of TPM oil. (B) Microscope image showing the laser spot (beam width about 4 um) used for photopolymerization, highlighted by dotted circle. (C)
Microscope images showing a MicroSpine chain in straight conformation at 0°C and curved conformation at 70°C, which imitates linear polymer (inset) in a good solvent.
The plot shows the bond angles as a function of TPM joint number along the chain at 70°C. The yellow dot represents the last TPM joint of the chain. (D and E) Top:
Microscope images showing the blocks of the chain in (C) irradiated at 0°C (in red), which become rigid and unresponsive to heat. Middle: Microscope images of the chain
when heated to 70°C. The chain is partially responsive and forms a rod-coil “polymer” (D) and a colloidal “arm” (E), respectively. The bottom graphs are the corresponding
bond angle distributions along the chain. Scale bars, 5 um.
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heated to 70°C, it transforms into a flexible chain with a wide dis-
tribution of bond angles, |6] < 75°, as shown in Fig. 6C.

Then, as a proof of concept, the last 10 TPM oil parts (shown in
red) are cured by UV laser irradiation for several minutes at 0°C.
When reheated, the treated chain block becomes rigid, defying
shape transformation. Consequently, MicroSpine can be viewed as
a rod-coil colloidal copolymer (Fig. 6D). Likewise, an arm-like
shape, shown in Fig. 6E, has been achieved by rigidifying the first
eight soft segments (at 0°C), leaving four TPM oil joints in the
middle contributing to the arm bending. The bond angle |0] as a
function of particle position is also displayed for each morphology.
In principle, the laser-induced photopolymerization can be used to
create more precise locations and complex actuation patterns of Mi-
croSpine. For instance, the curing time can be controlled so the rel-
ative rigidity of each TPM joint may be regulated.

Guest loading and release

Having shown the thermoresponsive actuation of MicroSpine, we
then demonstrate its potential in executing simple tasks. Colloidal
capsules, which can open and close in response to temperature, are
designed to capture and release colloidal guests (e.g., cargos)
(Fig. 7A). In one case, a MicroSpine chain consisting of 17 MOF
particles is manually selected, which upon moderate heating
(50°C) bends toward one side to form an open cavity, as shown in
Fig. 7 (A and B) and movie S6. We use a TiO, microbead 8.0 um in
size as the guest, which can be guided by UV laser to move toward
the capsule by negative phototaxis (39). The TiO, upon partially ir-
radiation can induce photocatalytic reactions on its surface, which
results in unbalanced ion gradients around the particle that propel
the particle away from the laser by diffusiophoretic motion (see also
fig. S12). Consequently, the TiO, bead can propel (or swim) and
enter the cavity of MicroSpine.

In another case, we use a branched MicroSpine chain to demon-
strate guest entrapment and release, and the process is shown by
microscope images in Fig. 7C. A P-shaped structure consisting of
two chains is selected, as it is geometrically possible to produce a
close cavity. At 80°C, the structure has a narrow channel of width
w = 1.8 um, labeled in Fig. 7C, which keeps the TiO, microbead
(drioz = 6.8 um) outside of the cavity. By adjusting the temperature,
the channel width w adopts four stages. As shown in Fig. 7 (C and
D) and movie S6, when cooling to 40°C, the channel opens slowly
with an increasing w by shrinking the TPM oil (stage 1, w = 7.2 pm).
The width of channel remains constant at 40°C, so that the TiO,
microbead can move and enter the cavity guided by the laser
(stage 2, w ~ 7.5 um). Subsequently, the TiO, bead is trapped by a
closure of the cavity through a temperature rise (stage 3, w = 0.3 um
at 80°C). To release the guest, the system is cooled to 0°C (stage 4, w
> drioo).

Last, we show that a branched MicroSpine can collect two par-
ticles. As shown in Fig. 7E and movie S7, two TiO, microbeads, 5.5
and 6.5 um, are sequentially trapped when the branched structure
collapse inward at increasing temperatures.

DISCUSSION

We have introduced a soft-hard microactuator (MicroSpine) with
shape-changing properties by hybridizing rigid MOF particles
and responsive oil droplets via colloidal assembly. The actuators
can reversibly transform between different conformations through

Lyu et al., Sci. Adv. 9, eadh2250 (2023) 30 June 2023

a swelling/deswelling mechanism, well controlled by temperature
and the concentration of swelling agent. We have also shown the
system's ability to encapsulate and release colloidal objects.

Although MicroSpine becomes flexible by TPM swelling, this
mechanism does not precisely decide what shape the chains may
deform into. In alleviating this issue, we have demonstrated photo-
patterning, which leads to a more controllable shape transforma-
tion. With a customized setup, it is possible to gain independent
control over the selected joints to realize more complicated
actuations.

While the shape of human spine is regulated by a complex inter-
play of various biological structures including muscles, spinal cord,
and nervous system, external forces may be introduced in the future
to fully manipulate MicroSpine. Light, electric, and magnetic field
can be used for chains functionalized with smart materials, such as
gold and magnetic nanoparticles (26, 40-42), while MOF provides a
suitable platform to include functional materials and molecules (43,
44). For example, we have revealed this possibility by synthesizing
Fe;04-modified MOF particles and subsequently assembling them
into MicroSpine. Guided by an external magnetic field, the Micro-
Spine chain can rotate and translate (see more details in figs. S13
and S14 and movie S8). Ultimately, optical tweezers with multiple
traps can be used to control the shape of the chains.

The use of colloidal assembly for making actuators represents an
important step toward creating complex microscale devices or ro-
botics. In macroscale, sophisticated machines are assembled by
many mechanical parts. Colloidal co-assembly has the potential
to combine nano- and microscale building components of
various kinds, and the process is spontaneous, simple, and high
yielding. Although necessary information needs to be encoded
into colloidal particles for their assembly and actuation, the
rapidly developing field of colloidal synthesis can facilitate these
efforts (45).

Biological system has always been a source of inspirations for
man-made systems. In our work, through rational design, the Mi-
croSpine microactuator not only emulates the structure of spine,
with alternating soft and hard segments, but also mimics the swell-
ing/deswelling mechanism of the spinal discs for shape transforma-
tion. Following this strategy, we anticipate the translation of other
biological workings to artificial microscale systems, possibly built
through colloidal assembly.

MATERIALS AND METHODS

Materials

TPM (98%) and azobisisobutyronitrile (AIBN, 98%) were obtained
from Sigma-Aldrich. Ammonia (28%), aluminum nitrate nonahy-
drate [AI(NO3);-9H,0, 99.5%], 2-aminoterephthalic acid (NH,-
H,bdc, 98%), caprylic acid (98%), and the photoinitiator, 2-
hydroxy-2-methylpropiophenone (98%) were purchased from
Energy Chemical. PL61 (number-average molecular weight,
~2000) was purchased from Aldrich Chemistry. 1,3,5-benzenetri-
carboxylic acid (H;btc, 99%), tetrabutyl titanate (TBT: 99%), SDS
(99%), and rhodamine B (99%) were purchased from J&K Scientific
Ltd. Zirconium (IV) oxide chloride octahydrate (ZrOCl,-8H,O0,
98%), hydroquinone (99%), iron(II) chloride tetrahydrate (FeCl,
-4H,0, 99%) were purchased from Dieckmann Chemicals.
Iron(III) chloride hexahydrate (FeCl;-6H,0, 99%) was obtained
from Alab (Shanghai) Chemical Technology Co. Ltd. The D5 dye,
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Fig. 7. Guest capture and release. (A) Schematics show that the actuation of MicroSpine chain can be used to capture colloidal guests (TiO, microbeads, gray spheres)
with its cavity. The microbead is guided by UV laser (red shade) to enter the colloidal capsule. (B) Snapshots from a movie show a linear chain forming a capsule and
capturing a TiO, microbead (8 pm) at 50°C. (C and D) Microscope image series in (C) show the successive capture and release of TiO, microbead (6.8 um) by a branched
chain adopting a P shape. The width w of the opening for the capsule is highlighted, which can be programmed by temperature. The diameter of TiO, microbead is also
labeled. The image was superimposed to show the trajectory of TiO, during delivery. Graph in (D) shows the channel width over video frames. The programmed four
stages are shown in different colors. The black line delineates the diameter of TiO, microbead. (E) Microscope images showing the sequential capture of two TiO, mi-
crobeads by a branched chain. The diameters of two microbeads are shown. The red dotted circles on the microscope images show the locations of UV laser. Scale bars,
10 pm.
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3-{5-[4-(diphenylamino)styryl]thiophen-2-yl}-2-cyanoacrylic acid
(>95%) was purchased from Dyenamo. Other chemicals include
acetic acid (HAc; 99.7%; Chemicals Duksan), polyvinyl alcohol
(98 to 99%; Alfa Aesar), benzoquinone (99%; Acros Organics),
and hydrochloric acid (HClL; 37%; RCI Labscan Ltd).

Methods

Synthesis of TPM droplets

TPM oil droplets about 1 pm in diameter were synthesized by the
hydrolysis and condensation reaction of TPM in water. Typically, 25
pl of TPM and 10 pl of ammonia (28%, wt %) were added into 5 ul of
deionized (DI) water. The mixture was stirred at 150 rpm for 20
hours to allow complete reaction, after which the suspension
became milky, and uniformly sized TPM oil droplets were
formed. Then, DI water, DMF, and 2 wt % of PL61 were added
dropwise in the suspension, with continuous mixing at a vortex
mixer (~3000 rpm). The suspension was diluted by five times,
and DMF concentration was kept at 20% (v/v). The PL61 was
varied from 0 to 0.8 wt % to study its effect on the behavior of ther-
moresponsive size changing of the TPM oil droplets while keeping
the number of oil droplets constant.

Synthesis of MOF particles

The patched MOF particles were fabricated using a seeded growth
protocol we reported before (37), with modifications. MIL-96 mi-
crocrystals were first synthesized as the seed particles using a solvo-
thermal procedure. For the cylindrical MIL-96 particles 2.9 + 0.1
pm in size, 4.0 g of AI(NO3);-9H,0 and 1.05 g of Hsbtc were dis-
solved in 40 ml of DMF/H,O (1:4, v/v), to which 10 ml of HAc was
added. The mixture was sealed in an autoclave and heated at 130°C
in the oven for 24 hours. Then, the produced MIL-96 seed particles
were washed three times by centrifugation/redispersion with DMF
and were stored in 50 ml of DMF.

Similar procedures were followed to synthesize MIL-96 seed par-
ticles with other shapes or sizes. The truncated hexagonal bipyra-
mid-shaped particles were fabricated by dissolving 1.0 g of
AI(NO;)5-9H,0, 0.5 g of Hjbtc, 0.3 ml of HAc, and 0.2 ml of
DMF to 8 ml of DMF/H,O (1:4, v/v), followed by heating at
210°C for 18 hours. To synthesize the cylindrical MIL-96 particles
1.8 £ 0.1 um in size, a 40 ml of solution containing AI(NO;);-9H,0
(25 mg/ml) and Hsbtc (15 mg/ml) in 1:3 DMF/H,0O was prepared
and 10 ml of HAc was added. The mixture was heated at 150°C for
24 hours to obtain the desired particles. In all cases, the synthesized
particles were washed by centrifugation/redispersion cycles
with DMF.

The MIL-96-UiO-66 MOF particles were synthesized by mixing
400 ul of MIL-96 seed particle suspension with 150 ul of NH,-
H,bdc in DMF (25 g/liter), 150 pl of ZrOCl,-8H,0 in DMF (10.5
g/liter), and 400 ul of HAc in a glass vial. The mixture was heated
at 90°C and agitated in a shaker with a thermostat for 3 hours. The
MOF particles were then washed three times with DMF and stored
in 500 pl of DMF.

Synthesis of TiO, microbeads

The TiO, microbeads were synthesized using an oil-in-water micro-
emulsion method (46). Typically, 2 ml of caprylic acid solution with
10 wt % of titania precursors (TBT) as an oil phase was added into a
40 ml of polyvinyl alcohol (2 wt %) aqueous solution. Upon mag-
netic stirring, oil-in-water emulsion formed where the TBT and ca-
prylic acid oil microdroplets dispersed in the aqueous solution.
Then, 4.5 ml of ammonia (28 wt %) was added to trigger the
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hydrolysis of TBT. The solution was left standing still for 24
hours before it was kept stirring for another 5 min. The produced
TiO, microbeads were washed three times with ethanol using the
centrifugation/redisperse cycles. The dye-sensitized TiO, microbe-
ads were prepared by immersing the beads in a 0.8 mM ethanolic
D5 dye solution for about 2 hours to complete the dye absorption,
according to our previous protocol (38).

Synthesis of Fe;0,@MOF patrticles

Cylindrical MIL-96-UiO-66 MOF particles, with an average size of
1.8 £ 0.1 um in size, were functionalized with Fe;O, magnetic nano-
particles. Briefly, 600 pl of MIL-96-UiO-66 MOF particles in DMF
was centrifuged and dried at 80°C for 12 hours. A stock solution was
then prepared by mixing 82.5 mg of FeCl;-6H,0, 30.4 mg of FeCl,.
-4H,0, and 12.7 ul of HCI (12 M) with 3 ml of DI water. Then, the
dried MOF particles were immersed in 1.5 ml of the freshly made
stock solution for 8 hours, followed by heating at 80°C for 1 hour.
Subsequently, 480 pl of 4.2 wt % of ammonia solution was added to
the suspension and stirred for 5 min. The resulting dark particles
were collected and washed with DI water until pH became neutral
and afterward washed with DMF for several times. The Fe;O,.
@MOF particles can be purified by removing the Fe;0, nanoparti-
cles through centrifugation at 3000 rpm and lastly were stored in
500 pl of DMF.

Self-assembly of MicroSpine

The soft-hard structure of MicroSpine upon assembly consists of
TPM thin film and MOF particles (UiO-66—patched MIL-96 parti-
cle). To achieve the TPM thin film, 20 pl of TPM was prehydrolyzed
in 5 ml of DMF/H,0 (2:3, v/v) for 2 days. Then, a stock solution was
prepared by mixing 500 uL of prehydrolyzed solution with 19 ul of
aqueous SDS (1%, w/w) and 6.4 ul of ammonia (5.6%, w/w). For the
combination of soft and hard components, 20 ul of MOF particle
suspension in DMF was added to 100 pl of freshly made stock sol-
ution in a 2-ml plastic Eppendorf tube. For the triblock soft-rigid-
soft building blocks, the mixture was left still for 2 hours; for the
colloidal chains with alternating structure, it was gently stirred at
250 rpm for 1.5 hours. Samples at different assembly times were ob-
served under a microscope to examine the initial shape of the col-
loidal chains. Fe;0,@MOF particles were assembled using the same
protocol to achieve the MicroSpine chains that can respond to an
external magnetic field.

To image the TPM oil layers within the chain structure, 2 pl of
rhodamine B solution (0.1 g/liter) was mixed with 20 pl of the above
colloidal chain suspension. To characterize the chain structure by
scanning electron microscopy, the chains were solidified by
adding 1 mg of AIBN initiator to the system and polymerizing
the TPM oil at 80°C in the oven for 2 hours. The solidified chains
were collected by repetitive centrifugation and redispersion
with DMF.

To investigate the thermoresponsive shape-changing properties,
DI water, DMF, and 1 wt % of PL61 were added dropwise to the 120
ul of suspension containing the triblock soft-rigid-soft building
blocks or the assembled colloidal chains. For a typical demonstra-
tion of thermoresponsive shape changing, the DMF was kept at 20%
(v/v) in water and the PL61 were kept and 0.3 wt %, respectively. The
sample used to achieve precise actuation by photopatterning con-
tains an additional 0.5 M photoinitiator, 2-hydroxy-2-methylpro-
piophenone, which can diffuse into the TPM thin films within
minutes. To investigate the influence of PL61 amount, its
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concentration was varied from 0 to 0.5 wt %, while other factors
were kept constant.

Thermoresponsive shape changing

The above suspension containing soft TPM droplets, triblock
hybrids, or MicroSpine structures was charged and sealed in a rect-
angular glass capillary tube (20 mm by 2.00 mm by 0.10 mm), which
was mounted on a heating stage (Instec mK2000 or Linkam
LTS420) fitted to an optical microscope. The temperature was
varied and monitored. Reversible size/shape changes were observed
on microscope when the temperature of the sample was adjusted.
The samples were held isothermally for over 2 min at each temper-
ature before images and videos were taken.

To investigate the response time of MicroSpine chains to tem-
perature, the sample was heated at a ramp rate of 30°C/min until
it reached 80°C. It was held at 80°C for 30 s before being cooled
at the same rate until it reached —10°C.

Photopatterning on the MicroSpine

A home-built microscope with bright-field and size-tunable UV
laser beam (4 to 20 um in diameter) was designed, as illustrated
in fig. S7. The single-spot UV beam can selectively cure the TPM
joints in the MicroSpine by photopolymerization (in the presence
of a photoinitiator). Before UV radiation, the sample containing
colloidal chains was cooled to around 0°C. Then, the laser spot
was moved to the desired position of a chain under the bright
field, followed by a 6-min radiation to solidify the soft components.
The size of laser spot was tuned depending on the number of the
soft segments needed to be solidified.

Guest encapsulation

The D5-sensitized TiO, microbeads were dispersed in a solution
containing 20 mM hydroquinone and 10 mM benzoquinone.
Then, 33 pl of the above solution was mixed with 12 pl of PL61
(1 wt %) and 5 pl of the suspension containing MicroSpine struc-
tures. The mixture was loaded in a rectangular glass capillary tube
and fixed on the heating stage, which is mounted on the home-built
microscope equipped with the size-tunable UV laser beam de-
scribed above. Microcapsules formed or disappeared by heating
or cooling the sample. Then, beam width of the UV laser was ad-
justed to ~7 um in diameter, which was used to direct the motion of
TiO, microbeads toward the MicroSpine capsule.

Magnetic field-responsive MicroSpine chains

The colloidal chains assembled from Fe;O,@MOF particles was
charged in a capillary tube for microscope observation. A bar
magnet was brought close to the sample and used to manipulate
the chains, inducing both rotational and translational motions.
UV-visible spectroscopy

The thermoresponsive phase separation of PL61 in DMF/H,0 co-
solvent system was characterized by measuring the change in trans-
mittance of the solution at different temperatures using UV-vis
spectroscopy. The experiment was conducted on an Agilent Cary
60 spectrophotometer equipped with a Peltier single-cell holder
(0° to 100°C). L61 (0.5 wt %) was dissolved in the cosolvent with
different DMF percentages (0° to 40%, v/v), which was then
charged in a quartz cuvette. The experiment started with a
heating step from ~20° to ~40°C at a rate of 0.2° to 0.8°C/min.
The sample was equilibrated at each desired temperature before
measuring the absorbance at 600 nm. For each sample, turbidimetry
curve was obtained and the cloud point temperature T, where the
transmittance is 50%, can be measured.

Lyu et al., Sci. Adv. 9, eadh2250 (2023) 30 June 2023

Microscopy

TPM droplets, MOF particles, and their assemblies were observed
on the home-built microscope with a Hikvision MV-CH050-10UM
camera, or on a Leica DM2000 upright microscope with a MC170
camera, or on a Nikon Eclipse Ti-2 inverted microscope equipped
with a Nikon D7000 DSLR camera. Image] was used to measure the
diameter of TPM droplets, the end-to-end distance (R®)/bonding
angle of the MicroSpine structures, and the channel width of the
microcavity. Confocal fluorescence microscopy of the MicroSpine
was conducted on a Leica SP8 confocal laser scanning microscope.
The MOF particles, Fe;0,@MOF particles, and TiO, microspheres
in the dried state were imaged by a Tescan MAIA3 XMH scanning
electron microscope at 2 kV using the secondary electron detector.
Energy-dispersive x-ray spectroscopy was performed on Fe;O,.
@MOF particles at 15 kV. Some of the images were digitally post-
processed to improve brightness and contrast.
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