
Programmable Macroscopic Supramolecular Assembly through
Combined Molecular Recognition and Magnetic Field-Assisted
Localization
Mengjiao Cheng, Qian Liu, Yiming Xian, and Feng Shi*

State Key Laboratory of Chemical Resource Engineering & Key Laboratory of Carbon Fiber and Functional Polymer, Ministry of
Education, Beijing University of Chemical Technology, 15 Beisanhuan East Road, Chaoyang Distrist, Beijing 100029, China

*S Supporting Information

ABSTRACT: Macroscopic supramolecular assembly is a promising bottom-up
method to construct ordered three-dimensional structures in a programmable
way because of its flexible tailoring features. To handle the challenges of
precisely aligning the building blocks, we proposed the combination of magnetic
field-assisted localization for the locomotion of building blocks and host/guest
supramolecular recognition for their immobilization. By applying this strategy,
we have realized the stepwise construction of microscale glass fibers into an
ordered complex pattern. Furthermore, through the introduction of a
competitive guest molecule to disassemble the assembled structure, we
demonstrated that the interaction between the fibers and the substrate was
supramolecular rather than nonselective stickiness. Multivalent theory was used to interpret the mechanism for the interaction
process.
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■ INTRODUCTION

The construction of ordered three-dimensional (3D) structures
can enhance the mechanical properties of reinforcing hybrid
materials1,2 and create periodicity in optical crystals,3,4 as well
as provide desired 3D scaffolds for tissue engineering.5

Currently, few methods have been proposed for the fabrication
of 3D ordered structures with building blocks having a feature
size of 10 μm to millimeters; these methods include
microelectromechanical systems,3 3D printing,6 two-photon
polymerization,7,8 and self-assembly.9−11 Among these, macro-
scopic supramolecular assembly as a bottom-up method is
advantageous because the assembly process can be tailored and
the species are biocompatible for applications in tissue
engineering.12,13 However, the fabrication of 3D ordered
structures through supramolecular assembly is challenging
because aligning the building blocks in well-defined geometries
is difficult. To overcome this challenge, building blocks can be
fabricated with specific shapes and sizes; additionally, selective
surface modification can be used to introduce anisotropic
chemical properties to the assembling components, which may
lead to assemblies of complementary shapes or aggregates
through molecular recognition of surface groups. Whitesides et
al. demonstrated ordered two-dimensional (2D) assemblies
with energetically favorable structures formed by millimeter
epoxy or polydimethylsiloxane building blocks via shape-
selective lock-and-key geometry control under oscillation to
break nonselective aggregates.14 Similarly, Xu et al. reported
direct self-assembly of microscale positive and negative

hydrogels of complementary shapes using electrostatic
interactions as the binding force.15 By using selective surface
modification, Whitesides et al. introduced different wettabilities
of the building block surfaces, which showed different menisci
at the water−oil interface and led to an ordered array of
millimeter-scale objects because of minimization of the
interfacial free energy of the liquid−liquid interface.16 Yin et
al. decorated prescribed surfaces of a cubic hydrogel building
block using DNA glue to create an asymmetric surface
modification of interactive groups; the hydrogels with
complementary DNA strands on specific surfaces could form
complex assemblies in a programmed manner.17 Although
shape-selective or face-specific building blocks can form desired
ordered structures through random locomotion and collision of
the building blocks, such building blocks are too complex to
fabricate, especially with microscale feature sizes. Therefore,
developing a versatile method is important to control the
locomotion of building blocks for specific assembly through
surface interactive groups.
Although various strategies have been used to control the

locomotion of macroscopic objects, including oxygen bubble
propulsion by decomposition of hydrogen peroxide,18−22

hydrogen bubble propulsion through the reduction of protons
by zinc,23 locomotion driven by Maragoni effects,24 and
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biomotors,25 applying a magnetic field showed remarkable
advantages in guiding the building blocks to locomote in a
controlled way during assembly. This is because a magnetic
field can be applied to objects of a wide size range, from the
nano- to macroscale, using a noncontact method.26−31

Additionally, the magnetic field approach is effective, environ-
mentally benign, and provides chemical-free control of the
systems. We have previously driven a glass fiber modified with
multilayers containing Fe3O4 magnetic nanoparticles (MNPs)
on the surface of water in the presence of an external magnetic
field and evaluated the average force load of each MNP.30,32

Similarly, Whitesides et al. coembedded magnetic and non-
magnetic nanowires to deliver the nonmagnetic nanowire by
magnetic force.33 We applied a magnetic field to transport a
fiber to the desired location and immobilize it onto a substrate
by coordination bonding between the fiber and the substrate,
leading to an ordered complex pattern.32 However, two
challenges still remain in the magnetic-assisted supramolecular
assembly at the macroscopic scale: one is to eliminate the
human intervention of pressing the fiber through a needle to
force it to reach the interactive distance of coordination, which
could be handled by increasing the interaction between the
fiber and the substrate; the other is to realize the disassembly
process of the magnetic-assisted supramolecular assembly,
which could be achieved by introducing competitive guest
molecules. Herein, we report strong host/guest supramolecular
recognition of cyclodextran (CD)/azobenzene (Azo) groups to
immobilize magnetically responsive glass fibers onto the
substrate, assisted by the localization of a magnetic field.
Because of the stronger interaction between microscale building
blocks compared to the coordinating binding in our previous
results,32 the surface host or guest groups could reach within
the interactive distance when complementary assembling
components approached. Thus, this approach avoids the need
for mechanical pressing and results in self-assembly of a regular
and ordered complex pattern. Moreover, the assembling
mechanism between the glass fibers and the substrate has

been further explored and demonstrated by the theory of
multivalency in the current work. To confirm this hypothesis,
we have introduced a competitive guest molecule, an
adamantine (Ad) group, and the assembled structure could
be disassembled because of the competitive host/guest
molecular recognition and displacement of the Azo group.
The results proved that the interaction between the fibers and
the substrate was supramolecular rather than nonselective
stickiness, indicating that the assembling mechanism was
multivalent interaction. The current work not only demon-
strates a facile way to construct ordered complex structures
through supramolecular assembly but also provides a better
understanding for the supramolecular interactive process.

■ RESULTS AND DISCUSSION

Introducing Magnetic Responsive Film and Host/
Guest Groups. In this study, we used quartz glass fiber with a
diameter of 17 μm and an average length of 1 mm as the
building block and a quartz glass slide (1 cm × 3 cm) as the
substrate. To induce magnetic responsive properties in the glass
fibers for magnetically controlled movement and to introduce
supramolecular guest groups on the outer surface, we first
modified the glass fibers using a layer-by-layer (LbL) self-
assembly technique, which is a versatile and controllable
method used to construct multilayer ultrathin films. The glass
fibers were modified in the following sequence. The glass fibers
were modified with MNPs by using a similar LbL procedure
described in our previous work.32 The glass fibers were
deposited with one bilayer of poly(diallyldimethylammonium
chloride) (PDDA, aq, 1 mg mL−1)/poly(acrylic acid) (PAA, aq,
1 mg mL−1). Next, the glass fibers were alternately immersed in
an ethanol solution of PAA (1 mg mL−1) and a hexane solution
of Fe3O4 MNPs for 20 min each, leading to a multilayer of
PAA/MNPs. In this way, the magnetically responsive MNPs
could be incorporated into the polyelectrolyte multilayer on the
surface of the glass fibers, which could be driven in the presence
of a magnetic field. The stepwise LbL process was monitored

Figure 1. UV−visible spectra of the (a) PAA/Fe3O4 MNPs multilayer and (b) PDDA/PAA−Azo multilayer measured after each bilayer deposition;
the insets show the linear correlations between the absorbance at a specific wavelength and the number of deposited bilayers. The appearance of the
glass fibers (c) before and (d) after surface modification of PAA/Fe3O4 MNPs bilayers. (e) The SEM image of a (PAA/Fe3O4 MNPs)20−(PDDA/
PAA−Azo)20 multilayer.
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using ultraviolet−visible spectroscopy as each Fe3O4 MNP layer
was deposited. Figure 1a shows a broad absorption peak in the
range from 300 to 400 nm, which is attributable to the ligand
field transition and charge-transfer transition of the Fe3O4

MNPs.34 We could detect the relative amount of Fe3O4

MNPs absorbed on the quartz substrate by monitoring the
absorbance spectra as each PAA/Fe3O4 bilayer was deposited;
the absorbance increased by a constant amount with each
bilayer. Additionally, each deposition of Fe3O4 MNPs was
linearly correlated with the number of bilayers by tracing the
absorbance values at 340 nm, as shown in the inset of Figure 1a.
The amount of absorbed Fe3O4 MNPs within each bilayer was
nearly constant and could be controlled by the number of
deposition cycles.
Similarly, the surface host or guest groups were also

introduced by LbL assembly above the PAA/MNPs bilayer.
First, we grafted the host (CD) or guest (Azo) functional
groups bearing amino groups onto the PAA chain to obtain
PAA−CD or PAA−Azo, respectively (experimental details are
provided in the Supporting Information). Then, PAA−CD (aq,
1 mg mL−1) or PAA−Azo (aq, 1 mg mL−1) was combined with
PDDA (aq, 1 mg mL−1) via LbL assembly to generate a

multilayer of PDDA/PAA−CD or PDDA/PAA−Azo on the
quartz substrate or glass fibers, respectively. The LbL process
for PDDA/PAA−Azo is discussed as an example. The strong
peak at 345 nm accompanied by absorption at 240 nm indicates
the presence of PAA−Azo (Figure 1b); the amount of PAA−
Azo increased linearly with the number of PDDA/PAA−Azo
bilayers, as shown in the inset of Figure 1b. The appearance of
the glass fibers changed from colorless (Figure 1c) to brown
(Figure 1d) after modification with the PAA/Fe3O4 MNPs
bilayer; this color change was due to the brown color of the
MNP dispersion. The glass fibers showed almost no color
change after PDDA/PAA−Azo deposition. The surface
morphology of the (PAA/Fe3O4 MNPs)20−(PDDA/PAA−
Azo)20 multilayer was characterized with scanning electron
microscopy (SEM). Figure 1e shows that after PDDA/PAA−
Azo deposition, the glass fiber was entirely wrapped in a
homogeneous film with slightly protruding islands. Considering
the rough PAA/Fe3O4 MNPs multilayer and high curvature of
the glass fiber, we further characterized the surface morphology
of the (PDDA/PAA−Azo)20 multilayer alone on a quartz plate
using atomic force microscopy (see Figure S5 in the Supporting
Information). The height image reveals that the film surface

Figure 2. SEM images of (a) bare glass fibers and (c) glass fibers with (PAA/Fe3O4 MNPs)20 multilayers. EDX mapping patterns of (b) Si
corresponding to a and (d−f) Si−Fe overlapped patterns, single Fe pattern, and single Si pattern corresponding to c, respectively.
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was slightly wrinkled with nanoscale pores; the corresponding
phase image indicates that the film was homogeneous with
small islands.
To further confirm the composition of the assembled

composites, we used SEM cross-sectional images and the
corresponding elemental mapping patterns from energy-
dispersive X-ray spectroscopy (EDX) to characterize the glass
fibers. As shown in Figure 2a, the cleaned and cut glass fibers
had an average diameter of 17 μm and a rough cross-sectional
surface due to the fracturing procedure. The mapping pattern
of a single glass fiber (Figure 2b) shows that silicon was
dispersed throughout the cross-section of the glass fiber and on
part of an adjacent fiber, confirming a dominant presence of
SiO2 from the bulk quartz glass fiber material. After surface
modification with 20 bilayers of PAA/Fe3O4 MNPs, the glass
fiber was surrounded by a thin layer of film (Figure 2c);
magnification of the glass fiber showed that the film was
composed of closely packed nanoparticles along the edge of the
fiber, exhibiting a film thickness of around 300 nm. Because the
number of layers was known to be 20, we could calculate the
average thickness of one PAA/Fe3O4 MNPs bilayer as 15 nm,
which corresponded well with the diameter of the Fe3O4 MNPs
(15−20 nm based on transmission electron microscopy images;
see the Supporting Information). Moreover, the overlaid
elemental mapping patterns of Fe and Si (Figure 2d) showed
that Si was dominant in the cross-sectional region of the fiber,
whereas Fe was dominant around the cross-section; this is
attributable to Fe within the PAA/Fe3O4 MNPs bilayers on the
cylindrical surface of the glass fiber. Separate elemental
mapping images (Figure 2e, f) showed that Fe was also
randomly distributed in the glass fiber cross-sectional surface,
which may have resulted from fragmentation of PAA/Fe3O4
MNPs bilayers during the fracturing process. Such fragments
were randomly distributed on the cross-sectional surface of the
fiber shown in Figure 2c. These results demonstrated that
Fe3O4 MNPs were successfully loaded onto the surface of the
glass fiber, which was expected to exhibit magnetically
responsive properties.
Magnetic Field-Assisted Localization of Microscale

Glass Fibers and Their Immobilization for Program-
mable Supramolecular Assembly. We applied an external
magnetic field by placing a magnet above a Petri dish
containing the glass fiber modified with (PAA/Fe3O4
MNPs)20−(PDDA/PAA−Azo)20 multilayers in water. As
expected, the glass fiber rapidly responded to the magnetic
field, and the locomotion of the fiber was controlled by moving
the magnet. The number of bilayers of PAA/Fe3O4 MNPs on
the glass fiber was determined by the responsiveness to the
magnetic field, which was dependent on the amount of Fe3O4
MNPs. Therefore, to determine the optimum number of
bilayers, we identified the minimum number of bilayers that
enabled sufficient magnetic control over the locomotion of the
glass fibers. We adjusted the number of PAA/Fe3O4 MNPs
bilayers on the glass fibers from 5 to 10, 15, and 20, while
keeping all other conditions constant, and checked the
magnetic responsiveness of the as-prepared fiber in water.
The results showed that 5 or 10 bilayers were not sufficient to
move the glass fibers due to the relatively low amount of
MNPs. Increasing the number of bilayers to 15 caused the fiber
to move slightly, but the magnetic control of the movement
was poor. When the number of bilayers exceeded 20, the glass
fiber responded well and was controlled by the magnetic field.
The movement of glass fibers is determined by the force

balance of all the forces applied to the fibers: gravity, buoyancy,
and magnetic lifting forces. Considering that the density of
quartz (about 2.2−2.6 g cm−3) is much higher than that of
water, the magnetic lifting force should be larger than the
difference between gravity and buoyancy within water. As the
number of PAA/Fe3O4 MNPs bilayers increased, the amount of
Fe3O4 MNPs increased and contributed to the enhanced
magnetic force, which balanced the force of gravity.
To realize programmable macroscopic supramolecular

assembly of glass fibers, we combined the magnetically
responsive locomotion with supramolecular recognition
between host groups of CD on the substrate and guest groups
of Azo on the glass fiber. The following procedure was carried
out, as illustrated in Scheme 1. First, a quartz slide modified

with (PDDA/PAA−CD)20 multilayers and an untreated quartz
slide were placed side-by-side in a Petri dish containing water.
The glass fiber with (PAA/Fe3O4 MNPs)20−(PDDA/PAA−
Azo)20 multilayers was cut to an average length of 1 mm and
dropped into the water onto the bare quartz slide. Because no
interactive groups were present on the bare quartz substrate,
the glass fiber could be picked up by a magnet and directed
above the quartz slide containing the CD groups. Considering
that all of the as-prepared glass fibers were responsive to
magnetic field, we dropped few cut glass fibers that were
scattered on the bare quartz substrate, applied the magnet
above the desired glass fiber and rapidly moved it to a location
far from other glass fibers. After the fiber was guided to the
desired location, the magnet was quickly removed and the fiber
dropped onto the substrate, leading to contact between the
fiber/slide and a supramolecular interaction of the surface host/
guest groups. To verify the stability of the glass fiber on the
quartz slide, we moved the magnet directly above the fiber and
attempted to pick up the fiber; the attempt failed, indicating
that the glass fiber was successfully immobilized and further
application of the magnetic field had little effect on the
assembled structure. The number of PDDA/PAA−Azo multi-

Scheme 1. Illustration of the Programmable Assembly of
Glass Fibers in a Petri Dish Containing Watera

a(a) Glass fibers with (PAA/Fe3O4 MNPs)20−(PDDA/PAA−Azo)20
multilayers were cut into 1 mm lengths and dropped onto a bare
quartz substrate (blue); (b) one fiber was picked up and driven
towards the adjacent quartz substrate (green) with the (PDDA/PAA−
CD)20 multilayer; (c, d) other fibers were transferred by magnetic field
and assembled step-by-step, leading to a “BUCT” pattern.
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layers was varied during immobilization. When the number of
outer CD or Azo bilayers was 10 or 15, the glass fibers were not
immobilized on the substrate, i.e., the fibers could be picked up
by the magnetic field and removed from the substrate. When
the number of CD or Azo bilayers reached 20 or 25, the fibers
were successfully immobilized. Therefore, we determined that
the optimum number of PDDA/PAA−CD or PDDA/PAA−
Azo multilayers was 20. Finally, through step-by-step magnetic
manipulation and immobilization of supramolecular interac-
tions, we constructed an ordered complex pattern of “BUCT”
using a programmable approach (Figure 3a). The accuracy of

the magnetically guided locomotion for assembly was evaluated
by the reported method.33 We evaluated the deviation of glass
fibers perpendicular to each other (“UCT”) in the assembled
pattern, “BUCT”. The perpendicular deviation from 90° over
five pairs of glass fibers was 1.4 ± 1.5° and the center-to-center
distance over five pairs of perpendicular glass fibers was 518 ±
42 μm. This method utilized a novel operating mode at the
microscale, similar to a mini factory: the separate components
(the as-prepared glass fibers) were stored in a warehouse (the
bare quartz slide), necessary building blocks were driven by a
magnetic field and delivered to a workshop (the quartz slide
modified with CD groups), and the building blocks assembled
into ordered structures or regular patterns according to the
application. The construction process progressed in a program-
mable way and produced the desired “products” for specific
applications.
Multivalency of the Supramolecular Assembly.

Although the glass fibers could be assembled in a program-
mable manner using a quartz substrate, the assembly
mechanism and nature of the interactions require further
investigation. In contrast to our previous work, no mechanical
pressing was required in the current study to immobilize the

glass fibers onto the substrate, which was likely due to the
strong binding constant between CD and Azo groups via a
multivalent mechanism (Scheme 2).35−37 In a typical multi-

valent process, the local concentrations of CD and Azo groups
increase as CD−Azo interactions occur, leading to more
interactive CD−Azo pairs and enhancing the binding constant.
In this process, the intrinsic binding constant of a single CD−
Azo pair did not change, but the apparent association constant
of multiple pairs of CD−Azo was significantly enhanced
because of the increased probability of CD−Azo interactions
facilitated by the high local concentrations of CD and Azo
groups. According to multivalent theory, we assumed that the
introduction of free guest molecules (e.g., 4-aminoazobenzene,
AAzo) with binding constants similar to that of Azo−CD would
not affect the assembled structure of CD−Azo interactions
because the intrinsic binding constants between CD−Azo and
CD−AAzo were almost identical. In contrast, adding highly
competitive free guest molecules (e.g., 1-adamantanecarboxylic
acid, Ad) might lead to disassembly of the fiber on the substrate
because CD−Ad (1 × 105 M−1)38,39 has a much higher intrinsic
binding constant compared to CD−Azo (1 × 103 M−1).40 To
confirm this hypothesis, we assembled a pattern of ‘T’ by
combining the magnetic field-assisted locomotion of glass fibers
with CD−Azo supramolecular interactions between the glass
fibers and the substrate. Next, we added an aqueous AAzo
solution at a low concentration (0.5 mM) to the assembled
pattern and applied a magnetic field by placing the magnet
above the ‘T’ pattern. As we moved the magnet over a narrow
range to disturb the assembled ‘T’, the pattern remained
unaffected (Figure 3b, c). Then silica nanoparticles were added
to confirm the flow of the solution. The result confirmed that
introducing guest molecules with similar binding constants had
little effect on the assembled structure. Subsequently, we
introduced the same amount of Ad solution (0.5 mM); within
seconds, one glass fiber was removed from its original position
(Figure 3d) followed by the displacement of the other glass
fiber (Figure 3e; for the entire process, please see Movie S1 in
the Supporting Information). The entire disassembly of the ‘T’

Figure 3. Optical microscopic photographs of (a) the assembled
ordered complex pattern fabricated in a programmable way. The
process of introducing free guest molecules: (b, c) the assembled ‘T’
pattern was stable after adding free 4-aminoazobenzene molecules,
whereas (d, e) the structure completely disassembled after introducing
competitive free 1-adamantanecarboxylic acid molecules. The scale bar
is 500 μm.

Scheme 2. Schematic for the Assembly Mechanism of Glass
Fibers on the Quartz Slidea

a(a) Illustration of structures of grafted polyelectrolytes and free guest
molecules; (b) the assembled glass fibers were attached to the
substrate through CD−Azo interactions; (c) introducing free AAzo
guest molecules did not lead to disassembly of the glass fiber pattern;
(d) adding free Ad molecules resulted in disassembly of the glass
fibers.
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pattern by highly competitive Ad molecules rather than AAzo
molecules confirmed the hypothesis based on multivalent
theory.

■ CONCLUSIONS
To summarize, we demonstrated the programmable macro-
scopic supramolecular assembly of glass fibers having an
average diameter of 17 μm and average length of 1 mm by
combining supramolecular recognition of CD−Azo and
magnetic field-assisted manipulation. To enable the magnetic
responsiveness of glass fibers in a magnetic field and
supramolecular interactions, we used LbL assembly to modify
the surface with a composite multilayer of (PAA/Fe3O4
MNPs)20−(PDDA/PAA−Azo)20, which rapidly responded to
a magnetic field in a well-controlled way and effectively
immobilized the fibers on the quartz substrate modified with
(PDDA/PAA−CD)20. The assembly mechanism of the glass
fibers onto the quartz slide was interpreted based on
multivalent theory, which was confirmed by introducing free
guest molecules with highly competitive binding constants to
disassemble the assembled pattern.
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