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ABSTRACT: Remote manipulation of a micromachine under an external magnetic
field is significant in a variety of applications. However, magnetic manipulation requires
that either the target objects or the fluids should be ferromagnetic or super-
paramagnetic. To extend the applicability, we propose a versatile optical printing
technique termed femtosecond laser-directed bubble microprinting (FsSLDBM) for on-
demand magnetic encoding. Harnessing Marangoni convection, evaporation flow, and
capillary force for long-distance delivery, near-field attraction, and printing, respectively,
FsLDBM is capable of printing nanomaterials on the solid-state substrate made of
arbitrary materials. As a proof-of-concept, we actuate a 3D polymer microturbine under
a rotating magnetic field by implementing y-Fe,O; nanomagnets on its blade. Moreover,
we demonstrate the magnetic encoding on a living daphnia and versatile manipulation
of the hybrid daphnia. With its general applicability, the FSLDBM approach provides
opportunities for magnetic control of general microstructures in a variety of
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applications, such as smart microbots and biological microsurgery.
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emote and versatile control of tiny objects has been a
long-standing goal in the development of intelligent
machines at micro- or nanoscales, which enables a variety of
applications in both materials science and life science.'™®
Micromachines are actuated under external stimuli, where
chemical,”® electromagnetic,Q_14 electric,”>™"” acoustic,'*™*°
or thermal energies,13 are converted into kinetic energy of the
microengines. Specifically, magnetic micromachines feature
excellent biocompatibility as it can freely penetrate biological
tissues and has proven noninvasive to the human body. In the
past decades, magnetic helical micromotors and tubular
micromotors have exhibited intriguing applications in cargo
delivery and drug injection.”' ~>° It has also been demonstrated
that the magnetic micromotors can trap and transport
biological cells by controlling the motion modes of the
micromotors or incubating the cells to fabricate biohybrid
micromotors.”* ">’ Moreover, magnetic nanotweezers have
been developed to manipulate biomolecules with precise
spatiotemporal control, with careful design of the magnetic
nanoparticles integrated with biomolecules.>
Generally, the actuation of magnetic micromachines stems
from positive magnetophoresis, which requires that the target
objects be composed of ferromagnetic or superparamagnetic
materials. The magnetic manipulation of nonmagnetic objects
is still challenging. Several strategies have been proposed so far.
For example, nonmagnetic particles were placed in medium
with high magnetic susceptibility, where the index-matched
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nonmagnetic particles are attracted toward the low-field
regions by negative magnetophoretic force.’’*” However,
these magnetrofluidic tweezers require either a paramagnetic
salt solution or magnetic nanoparticle dispersions to create the
magnetrofluidic environment. Another strategy is to attach
magnetic materials to nonmagnetic targets. For example, the
coating of Ni/Ti bilayers on the three-dimensional (3D) soft
architectures provides biocompatible magnetic micromachines
for targeted cargo delivery.”"”*”**** Moreover, the doping of
magnetic nanomaterials into photoresist followed by two-
photon lithography provides another approach to fabricate
hybrid magnetic micromachines.”**> Nevertheless, these
existing pretreatment techniques lack selectivity and cannot
be directly applied to living objects.

Herein, we develop an optical technique, femtosecond laser-
directed bubble microprinting (FsSLDBM), to achieve on-
demand and programmable printing of nanomagnets onto a
variety of nonmagnetic structures. Harnessing multiphoton
absorption of the femtosecond laser pulse, Marangoni
convection-directed massive delivery, and surface tension-
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Figure 1. Concept of the on-demand magnetic encoding and working principle of FSLDBM. (a) Schematic of micromachine skeleton made of
nonmagnetic materials; (b) printing of y-Fe,0; nanomagnets on the nonmagnetic skeleton via FSLDBM approach; (c) magnetic functionalization
of the micromachines; (d) versatile magnetic manipulation of the micromachine under an external magnetic field. (e) The simulated convective
flow from a 2 pm bubble for long-distance delivery of nanoparticles. F,,, indicates the convective drag force exerted on the particle. (f) Simulated
evaporation flow around the bubble, which attracts the particles toward the three-phase contact line from the vicinity of the bubble. (g) Printing
force analysis on the nanoparticle. F,,, Fyq4,, and F, represent the capillary force, the van der Waals force, and the electrostatic force, respectively.
(h) Calculated capillary force as a function of the particle location, which is described as the distance between the particle center and the bubble-
substrate contact point. From left to right, the curves with different colors represent the capillary forces calculated at different contact angles from
65 degrees to 15 degrees, with an interval of S degrees. The solid and dashed curves represent the horizontal and perpendicular components of the
capillary force (i.e., Fgap and Fﬁap) , respectively. (i) The printing force as a function of the contact angle and its decomposition of capillary force and
evaporative force. The dashed line gives the maximum repulsive force including the electrostatic interaction and van der Waals interaction between
the particle and the substrate. A particle size of 8 nm in diameter is taken as an example in the force analysis.

induced printing force, FsSLDBM is capable of printing and its interaction with the particle suspension. Nevertheless,
nanoparticles of diverse sizes and materials into free-form the existing bubble printing technique is still limited by its
micropatterns regardless of the light absorption properties of dependence on light-absorbing materials, i.e., either the
the substrate. As a proof-of-concept, we demonstrate the substrate”™™*® or the target nanoparticles*”*® has relatively
magnetic encoding on a 3D polymer microturbine and its high light absorption efficiency in converting energy from light
actuation under an external magnetic field. More interesting, to heat. In previous work, it has been pointed out that the
the general applicability of FSLDBM allows direct magnetic capillary flow dominates the particle deposition at the edge,
encoding and versatile manipulation of biological objects. and controlling the relative magnitude of Marangoni flow
FsLDBM for On-Demand Magnetic Encoding. Figures significantly modifies the thickness distribution of the
la—d illustrate the concept of on-demand magnetic encoding deposited thin film during the evaporation of a droplet.*’
using FSLDBM and the manipulation of the hybrid magnetic However, the underlying mechanism of bubble printing
micromachines. The skeleton of the micromachine is remains unclear.
composed of nonmagnetic materials (Figure 1a). To enable Herein, we propose to use a femtosecond laser for
its magnetic response, we print magnetic nanoparticles (y- microbubble generation and nanoparticle printing. It has
Fe,O; nanomagnets, see Supplementary Figure 1 and been previously demonstrated that the use of a femtosecond
Supplementary Note 1) onto the skeleton using FsSLDBM laser beam leads to the optical breakdown of purified water and
(Figure 1b), which acts as the magnetic module to overcome the generation of cavitation bubbles. Moreover, the generated
the intrinsic magnetic inability of the original skeleton (Figure bubble can be trapped by the self-focused laser beam.™ In this
1c). Under an external magnetic field, the magnetic module work, we irradiated a femtosecond laser onto solvent/substrate
experiences positive magnetophoretic forces, and the kinetic interface, where the multiphoton absorption of water
energy is transferred to the nonmagnetic part to actuate the molecules leads to water evaporation and subsequent
whole machine (Figure 1d). nucleation and growth of steam bubbles. The microbubble
Working Principle of FSLDBM. The key to magnetic captures the suspended particles, delivers them to the bubble
manipulation of micromachines is to incorporate magnetic surface, and prints them onto the solid-state substrate (Figure
nanoparticles onto the nonmagnetic skeleton. Although it has 1b, also see Supplementary Video 1). It should be noted that
been demonstrated that optical printing can be achieved by the heating of bulk water at the same optical power cannot lead
harnessing optical scattering force’*™** or thermophore- to bubble generation, indicating that the existence of a water-
sis,”””*' they are limited to specific particles or low substrate interface enhances the optical intensity or reduces the
throughput. Inkjet printing is a versatile technique, while its nucleation threshold. In contrast to continuous-wave laser, the
printing resolution is low."> Bubble printing is a promising use of femtosecond laser releases the rigorous material
technique that is based on an optically controlled microbubble requirement of the substrate and the target particles, ie.,

1629 https://dx.doi.org/10.1021/acs.nanolett.0c04165
Nano Lett. 2021, 21, 1628—1635


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c04165/suppl_file/nl0c04165_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c04165/suppl_file/nl0c04165_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c04165/suppl_file/nl0c04165_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04165?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04165?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04165?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04165?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c04165?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

3

3

=
o

Linewidth (um)

w »
1 !

N
L

10

20

30 40 50 60 70
Optical power (mW)
Height (nm) 755

0

Height (nm)

g32 Phase (mDeg) 320

0

-249

Figure 2. Diverse printing capability of FSLDBM. (a) SEM images of the line patterns of y-Fe,O; nanomagnets printed at different optical powers.
Scale bars: 10 ym. (b) The line widths of the printed line patterns as a function of the optical powers. The data is fitted with a function y = y, + Ax®,
where y, = 1.35, A = 1.27 X 1075, B = 3.39. (c) TEM images of the magnetic nanoparticles before FSLDBM. (d) TEM images of the magnetic
nanoparticles after FSLDBM. (e—h) SEM images, Fe elemental map, and AFM image of a “green food” logo printed with y-Fe,O; nanomagnets:
low magnification SEM image (e); high magnification SEM image (f); EDS mapping of Fe element (g); AFM image of the “green food” logo (h).
(i—j) Magnetic force microscopy image of a multiple-ring pattern of y-Fe,0; nanomagnets showing the thickness (i) and the magnetic intensity (j).
Scale bars: 10 ym (panels a, e, g—j); SO nm (left panel in c); 100 nm (left panel in d); S nm (right panels in ¢ and d); 1 um (f).

both light-absorbing and nonabsorbing materials are workable,
which extends the applicability of FSLDBM.

In order to understand the printing mechanism, we analyzed
the force exerted on the particles at different locations, as
illustrated in Figures le—g. Upon laser irradiation, the
temperature gradient at the bubble surface induces Marangoni
convection to deliver the nanoparticles toward the laser spot
(Figure le), with the drag force on the suspended particles
given by’

( ou, 614,)
E:onvr =mylu— +tu,
(O PR (1)
d d
Fony, =m urﬁ + uzﬁ
' P\ or 0z (2)

where F__, indicates the convection-induced accelerative force,
the subscripts r and z indicate the radial direction toward the
bubble center and axial direction perpendicular to the
substrate, respectively. m, indicates the mass of the particle,
and u represents the nanoparticle velocity. Here, the
nanoparticle is considered as a point particle as the variation
in velocity caused by the nanoparticle is ignorable. The
maximum flow velocity of 107" m/s allows high-speed
transport of suspended nanoparticles toward the bubble.
When the particle is in the vicinity of the bubble surface,
near-field evaporation of water around the solid—liquid—vapor
three-phase contact line will drive the nanoparticle toward the

bubble surface (Figure 1f), with a mass flux m = hg, where P is
1

the absorbed optical power and A is the latent heat of water
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evaporation, taken at standard conditions. The simulated
evaporative flow around the bubble is given in Figure 1f, with a
maximum evaporative flow of 107> m/s obtained. As the
nanoparticle approaches the three-phase contact line, the flow
is altered by the nanoparticle, and the bulk velocity around the
particle becomes nonuniform. Therefore, full-scale three-
dimensional simulations have been carried out to determine
the force from the total stress, including both the viscous stress
(drag force) and the pressure (lift force) on the particle (see
Supplementary Figure 2 and Supplementary Note 2). For ease
of simulation, we performed the force analysis at the stationary
state when the particle touches the surface to neglect the effect
of particle motion on the force it experiences due to
evaporation.

Once the particle touches the bubble surface, it deforms the
surface due to the radially inward evaporative forces, leading to
an opposing reaction force, which is known as capillary force or
surface tension force:*>

d—r

F,p = 4myr,|1 — sin| 0 + sin”! -
P ©)

where y is the surface tension of the bubble surface, d is the
particle-to-substrate distance, ¢ is the contact angle, and r, is
the particle radius. As the bubble surface is oblique to the
substrate, the capillary force has a horizontal and a
perpendicular component (Flclap and Fclap, respectively). While
Fﬂap balances the horizontal component of evaporative force

which points inwardly, the perpendicular components of

l
Fevap l
evap OVercome

both capillary force Fép and evaporative force F
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Figure 3. 3D magnetic microturbine. (a) SEM images of the 3D polymer microturbine. (b, c) Optical images of the 3D magnetic microturbine
after the printing of y-Fe,O; nanomagnets with different sizes. (d—f) Rotation of the 3D magnetic microturbine at different velocities: S rad/s (d);
9 rad/s (e); 16 rad/s (f). Scale bars: 20 ym (left panel at the top and bottom in panels a—c); 5 ym (right panel at the top in panel a).

the electrostatic repulsive force F, from the substrate, and helps
to print the particle along with van der Waals force F,
(Figure 1g). We can see that Fy, is more significant at a
smaller contact angle (Figure 1h). We further calculate the
electrostatic interaction and van der Waals interaction
(Supplementary Note 2), giving the overall printing force
and repulsive force (Figure 1i). The repulsive barrier of an 8
nm y-Fe,O; nanoparticle is 118 fN. The evaporative force is
always directed to the three-phase contact line, while the
capillary force is perpendicular to the bubble surface. Thus, at
smaller angles, the printing force is dominated by the capillary
force. As both forces are individually much higher than the
repulsive barrier, printing takes place at all contact angles, with
the maximum printing force above 1 nN. Although the
capillary force is the major printing force, it is not the particle—
substrate bonding force. When the laser is turned off, all these
light-generated forces disappear, while the van der Waals
interaction takes charge and the nanoparticles are assembled
on the interface permanently. Moreover, the printed particles
become parts of the substrate and the interparticle connection,
which leads to nanoparticle assembly, and can be explained in
the same model by replacing the particle—substrate interaction
with interparticle interaction.

Diversity of FSLDBM. On the basis of the understanding
of the working principle, we further examine the diversity of
FsLDBM. As shown in Figure 2a, we printed the y-Fe,O;
nanomagnets into line patterns at different optical powers and
examined the scanning electron microscope (SEM) images.
The line width of the printed patterns is a function of the
bubble size, which is determined by the optical power and the
distribution of the thermal hot spots. A line width of ~1.2 um
is observed at an optical power of 10 mW, while it increases
with the optical power. The printing resolution as a function of
the optical power is summarized in Figure 2b, where the fitting
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reveals that the line width shares a power relationship with the
optical power. Different from a continuous-wave laser, the use
of femtosecond laser leads to nonlinear absorption for heat
generation, which creates a more localized thermal hot spot
and improves the printing resolution. Optimization of the laser
spot generates submicron bubbles, with a printing resolution of
~500 nm achieved (Supplementary Figure 3).

To investigate the morphologic and structural change of the
7-Fe,O; nanomagnets during FsSLDBM, we analyzed the
transmission electron microscope (TEM) images of the y-
Fe,0; nanomagnets before and after FsSLDBM (Figure 2c,d).
Without FsLDBM, the y-Fe,O; nanomagnets are well
dispersed and separated from each other. The interparticle
gap is unobservable in the TEM images after FsSLDBM (Figure
2d), indicating that the nanoparticles are bonded tightly by van
der Waals force. Moreover, we observed a constant lattice
spacing of (220) crystal plane (dj, = 2.95 A) in Figure 2¢,d,
revealing that the crystalline structure of the nanoparticles was
well maintained during the FSLDBM processing.

Taking advantage of the flexibility in light management, we
are capable of printing nanoparticles into arbitrary patterns. As
an example, we have printed the y-Fe,0O; nanomagnets into a
“green food” logo (Figure 2e). The high-magnification SEM
image reveals a close-packed feature (see Figure 2f), which is
consistent with the energy dispersive spectrometry (EDS) of
the Fe element (Figure 2g). The atomic force microscopy
(AFM) image gives a maximum thickness of 832 nm (Figure
2h). It is noted that the integrity of the micropatterns relies on
the evolution of the microbubbles during printing, while the
independence on the light-absorbing substrate in FSLDBM
improves the bubble stability and integrity. We have also
created a y-Fe,O; multiple-ring pattern and characterize the
morphology and the magnetic intensity using a magnetic force
microscope. As shown in Figure 2i,j, the magnetic intensity is
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Optical images

Daphnia

Figure 4. Magnetic manipulation of living daphnia. (a) Schematic of a daphnia with y-Fe,O; nanomagnets printed on one of its thoracic
appendages. (b) Optical image of a daphnia before magnetic functionalization. (c) Optical image of a magnetic daphnia after the printing of y-
Fe,0, nanomagnets on one of the thoracic appendages. (d) Optical image of the magnetic thoracic appendage. (e) SEM image of the daphnia after
the printing of y-Fe,O; nanomagnets. (f, g¢) SEM (f) and EDS mapping of Fe and C elements (g) of the magnetic thoracic appendage. (h) Long-
distance magnetic trapping of a living daphnia. The magnetic daphnia manipulated by the external magnetic field is labeled with a red dash circle,
while the nonmagnetic daphnia is labeled with a blue dash circle. (i) Magnetic rotation of two magnetic daphnia by rotating the external magnetic
field. The magnetic daphnia are labeled with a red dash circle and a pink dash circle, respectively. Scale bars: 400 um (b, c, e); 40 um (d, f, g).

proportional to the thickness, revealing that FsSLDBM is
noninvasive to the magnetic nanomaterials and the magnetic
performance is programmable by adjusting the pattern
thickness. Moreover, the capillary force is independent of the
physical properties of the nanoparticles, which suggests that
FsLDBM is applicable to a wide range of materials, such as
polymers, metals, and semiconductors. As shown in Supple-
mentary Figure 4, we have digitally printed silver nanoparticles
and CdTe quantum dots into a Chinese word of “light” and a
“piercing heart” pattern, respectively. The surface coverage,
thickness, and homogeneity of the patterns rely on the
patterning parameters such as optical power, scanning rate,
step size, and particle concentration. A parametric optimization
leads to a 2D pattern with a particle density of 1.1 X 10" cm™
and surface coverage of 96.8% at a thickness of 30 nm
(Supplementary Figure S). Besides the 2D patterning, the use
of femtosecond laser provides the possibility for 3D printing, as
the microbubble generation at the interface between the
printed structure and the nanoparticle suspensions is
achievable, where the capillary force helps to fix the suspended
particles onto the predeposited particles for 3D connection. As
a demonstration, we printed the CdSe/ZnS quantum dots into
arc-bridge 3D patterns, with the heights of 10 and 20 ym from
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the substrate, respectively (see Supplementary Note 1). The
laser scanning confocal fluorescence images verify the well-
defined 3D configuration of the printed patterns, as shown in
Supplementary Figure 6.

Magnetic Manipulation of 3D Polymer Microturbine.
The diversity of the FsSLDBM allows the on-demand encoding
of magnetic nanomaterials onto various nonmagnetic struc-
tures. As a demonstration, we fabricated a 3D polymer
(poly(butyl methacrylate), PBMA) microturbine using a two-
photon polymerization (TPP) technique, as shown in Figure
3a. The microturbine is 100 ym in diameter and 25 ym in
height, while the suspended blades are 15 um above the
substrate. The microturbine was then immersed in the y-Fe,O4
solution for magnetic encoding. The size of the functional
magnetic module is tunable to modify the magnetic perform-
ance. The hybrid microturbine was placed in a magnetic field
created by a magnet. The printed magnetic module undergoes
positive magnetophoresis along the magnetic field gradient,
with the magnetophoretic estimated by Fy = x, #o V(H-V)H,
where fi, is the vacuum permeability, V is the volume of the
magnetic module, y,, is the magnetic susceptibility, H is the
external magnetic field. Through rotating the magnet electri-
cally, the microturbine started to spin. In addition, the rotation
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velocity is tunable by controlling the rotating speed of the
magnet, as shown in Figures 3d—f (also see Supplementary
Videos 2—4).

Magnetic Manipulation of Living Microorganism. In
contrast to the artificial micromachines, where the structure
and composition can be precisely tailored, the magnetic
control of living objects in nature is still elusive because
biomolecules are nonmagnetic, and the incorporation of
magnetic materials into living bodies is more challenging.
The incubation of biological cells or organisms in a solution
containing magnetic micromotors allows the formation of
biohybrid micromachines.”’~>*** For example, it has been
demonstrated that the incubation of sperms in magnetic
microhelix-suspended solution provides the sperm-carrying
micromotors, which allows versatile magnetic manipulation of
sperms for assisted fertilization or drug delivery.”*” However,
the incubation approach normally lacks selectivity and cannot
achieve localized magnetic encoding. Herein, taking a living
daphnia as an example, we demonstrate that FsSLDBM can be
applied to living microorganisms (Figure 4a). The optical
image of a living daphnia is shown in Figure 4b. To achieve
magnetic functionalization, we selectively printed a y-Fe,O;
micropattern of 40 um in diameter on one of the thoracic
appendages (Figure 4c,d). Different from the glass substrate,
the morphology of thoracic appendages is irregular and
complex. After FsSLDBM, a conformal y-Fe,O; thin film was
deposited on the surface of the thoracic appendage (Figure
4e,f). EDS mapping of the daphnia after magnetic encoding is
illustrated in Figure 4g. The C element signal arises from the
organs of the daphnia, while the Fe element represents the
functional y-Fe,O; module. We can see that the Fe signal is
uniform crossing the magnetic pattern, although the surface of
the thoracic appendage is rough.

We further demonstrate the manipulation of daphnia after
magnetic encoding. To improve the magnetic force, ten y-
Fe,O; micropatterns were printed on the daphnia. The
functionalized daphnia was then placed in a Petri dish
containing DI water. When an external magnetic field is
applied, the hybrid daphnia was pulled along the magnetic field
gradient and trapped at the edge of the Petri dishes. The
daphnia was released when the magnetic field was off (see
Supplementary Video S for the real-time manipulation). It
should be noted that the volume of the magnetic module is
almost 6 orders of magnitude smaller than that of the daphnia,
while the magnetic force is strong enough to deliver the hybrid
daphnia. Our calculation estimates a magnetic force from
several micronewton to more than 50 micronewton (see
Supplementary Note 3 for the calculation detail). As a
comparison, a nonmagnetic daphnia was also placed in the
Petri dish. We can see that the nonmagnetic daphnia undergo
Brownian swimming under the magnetic field (see the blue
dash circles in Figure 4h). Moreover, we also demonstrated the
rotation of two magnetic daphnia along the edge of the Petri
dishes under a rotating magnetic field (see Figure 4i and
Supplementary Video 7). It is noted that the microbubble
generation may cause thermal damage to the skin of the
daphnia. To reduce the thermal toxicity, the laser pulse should
be modulated to reduce the lifetime of the microbubble and
achieve ultrafast bubble evolution dynamics. Different from an
optical force, which stems from the refractive index contrast
between the target object and the surrounding medium, the
light-induced forces in FsSLDBM do not rely on the refractive
index of the target surface and optical printing of nanoparticles
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on the membrane of biological cells is possible (Supplementary
Figure 7).

In conclusion, we propose a general optical printing technique
for long-distance delivery, near-field attraction, and patterning
of nanoparticles. Through the coordinated coupling of
multiphoton absorption, Marangoni convection, evaporation
flow, and capillary effect, FsSLDBM breaks the rigorous material
requirement in traditional bubble printing techniques and is
capable of printing diverse nanomaterials onto the different
solid-state substrate. The on-demand encoding of y-Fe,O;
nanomagnets onto diverse nonmagnetic structures such as
3D polymer microturbines and living daphnia enables their
response to the external magnetic field for remote and
noninvasive manipulation. Our work provides an alternative
strategy to design magnetic hybrid micromachines for
applications such as intelligent robotics and nanomedicine.
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