
https://onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3A080bd665-5b59-49eb-aab6-6033f4f17216&url=https%3A%2F%2Fcontent.knowledgehub.wiley.com%2Fnanoelectronics-and-its-new-materials-a-new-era-of-nanoscience%2F&pubDoi=10.1002/adfm.202214801&viewOrigin=offlinePdf


www.afm-journal.de

2214801 (1 of 9) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

Light Controlled Biohybrid Microbots

Nicola Pellicciotta, Ojus Satish Bagal, Viridiana Carmona Sosa, Giacomo Frangipane, 
Gaszton Vizsnyiczai, and Roberto Di Leonardo*

Biohybrid microbots integrate biological actuators and sensors into synthetic 
chassis with the aim of providing the building blocks of next-generation micro-
robotics. One of the main challenges is the development of self-assembled 
systems with consistent behavior and such that they can be controlled 
independently to perform complex tasks. Herein, it is shown that, using 
light-driven bacteria as propellers, 3D printed microbots can be steered by 
unbalancing light intensity over different microbot parts. An optimal feedback 
loop is designed in which a central computer projects onto each microbot a 
tailor-made light pattern, calculated from its position and orientation. In this 
way, multiple microbots can be independently guided through a series of spa-
tially distributed checkpoints. By exploiting a natural light-driven proton pump, 
these bio-hybrid microbots are able to extract mechanical energy from light 
with such high efficiency that, in principle, hundreds of these systems can be 
controlled simultaneously with a total optical power of just a few milliwatts.
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photopolymerisation (TPP) techniques 
allow us to create complex 3D architec-
tures,[3] the miniaturisation of sensors 
and actuators still faces difficult chal-
lenges. The bio-hybrid approach seeks to 
solve these challenges by exploiting the 
enormous wealth of biological compo-
nents that cells use to probe the environ-
ment and move within it in an informed 
manner.[4–6] When it comes to transporting 
a cargo over long distances, microswim-
mers such as microalgae or bacteria can be 
attached to synthetic objects and provide 
propulsion speeds of up to several tens of 
micrometers per second.[7–10] By designing 
asymmetrically shaped objects, it is pos-
sible to avoid permanent attachment and 
simply rely on the spontaneous rectifica-
tion of bacterial trajectories. This approach 
has been used to generate rotary[11] and 

linear[12–14] motions but, although easier to implement, it has 
significant limitations due to the enormous variability and 
fluctuations in propulsion characteristics. One possibility to 
mitigate these fluctuations is to use more controlled patterning 
methods to permanently attach bacteria.[15] An even more deter-
ministic self-assembly can be achieved by exploiting the ability 
of TPP to fabricate 3D structures in which individual bacteria 
can self-locate within micro-chambers arranged in geometric 
arrays.[16,17] Once assembled, and in motion, the next challenge 
is to control the trajectories of these biohybrid micromachines. 
One possibility is to exploit the natural taxis mechanisms 
of the propelling cells to guide the entire structure through 
external fields such as concentration gradients (chemotaxis)[18] 
or magnetic fields (magnetotaxis).[19,20] External magnetic fields 
can also steer the microbots by acting directly on a magnetic 
cargo.[21] If one day, however, these microbots are to be able 
to be independently programmed to automatically perform a 
sequence of complex tasks, we will need a guidance mecha-
nism that can operate independently on several microbots and 
with a sufficiently consistent response to simplify the design 
of a common centralized control strategy. This requires inde-
pendently addressable actuators with sufficiently low energy 
requirements to sustain, in principle, the prolonged operation 
of a swarm of hundreds or even thousands of microbots.[22] 
These requirements can be met by E.  coli bacteria expressing 
the light-driven proton pump proteorhodopsin. Each one of 
these cells is capable of generating a piconewton thrust force 
by rotating a helical flagellar bundle. Flagella are powered by 
electric nanomotors, the flagellar motors, which generate a 
torque proportional to the proton motive force (pmf) across the 
cell’s inner membrane. In cells expressing proteorhodopsin, 
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1. Introduction

Robots and artificial intelligence have now reached a level of 
performance where they can easily replace human workers in 
a wide range of jobs. As biomedical technologies provide new 
and reliable tools for diagnostics and therapy at the single-cell 
level,[1,2] micro-robots could bring automation even within min-
iaturised laboratories built on the slide of a microscope (lab-
on-chip) or inside the human body. While modern two-photon 
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when oxygen concentration is low and respiration is inhibited, 
the proton motive force can be regulated from zero to satura-
tion using only a few tens of nanowatts of optical power. For 
comparison, if optical tweezers were used for actuation, more 
than 10 000 times more power would be required to generate an 
equivalent thrust.[23] This means that with a few milliwatts, we 
can control hundreds of thousands of micro-propellers. The big 
challenge is how to integrate these biological propellers into a 
microfabricated chassis to obtain programmable micro-robots.

Here, we demonstrate a prototype of a micro-vehicle pow-
ered by bacteria that can be programmed to follow a prescribed 
path while moving on a glass substrate in a liquid sample. 
These microbots consist of a microfabricated chassis with two 
spatially separated propulsion units, each equipped with eight 
bacterial slots into which smooth swimming cells can enter and 
remain trapped indefinitely. Using light-driven bacteria, these 
microbots can be individually powered by illuminating them 
with a spotlight, the intensity of which allows their speed to be 
controlled remotely. Since the two propulsion units are rigidly 
connected, unbalancing the light on each of them makes it pos-
sible to generate a controllable torque and steer left or right. We 
deploy these microbots using a centralised control strategy in 
which a computer vision system tracks multiple units and cal-
culates an optimised light pattern to guide them independently 
along a predefined path. Finally, we discuss how to optimise 
the control strategy in terms of target pointing stability and 
target orbiting.

2. Results and Discussion

2.1. Microbot Structure

We designed self-propelled microbots that can be indepen-
dently steered along 2D trajectories on a solid substrate, typi-
cally the bottom glass of a microfluidic chip. Figure 1a shows 

a schematics of the microbot structure. The microbot is com-
posed of two identical units, named here propellers or engines, 
connected by a 20 µm-long rod. Each unit has the shape of a 
rectangular box 18.6x5.0x6.1 µm3 (LxWxH) and is composed 
of eight microchambers. The microchambers have openings 
of 2.8x3.5 µm (WxH) to accommodate a single cell body while 
leaving the entire flagellar bundle outside for maximal propul-
sion. The chambers are arranged symmetrically to the major 
axis of the engine and tilted by 45° to maximize the total force 
applied on the engine.[17]

We used two-photon polymerization to fabricate the micro-
bots chassis from SU-8 photoresist.[3] A SEM image of a fabri-
cated structure is shown in (Figure 1b) together with the actual 
main geometrical dimensions. Arrays of structures are fabri-
cated on top of coverglasses that were previously coated with a 
sacrificial layer of dextran.[24]

As light controlled propellers, we use a smooth swimming 
strain of E. coli bacteria expressing the light-driven proton pump 
proteorhodopsin.[25] In the absence of oxygen, aerobic respira-
tion is blocked and proteorhodopsin can be used to control the 
proton motive force that drives the flagellar motors, so that the 
cell’s speed becomes a function of the local intensity of green 
light.[25] When the aqueous solution containing the bacteria is 
introduced into the chamber, the dextran layer dissolves and 
the structures detach from the cover glass. Based on the meas-
urements in Figure  1b, we estimate a total volume of 103 µm3 
resulting in a buoyant mass of 0.2 ng (SU-8 density 1.2 g cm−3) 
and therefore a small sedimentation length kBT/mg = 2 nm that 
keeps the empty chassis fully sedimented on the bottom cover-
glass. The self-assembly of the bacteria in the microchambers is 
remarkably efficient and is completed within minutes. Similar 
efficiency had previously been reported for even more com-
plex three-dimensional structures.[17] In this case, self-assembly 
is further facilitated by the fact that the structures sit on the 
plane of the cover glass, where the concentration of bacteria is 
highest due to hydrodynamic entrapment.[26] Furthermore, we 
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Figure 1. 3D microbot chassis a) Schematic representation of a self assembled bio-hybrid microbot with E. coli bacteria appearing in green. b) SEM 
image of the 3D chassis with a zoomed view of the yellow box. c) Fluorescent bacteria (green channel) are superimposed on a bright-field image of 
the chassis to show that all microchambers are occupied. Bacteria swimming outside of the microchambers are not permanently embedded in the 
chassis, but are free to swim away after brief interactions.
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believe that the bacteria’s tendency to swim with a direction of 
propulsion inclined toward the interior of the confining walls, 
might play an important role in getting into the micro-cham-
bers when cell slide along the side walls.[26,27] When loaded 
with bacteria the microbots self-propel with an average speed of 
2 µm s-1 tracing circular paths that remain confined on the glass 
surface. As for freely swimming bacteria, these microbots will 
be force free and thus generate dipolar fluid flows that when 
reflected by the no-slip boundary at their bottom, will give rise 
to a hydrodynamic attraction stabilizing the confinement of the 
microbot in the 2D plane.[28]

2.2. Microbot Dynamics

Our microbots can only translate on the 2D plane defined 
by the coverslip surface and rotate around the normal to that 
surface. Calling Γ∥ the translational drag of a single structure 
moving along its axis, Γz its rotational drag around a vertical 
axis passing through the center and 2L  = 25 µm the distance 
between the two engine axes, we can write the microbots linear 
speed v and angular speed ω as:

�

1
( )v f fR L=

Γ
+  (1)

( )
1

( )
L

f f
z

R L
z

R Lω τ τ=
Γ

− +
Γ

+  (2)

with fR, fL being the total forces and τR, τL as the torques applied 
by bacteria on the right and left engines respectively. In a per-
fectly symmetrical system, under homogeneous green light 
illumination, one would expect the bacteria to apply zero torque 
and equal forces on the two units, thus propelling the microbot 
on a straight path. In reality, we always observe circular 

trajectories as shown in Figure  2a and Video S1 (Supporting 
Information). As expressed in Equation 2, this non-zero angular 
velocity may be due to an asymmetry between fR and fL or to net 
torques τR, τL applied by the bacteria on the individual engines. 
These torques may result from an asymmetric distribution of 
forces on each motor due to the natural variability of the thrust 
force generated by individual bacteria. In addition, since to 
facilitate loading, the size of a microchamber is designed to 
loosely accommodate a single cell, we cannot exclude that more 
than one cell may occasionally fit into a slot. Net torques on the 
propellers may also arise from the inevitable roto-translational 
coupling with the substrate, which is also responsible for the 
clockwise motion of bacteria over solid walls.[29]

However, we observe circular trajectories running both 
clockwise and counterclockwise with no clear systematic effect 
suggesting that roto-translational couplings do not play a major 
role here. The trajectories of these uncontrolled microbots 
also show the presence of noise, which we quantified by cal-
culating the variance of angular displacement as a function of 
time. (Figure 2b). A clear linear increase can be seen, indicating 
the presence of a diffusive term in the angular displacement, 
superimposed on the average rotation.

The force generated by each engine has the same depend-
ence on light intensity as individual cells[25,30,31] which can be 
modeled by:

( ) 0f I f
I

I K
=

+
 (3)

Where I is the power density of the projected green light 
and K a threshold value such that when I ≫ K proteorho-
dopsins photocurrents are saturated, and bacteria trapped 
inside microchambers transfer a total maximal thrust f0 on 
each engine. For the following discussion, we will only con-
sider symmetric microbots so that we can neglect τR and τL and 
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Figure 2. Uncontrolled microbot dynamics a) When exposed to a uniform illumination, microbots tend to follow circular trajectories due to the natural 
propulsion variability of bacteria filling the two engines. Line colors encode instantaneous speed as indicated in the colorbar. b) The variance of angular 
displacement as a function of elapsed time evidences the presence of fluctuating noise as a diffusive term that increases linearly with time. Circles 
represent an average over time origin and over seven microbots. Error bars are the standard error of the mean. c) Angular speed as a function of the 
difference in light intensity between the right and left engine. Solid line is the least-squared fit with the model expressed in Equation 5 and discussed 
in the text.
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assume fR = f(IR), fL = f(IL). Substituting into the expressions for 
the linear (Equation 1) and angular (Equation 2) speeds of the 
microbot, we obtain:

2
0v

v I

I K

I

I K
R

R

L

L

=
+

+
+







  (4)
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where we introduced the maximum values for the linear 
speed v0 = 2f0/Γ∥ and angular speed ω0 = f0L/Γz. The former is 
achieved when the light intensities on both engines are much 
greater than the threshold value K for proteorhodopsin satura-
tion, while maximum angular speed is reached when the light 
intensity is well above the threshold on one engine and zero 
on the other one. We measured the angular velocity of the 
microbots in the presence of an unbalanced illumination on 
the two engines. Averaging over time and over several micro-
bots, we obtained the data shown as circles in Figure  2c. The 
expression in Equation  5 provides an excellent fit for experi-
mental data (blue line in Figure  2c), with best fit parameters 
ω0  = 1.30 ± 0.07 deg s-1 and K  = 0.17 ± 0.05 mW mm−2. The 
latter K parameter is consistent with previous studies on light-
driven propulsion in E. coli.[25,31]

2.3. Navigation Strategy

At this point, we want to find an optimal strategy to control the 
power of the two engines in order to drive a microbot toward a 
predefined target. Indicating with r the microbot position vector 
measured from the target and with �e its orientation, Figure 3a, 
we can define the angular distance from the target as the angle 
θ between directions �r−  and �e. Following,[32] the time evolution 
of θ will be given by:

� ( )
( )sinv

r
θ ω θ θ θ= +  (6)

The functions ω(θ) and v(θ) represent the angular and linear 
speeds of the microbot. From Equation  2, these are set exter-
nally by choosing the appropriate response functions fR(θ) and 
fL(θ) to be imposed on the two engines according to the meas-
ured value of the angular distance from the target θ. Under uni-
form saturating illumination, a symmetric microbot will have 
fR = fL = f0 resulting in a constant linear speed v0∝fR + fL and a 
vanishing angular speed ∝fR − fL. Unless the microbot was ini-
tially pointing toward the target (θ = 0) the angular distance will 
eventually approach the stable value θ  = π with the microbot 
moving far away from the target. If we want to automatically 
reach the target we need to find a proper navigation strategy 
encoded in the functions fR(θ), fL(θ). The first condition to be 

Adv. Funct. Mater. 2023, 33, 2214801

Figure 3. Navigation strategy. a) Definition of geometric variables. b) Dependence of left and right force on angular distance from target. When the 
microbots point in a direction more than 45 degrees away from the target, one motor is switched off while the other runs at maximum speed, achieving 
maximum torque. For deviations of less than 45 degrees one of the two engines is progressively turned off with a linear dependence on θ. c) Angular 
and linear speed as a function of angular distance θ when right and left forces are set as in b). d) A numerical calculated trajectory using ω0 and v0 
parameters as extracted from experiments. The microbot points to the target and then settles in a circular eccentric orbit around it. Gray line is a 
simulation with the same parameters plus rotational diffusion with diffusivity extracted from the fit in Figure 2b.
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met is that the aiming toward the target is stable or equivalently 
that θ = 0 is a stable fixed point of Equation 6. For small θ we 
can expand ( ) 0ω θ ω θ≈ − ′  and v(θ) ≈ v0 to linearize Equation 6:

�
0

0v

r
θ ω θ= − −


 


′  (7)

As already discussed in [32], stability requires that ω(θ) has 
a steep negative slope so that /0 0v rω >′ . The angular speed can 
only be modulated in a finite range of values [ − ω0, ω0] whose 
extremes are reached when one motor is running at full power 
f0 and the other one is off resulting in ω0 = f0L/Γz (Equation 2). 
To ensure aiming stability, it is therefore advisable to increase 
the slope of ω(θ) around θ  = 0 by concentrating the entire 
dynamic range in a restricted angular interval [ − θ0, θ0]. This 
can be achieved by choosing the functions fR(θ) and fL(θ) as in 
Figure  3b. The angular speed will then have a constant slope 

/0 0 0ω ω θ=′  throughout the interval [ − θ0, θ0], see Figure 3c.
With this choice for fR(θ) and fL(θ), aiming stability, as estab-

lished by Equation  6, will be guaranteed until the distance to 
the target falls below a critical value:

�

20

0
0r

v

L
c

z

ω
θ= = Γ

Γ′  (8)

If we aim for a minimum approach distance to the target of 
less than rc, the microbot may miss the target and move away 
from it indefinitely before returning back.[32] However, if we 
use fR(θ) and fL(θ) as in Figure 3b, that is, such that the angular 
velocity is maximum when |θ| > θ0 (Figure 3c), then the microbot 
will hold in an eccentric circular orbit around the target with a 
minimum approach distance given by rccos θ0/2θ0. In our case, 
we choose θ0 = π/4, so the minimum approach distance is ≃ rc/2.

Real systems will always be affected by a substantial amount 
of noise from thermal agitation and fluctuations in the propel-
ling force and arrangement of bacteria. In a noisy environment, 
pointing stability is an even more crucial requirement, and 
failure to reach the target due to random reorientation requires 
efficient mitigation strategies to keep the orbit confined within 
a narrow target zone (Figure 3d).

2.4. Automated Optical Control of Multiple Microbots

We couple a DLP (Digital Light Processing) projector to the 
microscope objective to address individual microbots with inde-
pendently controlled illumination on the two engines. Using the 
same objective for imaging and projection allows us to shape the 
speed of bacteria with a spatial resolution that matches that of 
the imaging system.[31,33] Multiple microbots can be controlled 
simultaneously by a central computer that continuously moni-
tors their positions and calculates tailor-made light patterns to 
guide them along a pre-programmed task. In this work, we con-
centrate on path planning; that is, moving microbots through a 
sequence of target destinations. To this end, a computer vision 
algorithm tracks the position and orientation of microbots and 
computes the angular distance θ from the next target. We then 
calculate the intensities on the right and left engines in order 
to implement the navigation strategy fR(θ), fL(θ) illustrated in 

Figure 3b. When |θ| > θ0 = 45°, one engine is turned off while 
the other one runs at full power so that the microbot rotates at 
maximum speed to decrease the angular distance to the target. 
When |θ| < θ0, we always keep one engine at full power while 
lowering light intensity on the other one with a linear depend-
ence on θ (see Figure  3b). As discussed before, this choice of 
navigation strategy guarantees aiming stability and also confined 
orbiting around the target. We defined a path consisting of three 
non-aligned targets A,B,C placed at a relative distance of approx-
imately 500 µm (Figure 4a). When the distance to the target falls 
below 50 µm, the microbot turns to reach the next target along 
the path. Eventually, the final target C is reached, light is turned 
off on both engines and the microbot stops. Figure 4a shows a 
sample trajectory of a microbot. The black arrows represent the 
orientation of the microbot, while the magenta arrows point to 
the target. For most of the trajectory, the black arrow is rotated 
counterclockwise relative to the direction of the target (posi-
tive angular distance θ) and must be corrected with a negative 
rotation (clockwise). This is most clearly depicted in Figure 4b 
showing the time evolution of the angular velocity of the same 
microbot. The latter closely resembles the modulation of the 
difference between the light intensities projected on the left 
and right engines also reported in figure. Figure  4c shows the 
trajectories of seven microbots navigating through the same 
three-target path. The colours of the lines encode the average 
speed over the entire path. Depending on their initial position 
and orientation, the seven microbots reach the first target (A) 
following very different paths. When they move toward B, they 
all start from neighboring positions, so that their trajectories 
wander a little less. In the last stage, since they all arrived at B 
from A, they also share more similar initial orientations, so that 
the final paths seem less dispersed and more straight. The com-
pletion time for this task ranges from 10 to 20 min depending 
on the microbot, with an average value of 13 min. In general, 
the faster microbots appear to wander more and reach the final 
target after travelling a greater total distance. In Figure  4d, we 
report the contour length of each trajectory, normalised to the 
minimum distance given by the length of the straight paths 
joining the target centers (black line). Because target regions 
are not point-like, some trajectories may be shorter than the 
distance between target centers. Interestingly the dispersion of 
the total travelled distance is only of about a few 10%. Moreover, 
almost all of the shuttles travelled a total distance greater than 
the optimum by only 2%-15%. This distance is clearly correlated 
to microbot speed with the slower shuttles staying closer to the 
optimal trajectory. This observation may seem to be in agree-
ment with what was already pointed out in [32] and expressed by 
Equation 7, namely that a higher velocity v0 reduces the stability 
of pointing. It should be noted, however, that in our case, v0 and 
ω0 should vary in a correlated way being both proportional to 
f0. One possible explanation for the increased tortuosity of fast 
microbots could be that the propulsion of each motor fluctuates 
with multiplicative noise.

The main advantage of using light as an external control 
field is that multiple microbots can be controlled indepen-
dently to collaborate on the same task. To demonstrate this, 
we simultaneously programmed two microbots to move 
along the same three targets path. Figure  5 shows four 
frames of Video S2 (Supporting Information) showing two 

Adv. Funct. Mater. 2023, 33, 2214801
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microbots independently programmed to move from one 
target to another. Again, as with the individually guided 
microbots in Figure  4c, we note that while from A to B 
the trajectories are quite far apart, in the last section  they 
become very close. The central control algorithm ignores 
possible collisions between two microbots. These aspects 
could become important when the number of microbots 
grows, but fortunately, their management would only require 
a modification of the algorithm by introducing, for example, 
effective interactions that mimic visual perception between 
the different microbots.[34]

2.5. Efficiency and Optimization

Using simple scaling arguments, we can discuss the possi-
bility of scaling up the size of our microbots. For example, 

by increasing the length of the engine we could accommo-
date more microchambers, the number of bacteria would 
increase, and proportionally so would the applied thrust f0. 
At the same time, the translational viscous drag Γ∥ would 
also increase linearly with the propeller length so that the 
propulsion speed would not change with size. Thus, there 
is no clear advantage in increasing the size of the propul-
sion units, especially considering that one of the most prom-
ising applications for the microbots might be in single-cell 
transport. For a fixed propeller size the distance between 
the two units should be chosen in order to increase the 
steering speed Ω. Calling γ∥ and γz the translational and 
rotational drag of the isolated left and right units, we can 
obtain the drag on the composed structure as a function of 
the distance L:[35]

� � �2 , 2( )2Lz zγ γ γΓ = Γ = +  (9)

Adv. Funct. Mater. 2023, 33, 2214801

Figure 5. Simultaneous control of multiple microbots. Frames from Video S2 (Supporting Information) showing two microbots that are being simul-
taneously programmed to perform the three-target task. Scale bar on the first frame is 200 µm.

Figure 4. Path planning a) Sample trajectory of a microbot following a path consisting of three non-aligned targets A,B,C. Black arrows indicate 
microbot orientation �e  while magenta arrows point to the target. b) The angular speed along the microbot trajectory shown in (a) is reported in black 
together with the right/left imbalance of light intensity on the two engines (magenta). c) Different microbots performing the same three target task 
(n=7). Line colors encode mean speed as indicated in the colorbar. d) Total traveled distance shows a weak correlation with microbot average speed.
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where we have neglected hydrodynamic interactions between 
the two units (see Section  S1.1, Supporting Information). We 
can then express the maximum angular speed ω0 as a function 
of L

�2( )
0

0 0
2

f L f L

Lz z

ω
γ γ

=
Γ

=
+

 (10)

where f0L is the maximum torque applied by the bacteria. We 
find that there’s an optimal value for L which maximizes ω0 and 
it is given by �/zγ γ . Experimental estimates for γ∥ and γz con-
firm that our choice for L is very close to this optimal value (see 
Section S1.1, Supporting Information). Let us now turn to energy 
considerations. Within our microbots, bacteria work to push 
the SU-8 chassis at a speed v ≃ 2 µm/s. The viscous medium 
resists this motion with a drag coefficient Γ∥  = 0.67 pN sµm-1 
that we extracted from the Brownian mean square displacement 
of the empty structures (see Section  S1.2, Supporting Infor-
mation). The energy output can be defined as the mechanical 
work performed by the bacterial thrust Pout = Γ∥v2 ≃ 3 aW. On 
the input side, flagellar motors are ultimately powered by pro-
jected light whose integrated flux over the two engines run-
ning at maximum power is about Pin = 100 nW resulting in an 
overall efficiency of light to work conversion of 3 · 10−11. This 
figure is consistent with that reported for rotary machines actu-
ated by light-driven bacteria[17] and, as already discussed there, it 
is orders of magnitude larger than the efficiency of light-driven 
micromachines actuated by radiation pressure.[36,37]

3. Conclusion

We show how photokinetic bacteria can self-organize within 
a 3D microfabricated structure to produce a light-controlled 
microbot. These microbots can be individually programmed 
by a central computer to move over a sequence of checkpoints 
located arbitrarily over a millimeter-sized area on a microscope 
cover glass. In addition to acting as a remote control of the 
microbots’ direction, the light also provides the energy needed 
to generate self-propulsion. Previously proposed light-controlled 
biohybrid microbots used light as an on/off switch to control 
unidirectional rotational or translational motion.[38,39] Other 
possible strategies for using light to guide microbots on a pre-
scribed path involve the use of focused laser light to generate 
propulsion through cavitation-induced flows[40] or radiation 
pressure.[41] Typical power in these cases is on the order of tens 
of milliwatts per microstructure, whereas our microbots can 
operate with less than a microwatt of total power. This is due 
to the high efficiency of proteorhodopsin in converting energy 
from optical to electrochemical, so in principle it is possible to 
control hundreds of these microbots using only a few milliwatts 
of light, thus avoiding photodamage in biological applications 
and paving the way for swarm micro-robotics in lab-on-chip.

4. Experimental Section
Materials: SU-8 2015 and its standard SU-8 developer solution were 

purchased from KAYAKU Advanced Materials. Dextran (a polymer of 

anhyroglucose (C6H10O5)) from Leuconostoc mesenteroides was procured 
from Sigma-Aldrich. The dextran solution was prepared in the following 
way: 250 mg of dextran was dissolved in 10ml of deionized water and 
placed in a water bath at 95°C for 30 min. The resulting solution, 
having a final concentration of 2.5% w/v, was passed through a sterile 
filter with pore sizes of 0.45 µm before use. Glass coverslips used for 
microfabrication were cleaned with piranha wet etch solution. This 
is prepared by dissolving NoChromix reagent (Godax laboratories) 
in Sulphuric acid (H2SO4, 95.0-98.0%, Sigma–Aldrich) in a 5% w/v 
concentration. Bacteria were grown in Terrific Broth (TB), an enriched 
growth medium. For TB preparation, we dissolve 2.4 grams of tryptone 
(Sigma–Aldrich), 4.8 grams of yeast extract (Sigma-Aldrich), and 919 µl 
of glycerol (C3H8O3, 87%, Sigma–Aldrich) in 200 ml of deionized water 
(H2O). The solution is stirred until it becomes homogeneous and is 
autoclaved for sterilization at 125°C for 15 min. All chemicals were used 
as received without any further purification.

SU-8 Layers Preparation: The fabrication of microbots was done on 
soda lime glass substrates of thickness 0.13–0.17 µm. The removal of 
surface impurities was done by placing the glass substrate in a piranha 
wet etch solution for a period of 24 h. After this, the substrate undergoes 
multiple rinse cycles in deionized water and was dried before plasma 
treatment for 10 min to increase the surface’s wettability and allow 
the polymers to spread uniformly.[42] First, 300 µl of Dextran solution 
(2.5% w/v) was spin-coated on the substrate at 1000 rpm for 15 s and 
heated for 2 min at 95°C. This layer provides a water-soluble sacrificial 
layer to lift off the microbot easily.[24] On top of this Dextran layer, the 
300 µl SU-8 photoresist was spin coated using two different speeds; first 
at 500 rpm for 10 s and later at 2000 rpm for 30 s. After the deposition 
of the SU-8 layer, the substrate undergoes soft-baking at 95°C for 30 min 
to evaporate the excess solvent. The resulting SU-8 layer measures 
approximately 25 µm in thickness. A schematic of the sample was 
illustrated in Figure S2 (Supporting Information).

Two Photon Polymerization Setup: The microbots were fabricated on 
a custom-built two-photon polymerization setup (TPP).[17] The laser has 
a wavelength of 780 nm with 87 fs pulse duration, 80 Mhz repetition 
rate, and 160 mW optical power (FemtoFiber pro NIR, TOPTICA 
Photonics AG). The objective used during the microfabrication process 
was a Nikon 60x oil immersion (1.4 N.A.). An optical shutter regulates 
the exposure time of the laser. The translation of the laser spot was 
controlled by a piezo stage (P563.3CD, Physik Instrumente (PI) GmbH & 
Co. KG) that has a three-axis translation of up to 300 µm. The piezo and 
optical shutter were controlled remotely through a NI-DAQ DA card.[17]

Microbot Fabrication: The SU-8 layers were used for the 
microfabrication process in the TPP. The scanning speed and power 
of the laser were maintained at 40 µm s-1 and 6mW, respectively. The 
microbots are fabricated in a 3x3 lattice, maintaining a distance of 
30 µm between them. After two-photon exposure, the sample goes 
through post-exposure baking at 95°C for 8 min. The polymerized 
microstructures were developed using standard SU-8 developer solution 
(KAYAKU Advanced Materials) for 15 min and then dried with nitrogen. 
Then, the sample is plasma cleaned for 20 min to remove excess 
dextran. In addition, the plasma treatment increases the wettability of 
the SU-8 microbots.[42,43]

Optical Setup: Bright-field imaging is performed using a custom 
inverted optical microscope equipped with a 4X magnification objective 
(Nikon; NA = 0.13) and a high-sensitivity CMOS camera (Hamamatsu 
Orca-Flash 2.8). Patterns of green light (520 nm) are generated using 
a digital light processing (DLP) projector (Texas Instruments DLP 
Lightcrafter 4500) coupled to the same microscope objective used for 
imaging through a dichroic mirror.[31,33]

Bacterial Strain Costruction: For all the experiments, the E. coli strain 
AUYG, constructed from the strain AB1557 Δunc: : cmR was used.[33] 
Using lambda red recombination with the recombination plasmid 
pKD46[44] we deleted the gene cheY responsible for the tumbling 
behavior of bacteria. We replaced it with the KnR cassette flanked by 
50 bp homology amplified using template pKD4 (using the following 
primers: for: GCAAAAATTAGTGCCGGACAGGCGATACGTATTTAAAT 
CAGGAGTGTGAAGTGTAGGCTGGAGCTGCTTC, rev: CTGAATGCTCGTC 

Adv. Funct. Mater. 2023, 33, 2214801
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AGCAGGTTTGATTGATGGTTGCATCATAGTCG-CATCCATGGGAATTAG 
CCATGGTCC). PCR reactions confirmed the desired genotype; we 
thus obtained a strain AB1557 Δunc: : cmR  ΔcheY: : knR. Then, it was 
transformed with the plasmid pBAD-His C encoding the SAR86 
γ-proteobacterial photorhodopsin (PR) (a kind gift from Judith Armitage, 
University of Oxford) to obtain a smooth swimmer strain whose speed 
can be controlled with light. The obtained strain was similar to the strain 
AD57 used in [30].

Bacterial Growth Protocol: E. coli colonies from frozen stocks were 
grown overnight at 30°C on LB agar plates supplemented with ampicillin 
(100 µg ml-1). A colony is picked and cultivated overnight at 30°C at 
200 rpm in 10 ml of Terrific Broth (TB), a highly enriched bacterial growth 
media, with ampicillin. After 12–14 h, the overnight culture was diluted 
100 times into 5 ml of Terrific Broth (TB) containing ampicillin and grown 
at 30°C, 200 rpm for 5 h. Then all-trans-retinal (20 µM) and L-arabinose 
(1 mM) were added to ensure expression and proper folding of PR in the 
membrane. The cells are collected after 1 h of induction by centrifugation 
at 1300 × g for 5 min at room temperature. The supernatant is removed. 
100 µl of a motility solution consisting of double distilled water 
containing 0.02% Tween20 (Sigma–Aldrich) is added to the collected 
cells gently avoiding the resuspension of the pellet. After 20 min, 100 µl 
of the supernatant is collected into a different eppendorf tube and the 
centrifugation step is repeated. This allows for selecting only the highly 
motile bacteria for the experiment. This washing procedure was repeated 
two times in total; then, the cells were re-suspended at the desired 
concentration (OD). This motility solution allows the cells to remain 
motile without allowing growth or replication, so the concentration of the 
cells remained constant throughout the experiments.

Sample Preparation: The substrate with microbots was covered with 
a glass coverslip (previously plasma-treated) and hermetically sealed 
with UV glue (Norland Optical Adhesive NOA81) on opposing sides, see 
Figure S2c (Supporting Information). The distance between the coverslip 
and the glass substrate is maintained by placing a spacer 100 µm thick 
in the UV glue before sealing the cavity. 40 µL of the prepared bacterial 
suspension was injected into the glass cavity and was completely 
sealed on the remaining two sides by the application of Vacuum grease 
(Sigma–Aldrich). This step is necessary to cut off the system from 
surrounding oxygen and to avoid the generation of flows in the sample. 
The microbots detach from the substrate as soon as the bacterial 
suspension reaches the fabrication site and dissolves the underlying 
dextran sacrificial layer. The use of ionic species in the bacterial 
suspension is strictly regulated to avoid any surface charge interactions 
between the free-floating microbots and the glass surfaces. Bacteria 
deplete oxygen in around 2–5 min for OD = 2.0. Once this happens, the 
bacteria swim only where green light (520 nm) is projected, with their 
speed increasing as a function intensity of the projected light.[31]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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