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Abstract: We describe a mobile CO, scrubbing platform that
offers a greatly accelerated biomimetic sequestration based on
a self-propelled carbonic anhydrase (CA) functionalized
micromotor. The CO, hydration capability of CA is coupled
with the rapid movement of catalytic micromotors, and along
with the corresponding fluid dynamics, results in a highly
efficient mobile CO, scrubbing microsystem. The continuous
movement of CA and enhanced mass transport of the CO,
substrate lead to significant improvements in the sequestration
efficiency and speed over stationary immobilized or free CA
platforms. This system is a promising approach to rapid and
enhanced CO, sequestration platforms for addressing growing
concerns over the buildup of greenhouse gas.

Carbon dioxide emissions are considered to be one of the
major contributions to climate change.'”! Considerable
efforts aimed at mitigating the accumulations of CO, are
currently underway. New approaches are thus being devel-
oped to capture and sequester CO,, from effluents and the
atmosphere, including adsorption on oxides zeolites,!
metal-organic frameworks,/®! and ionic liquids.”! Each of
these CO, capture processes has its own disadvantages, such
as high cost, high energy input, use of harsh chemicals, and
generation of pollutants.”™! Storing the dissolved CO, (as solid
calcium carbonate) is one of the most promising and environ-
mentally reliable methods to reduce the amount of CO,
dissolved in water samples.”!”) In this case, the CO, is
hydrated by water, followed by ionization and carbonate
formation using calcium chloride.!"! The mechanism for such
CO, sequestration involves the following steps:

CO;(g) < CO;(aq) 1)
CO,(aq) + H,0 < H,CO;(aq) (2)
H,CO; — H* + HCO,~ 3)
HCO; < H' + CO; 4)
Ca’ + CO,> — CaCO, (5)
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Here, the hydration of CO, is the rate-limiting step, which
restricts the broad applicability of this methodology."”
Recently, a biomimetic CO, sequestration route using car-
bonic anhydrase (CA) has demonstrated good efficiency
toward CO, capture by catalyzing the CO, hydration rate.'’!
Such a catalytic sequestration system offers several potential
advantages over the above-mentioned sequestration tech-
niques, including being a cost-effective, environmentally
friendly, ambient-temperature process that is specific for
CO,, suitable for on-site operation, and does not require
concentration and transportation steps.*'¥l CA is a zinc
metalloenzyme that catalyzes the hydration of CO, to form
bicarbonate.['”! The use of free CA for CO, mineralization is
compromised by the limited enzyme stability and reusabil-
ity,') which can be increased by immobilizing CA onto
various solid supports.’®! However, such CA-loaded station-
ary platforms are characterized by low CO, sequestration
efficiency and lengthy operation times.

Herein we describe a new approach based on CA-
functionalized micromotors for greatly enhanced CO, seques-
tration. This approach combines the biocatalytic activity of
CA with the self-propulsion of chemically powered micro-
motors through CO,-saturated samples to act as highly
efficient mobile biocatalytic microscrubbers. Recent advances
in the field of synthetic nano/micromotors have expanded the
performance, capabilities, and functionalities of these tiny
vehicles.'” These developments have opened up a breadth of
applications in diverse fields, ranging from energy genera-
tion,!'® environmental cleanup,'” or disease diagnosis®®! and
treatment.”!! For example, various detoxification reactions!'”!
and sensing protocols®™! have been shown to be rapidly
accelerated by the autonomous motion of catalytic micro-
motors and the enhanced fluid mixing generated by such
movement.

The immobilization of enzymes on micromotor surfaces
was first demonstrated in 2009 when catalase was used as
a replacement for Pt to achieve motion.”” For performing
such effective “on-the-move” CO, sequestration, we utilized
COOH-polypyrrole:poly(3,4-ethylenedioxythiophene)/Pt
(COOH-PPy:PEDOT/Pt) tubular micromotors modified
with the CA enzyme (Figure 1A) to catalyze the slowest
step of sequestration, that is, the hydration of CO, to
bicarbonate, which can be mineralized as CaCO; (Fig-
ure 1B,C). The resulting mobile CO, scrubbing platform
leads to a dramatic increase in the CO, sequestration
efficiency while greatly decreasing the reaction time because
of the self-mixing and convection (induced by the micromotor
movement). The autonomous motion of the micromotors also
prevents their sedimentation. The hydrodynamics of the self-
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Figure 1. Micromotor-based CO, sequestration platform. A) Modification of the micromotor surface by
EDC/NHS coupling followed by immobilization of CA. B, D) Micromotor-based CO, sequestration
offering enhanced and rapid hydration to bicarbonate followed by precipitation using CaCl,; (right)
photographs of CaCOj; precipitates after treatment with CA immobilized on static (a) and moving (b)
micromotors. C) Mechanism of the CO, hydration catalyzed by CA; a,b) SEM images of the resulting

CaCO; crystals. D) CO, scrubbing operation.

propelled CA-modified micromotor system thus enhances the
biocatalytic CO, hydration process and provides attractive
advantages over static enzyme systems. Figure 1 shows CA
immobilization by the surface carboxylic groups of the outer
layer along with the cross section of the microengine and the
corresponding surface layers. The exposed surface carboxyl
groups were activated using 1-ethyl-3-(3-dimethylamino-
propyl)-carbodiimide/N-hydroxy succinimide (EDC/NHS)
for conjugation with CA. The catalytic decomposition of the
hydrogen peroxide fuel at the inner Pt layer of the micro-
motor generates the oxygen bubble thrust and leads to an
efficient autonomous motion of the enzyme-modified micro-
engine. Figure 1 B shows the micromotor-based rapid “on-
the-move” biocatalytic hydration of CO, to form a bicarbon-
ate ion, followed by the precipitation of CaCO; in the
presence of CaCl,, along with images of the CaCOj; precip-
itate using the static and moving CA-immobilized micro-
motor (Figure 1B, a and b, respectively). The enzyme CA is
able to accelerate the interconversion of CO, to bicarbonate,
as shown in Figure 1 C, leading to significantly higher amounts
of CaCO; (Figure 1B). Scanning electron microscopy (SEM)
images of the formed CaCO; showed rhombohedral and
rectangle-shaped crystals, thus confirming that the crystals
formed are calcite and vaterite particles (Figure 1C, a and b)
as reported elsewhere.”!

Figure 2 A and B show SEM images and energy-dispersive
spectroscopic (EDX) mapping of the 6 um long unmodified
and modified micromotors, respectively. The EDX study was
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carried out in order to confirm
the CA immobilization based on
the presence and absence of
Zn*" for the modified and
unmodified motors, respectively
(Figure 2 A, B). Figure 2 C shows
time-lapse images, taken from
videos in the Supporting Infor-

mation, illustrating the fast
movement of the enzyme-immo-
bilized micromotors in

untreated sea water. The CA-
modified micromotors undergo
efficient propulsion at high
speeds (e.g., 106 ums™' using
2% peroxide), with curved, cir-
cular, and self-rotating trajecto-
ries, consistent with previous
reports.?*  As expected, the
speed of the functionalized
micromotors is strongly depen-
dent on the concentration of the
peroxide fuel, and increases
from 106 to 198 and 284 ums™*
using 2, 3, and 4 % fuel concen-
trations,  respectively (n=
50 micromotors). Note that the
unmodified motors display even
higher speeds (e.g., 197 ums™"
using 2% peroxide; Figure STA
in the Supporting Information).
We have tested the micromotors in additional media (e.g.,
lake water) and observed no alteration in their movement, in
agreement with earlier reports.[**"]

Before proceeding to study the CO, sequestration effi-
ciency of micromotors, it was very important to estimate how
much CA was immobilized onto the micromotor in order to
compare the CO, sequestration efficiency with that of the free
enzyme. A spectrophotometric calibration curve, used to
deduce the amount of immobilized enzyme (Figure S1B),
indicated the presence of 586 ug CA on 3 x 10° micromotors.

Figure 2. SEM and EDX images showing the different micromotors:
A) unmodified micromotor; B) CA-functionalized micromotor; the
presence of Zn confirms the enzyme immobilization. C) Video frames
showing the different trajectories of the modified micromotor in
seawater. Conditions: 2% H,0, and 1% sodium cholate.
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Two separate studies examining the influence of the peroxide
fuel and surfactant upon the CA activity indicated that
relevant levels of these constituents have a negligible effect
upon the enzymatic activity (Figures S2 and S3).

The self-propulsion capability of the functionalized micro-
motors, along with the corresponding bubble tail, leads to
a favorable hydrodynamic environment that increases the
rate of the biocatalytic reaction between the CA-modified
micromotors and the CO,-saturated solution (without exter-
nal stirring), thereby offering a rapid CO, scrubbing platform.
As shown in Figure 3F, the mobile modified micromotors
result in a high yield of CaCO;, corresponding to a 90%
efficiency within 5 min. The driving force for this high
sequestration efficiency is the mixing and convection induced
by the micromotor motion, which enhances mass transport of
the CO, substrate, and, along with the continuous motion of
the enzyme, leads to a faster rate of the enzymatic hydration
of CO,. The potential of the micromotor-based CO, seques-
tration was also examined in sea water and resulted in
a similar (88 %) efficiency (Figure 3G). In contrast, dramat-
ically lower CO, sequestration efficiencies of 0, 2.4, 7.8, 9.8,
and 31.0% were observed in control experiments involving
unmodified micromotors (Figure 3 A), modified micromotors
with denatured CA (Figure 3B), static CA-functionalized
micromotors (Figure 3 C), the static free enzyme (Figure 3D),
and modified micromotors without the surfactant sodium
cholate (Figure 3E), respectively (Table S1). The micromotor
biocatalytic process thus leads to 9.2- and 11.5-fold enhance-
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Figure 3. Micromotor-based CO, sequestration and control experi-
ments. CO, sequestration efficiency in the presence of A) unmodified
motor, B) modified motor with denaturated CA, C) static CA-modified
motors, D) the static free CA; E) CA modified motors without sodium
cholate. F, G) CA-modified motors in pure water and in sea water,
respectively. Top: corresponding images of the CaCO; precipitate.
Reaction conditions: 2 mL CO,-saturated solution, 4 x 10¢ micromo-
tors, 2% H,0,, and 1% sodium cholate for 5 min, followed by a 5 min
reaction with 5% CaCl, (2 mL). Error bars represent the standard
deviation (n=75).
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ments of the sequestration efficiency compared to the static
free and immobilized CA, respectively. In the case of
denatured enzyme micromotors, minimal CO, sequestration
can be attributed to the loss of enzymatic activity after
heating CA above 90°C.”* The low reaction efficiency in the
presence of the static CA-modified micromotors and the
stationary free enzyme reflects the diffusion-limited process
that hinders the efficient utilization of the enzyme.

The greatly enhanced CO, sequestration ability of the
micromotors is associated with their continuous movement
and thus depends upon several interdependent parameters. A
detailed characterization study, examining the effect of the
number of micromotors, peroxide concentration, pH value,
and the sequestration time upon the sequestration efficiency,
was carried out for selecting the optimal working conditions
(Figure 4). For example, Figure 4 A shows the effect of
the number of micromotors, between 1x10°-5x
10° micromotors/mL, on the sequestration efficiency with
a 5 min propulsion time in 2 mL of CO,-saturated solution.
The efficiency increased in a nearly linear fashion from
around 24 % for 1 x 10° micromotors to nearly 90 % for 4 x 10°
micromotors. As expected, increasing the level of the
peroxide fuel from 0.5 to 1.5 % resulted in a dramatic increase
in the sequestration efficiency from 12 to 80 % (Figure 4B),
thus reflecting the significantly higher motor speed and
corresponding fluid transport at high fuel levels. The influ-
ence of the solution pH value is shown in Figure 4C. The
efficiency increases rapidly from 15% to around 85 % upon
raising the pH value from 2 to 6, and remained nearly
constant thereafter, as expected from the optimal pH value of
7.2 for the CA activity.* Figure 4D shows the influence of
the micromotor movement time upon the sequestration
efficiency. The efficiency initially increases rapidly with the
reaction time (within 3 min), and approaches approximately
90 % sequestration over a 5 min period.
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Figure 4. Factors affecting the efficiency of the micromotor-based CO,
sequestration. Effect of the A) number of micromotors, B) peroxide
concentration, C) pH, and D) motor navigation time. Peroxide concen-
tration (A, C, D), 2%; amount of micromotors (B, C, D),

4x10° micromotors/mL; navigation time (A-C), 5 min. Motor counts
were performed by averaging the number of motors per 1 uL aliquots
(n=10). Error bars represent the standard deviation (n=10).
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The potential of these functionalized micromotors for
environmental applications was further studied by investigat-
ing the extent of CA leaching and their thermal or storage
stability. The covalent attachment of the enzyme to the
micromotors means that it is strongly adsorbed and thus any
potential leaching is minimized. Figure SIC shows the
stability of the free and immobilized CA after storage. The
modified micromotors retained their biocatalytic activity over
long periods (e.g., 77% of the initial activity after 30 days
storage at 4°C), in agreement with earlier reports on
immobilized CA.”"! In contrast, the free CA retained only
36 % of its original activity over the same period. Similarly,
and as expected,” the enzyme immobilized on the micro-
motor shows high thermal stability compared to the free
enzyme. Figure S1D shows the heat inactivation curve of the
immobilized and free enzymes at different incubation tem-
peratures. Even at 60°C, which is reported as the thermal
denaturation temperature of free CA,*! the immobilized
enzyme retained 68 % of its stability over a 30 min period,
compared to only 37 % for the free enzyme. The increased
stability of CA immobilized on solid supports has been
reported previously and is attributed to the minimization of
conformational changes.”® If necessary, biomimetic artificial
enzymes® could also be considered for stability enhance-
ment.

In conclusion, we have described a mobile CO,-scrubbing
platform that couples the biocatalytic activity of CA with the
autonomous movement of chemically powered micromotors
to offer highly efficient and rapid CO, sequestration. The self-
propelled CA-functionalized micromotors are shown to
accelerate the hydration of CO, because of dramatically
enhanced fluid transport and continuous movement of CA.
These factors result in significant improvements in the CO,
sequestration efficiency and reaction time. The practical
utility of the new biomimetic micromotor approach has been
demonstrated in seawater. This system is attractive for remote
field conditions or insitu sequestration of natural water
(where mechanical agitation is not feasible) and can be scaled
up. While the present proof-of-concept study has utilized
peroxide-driven micromotors, this “on-the-move” sequestra-
tion concept could be realized by using different motor
systems. These include recently introduced water-based
micromotors, powered by natural aqueous media (acting as
an in situ fuel),” that obviate the need for H,O, or expensive
Pt catalysts. Other modern micromotors, such as biocatalytic
(catalase) micromotors or fuel-free ultrasound motors, could
be used to reduce costs, eliminate external fuels, and increase
the scale on which these microscrubbers could be employed.
Our research group is currently developing macroscale
motors that cover large areas (meters), towards large-scale
CO, scrubbing. This enzymatic CO, sequestration strategy
thus represents a promising route to mitigate the buildup of
a major greenhouse gas in the environment and is expected to
pave the way for diverse applications.
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