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Chemistry pumps: a review of chemically powered
micropumps

Chao Zhou,® Hua Zhang,® Zeheng Li® and Wei Wang*®

Lab-on-a-chip devices have over recent years attracted a significant amount of attention in both the
academic circle and industry, due to their promise in delivering versatile functionalities with high through-
put and low sample amount. Typically, mechanical or electrokinetic micropumps are used in the majority
of lab-on-a-chip devices that require powered fluid flow, but the technical challenges and the requirement
of external power associated with these pumping devices hinder further development and miniaturization
of lab-on-a-chip devices. Self-powered micropumps, especially those powered by chemical reactions,
have been recently designed and can potentially address some of these issues. In this review article, we
provide a detailed introduction to four types of chemically powered micropumps, with particular focus on
their respective structures, operating mechanisms and practical usefulness as well as limitations. We then
discuss the various functionalities and controllability demonstrated by these micropumps, ending with a
brief discussion of how they can be improved in the future. Due to the absence of external power sources,
versatile activation methods and sensitivity to environmental cues, chemically powered micropumps could
find potential applications in a wide range of lab-on-a-chip devices.

Introduction

Microfluidics is the science and technology of handling small
amounts of fluids (107 to 107*® liters) in small confinements
such as microchannels’ and can be applied in many fields
such as protein crystallization,> separation in mass spectro-
scopy,” high-throughput screening,* molecule® and cell® ma-
nipulation, biochemical analysis,” drug delivery,® microchip
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cooling® and chemical synthesis.'® Lab-on-a-chip devices have re-
cently emerged as a useful solution to integrating microfluidic
systems in a single chip, greatly expanding the applicability of
microfluidic technologies.'" These devices can function as a com-
plete laboratory on a single chip via tight integration of various
micro-components including micropumps, channels, mixers, res-
ervoirs, chambers, integrated electrodes, valves, sensors and
so on,""'? greatly reducing the sample amount and time re-
quired to carry out sometimes rather sophisticated procedures.

Many of the useful applications as well as practical limita-
tions of microfluidics involve microscale fluid flows, which
are fundamentally different from macroscale hydrodynamics.
For example, the Reynolds number, which is defined as the
ratio of inertial forces over viscous forces, is typically very
small in microfluidic environments, indicating that viscous
forces dominate at such scales and flows are laminar in na-
ture. Furthermore, diffusion plays a much more important
role in the mass transport in microfluidic channels, as char-
acterized by the Peclet number. High surface area-to-volume
ratios and significant surface tension are also important is-
sues in microfluidics that greatly increase hydrodynamic
drag.">" These properties inevitably lead to operational chal-
lenges in how to drive fluid flow in microchannels efficiently,
conveniently and in a controllable fashion. On the other
hand, the integration of numerous components in a small
chip poses a major and fundamental challenge to the devel-
opment of lab-on-a-chip devices. Pumps as a central compo-
nent to power the fluid flow in such devices also need to be
miniaturized. Innovative designs of micropumping systems
that can address the above issues are therefore highly desired.

To date, micropumps of numerous types have been
designed and fabricated, with different structures and operat-
ing mechanisms. As they are used in a wide range of applica-
tions, micropumps with different performances are required
to satisfy different application scenarios."* For example, some
are of small sizes and produce low hydraulic pressure, power
and flow rates, while others are relatively large and operate at
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high pressure, power and flow rates. The most often used
micropumps in microfluidic devices can be generally divided
into two categories: (1) mechanical displacement pumps
which apply forces to working fluids via moving boundaries
between the solid and fluids or between different liquid
phases and (2) electro- and magneto-kinetic pumps which
provide energy to fluids continuously and as a result generate
constant flow."> Some displacement micropumps (especially
diaphragm pumps) are relatively mature,"> and many of them
can achieve high pressure and flow rates with very stable per-
formance. However, the often relatively complex structures
and the requirement of components such as valves for dis-
placement micropumps pose a major challenge to their mini-
aturization and integration into lab-on-a-chip devices.

Electro- and magneto-kinetic micropumps include electro-
hydrodynamic, electroosmotic and magnetohydrodynamic
pumps among others. Electrohydrodynamic pumps drive
fluid flow through electrical forces acting on dielectric lig-
uids, while charged fluid layers near a solid boundary move
under an applied electric field in electroosmotic pumps.'®
Therefore, the pumping performance of these two types of
pumps relies heavily on the electrical properties of the work-
ing fluids and the microchannel surface. These electro-
kinetic pumps, which are often unsuitable for macroscale
uses, have advantages such as simple structures without mov-
ing parts, ease of fabrication and integration, and the ability
to generate continuous and precise flow'> with high pumping
efficiency.’” Yet, the requirement of external power sources
adds an unwanted layer of complexity in the design of highly
integrated lab-on-a-chip devices.

For lab-on-a-chip devices, the implementation of “self-
supplied” compact micropumps has been proposed for PCR
chips operating without a power supply.'® In previous works,
autonomous components such as chemical actuators and
even autonomous microfluidic control based on the decom-
position of H,0, have also been reported.'>*® Inspired by
ubiquitous biological chemical pumps such as sodium-
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potassium pumps on cell membranes,** more self-powered
chemical micropumps have been recently developed and can
autonomously convert the chemical energy stored in the sur-
rounding environment into fluid pumping.”* Although they
appear to be employing different mechanisms, these chemi-
cal pumps are in fact similar to traditional micropumps,
which use a gradient of pressure or electromagnetic fields.
Chemical pumps often take advantage of local gradients of
solutes that result from a chemical reaction. However, com-
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pared with externally powered micropumps, self-powered
chemical micropumps are distinct in terms of their ability to
sense and respond to one or more external stimuli, simple
structures, the lack of need for external control systems, ease
of miniaturization, and the possibility to be integrated into
microfluidic devices. These chemical micropumps therefore
open up new and exciting avenues for manipulating flows in
microfluidic devices, demonstrating great potential in the fu-
ture development of lab-on-a-chip devices in areas such as

Table 1 Summary of the performance and features of various chemically powered micropumps

Operating

mechanisms Chemistry involved ~ Pumping velocity”

Self-electrophoresis Decomposition of

and H,0, microspheres) in 0.5% H,0,
self-electroosmosis  Decomposition of 10-20 um s * (+46 mV tracer
H,0, microspheres) near edge in
1% H,0,

Decomposition of 0.9 nL s in 0.01% H,0,
HZOZ
Decomposition of

N,H, (N,Me,H,)

4 um s™' (-44 mV tracer
microspheres)

Photoelectrochemical 7-12 um s (+46 mV tracer

hydrolysis microspheres) near edge;

speed increased to 45-70 pm
s ' in the presence of H,0,

Electrolyte Photoelectrochemical NA
self-diffusiophoresis hydrolysis
Dissolution of

minerals in water microspheres)

Decomposition of

PAG-1 microspheres)

Decomposition of

PFA-S microspheres)
Non-electrolyte Depolymerization ~1 pm s~ in 0.06 M F~
self-diffusiophoresis reactions

~7 um s~* at pH 13

Density-driven Host-guest reactions 1-4 pm s~

Enzyme-based 1-5 um s~
catalytic reactions 0.3-0.5 um s™*
0.2-0.8 pm s~ "
0.2-0.8 um s™*
1-1.5ums "
Transesterification ~ ~1.5 um s™* in 0.02 M glucose
reactions
Bubble propulsion  Decomposition of NA
H,0,

~17 um s~ (+40 mV tracer

2-10 um s~' (-30 mV tracer

~7.2 um s~' (+55 mV tracer

~3.2 um s~' (-140 mV tracer

Estimated

enthalpy change”

(AH, k] mol ™) Notable features Pump materials Ref.

-196 Particle patterning Ag and Au 26

-196 Particle patterning Pt and Au 38

-196 Mass transport Pt and Au 39
acceleration

-34 (N,H,) Different fuels other Pd and Au 40
than H,0,

571 Visible light-driven; p-Type Si and Pt 41
biocompatibility

571 UV light-driven; TiO, 47
biocompatibility

-242 Only water is needed CaCO; 50
to initiate pumping;
slow process; pump
dissolves in the end

238 Stimuli-responsive; can  PAG-1 51
be fabricated into

9 colloidal photodiodes PFA-S

-745n-157 Stimuli-responsive; TBS-PPHA 52

(n is the can transport particles

number of in relatively long

repeating distances

units)

NA PECA

NA Responsive to two (B-CD-PEG) gel, 59
stimuli; rechargeable trans-azobenzene

-196 Stimuli-responsive; Catalase 55

-29 biocompatibility Lipase

222 Glucose oxidase

-34 Urease

-63 DNA polymerase 58

-14 Stimuli-responsive; Boronate ester 57
biocompatibility

-196 Low H,0, concentration Pt 65,
required; strong 66

mixing effect

“ The velocities of tracers as well as fluids are influenced by the zeta potentials of the spheres and the charged substrate, “fuel” concentration
and the location, and are only an indication of the order of magnitude of the pumping performance. ” The enthalpy changes are estimated

from the bond energy or standard molar formation enthalpy of the reactants and products.

This journal is © The Royal Society of Chemistry 2016
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biology and medicine, analysis and detection, dynamic self-
assembly of superstructures, drug delivery and so on.>*">

In this article, we review the recent progress in the design
and fabrication of chemically powered micropumps, focusing
on their structures, pumping mechanisms and functionalities
(briefly summarized in Table 1). Although they differ in spe-
cific operation mechanisms, their activation always involves
chemical reactions. In the conclusions section, we provide
some perspectives on how these micropumps can be im-
proved along with ideas for future development in this field.
We hope that this review article, which is the first article en-
tirely dedicated to this subject, serves as a starting point for re-
searchers in microfluidics and related fields to learn the power
of chemical reactions that can be harnessed for pumping.

Mechanism of chemical micropumps
Self-electrophoresis and self-electroosmosis

One of the earliest designs of self-powered micropumps is
the bimetallic catalytic pumps.”® Inspired by the previous
gold-platinum (Au-Pt) bimetallic microrod motors that
showed autonomous and directional motion in hydrogen
peroxide (H,0,) solutions,”” Kline et al. deposited silver rings
and disks of 60-120 pm diameter on a gold surface (shown
in Fig. 1B).”® This gold-silver (Au-Ag) pump when immersed
in dilute solutions of H,0, could drive the fluid flow from
the outside towards the center of the silver disk. In addition,
electrically charged tracer microparticles could also be trans-
ported by such pumps and assembled into various patterns.
Similar to the bimetallic catalytic micromotors, the fluid
pumping by catalytic micropumps is primarily driven by self-
electrophoresis and is further complicated by self-electroosmosis

Yamigne.ps
—amane?s,

Ucarvory.ps. siica
Yaoa

convective flow convective flow

267+ 2H"+H,0,-2H,0

H,0,0,+ 26 +2H"

View Article Online

Lab on a Chip

(illustrated in Fig. 1A).*® A bimetallic microrod made of
metals that are active towards catalyzing the decomposition
of H,0, starts to move autonomously when suspended in
H,0, solutions. This was first discovered around the year
2004, and was later attributed to a bipolar electrochemical
reaction occurring on the surface of the metal rods.>*>" It is
important to revisit the mechanism responsible for such au-
tonomous motion. For example, due to the different ability to
catalyze the decomposition of H,0, between Pt and Au, the
oxidation of H,0, on the surface of a Au-Pt microrod prefer-
entially occurs at the Pt end (anode) where protons are pro-
duced in excess. Meanwhile, the reduction of H,O, occurs
preferentially at the Au end (cathode) and protons are con-
sumed. The reactions are shown in eqn (1)—(3):

Overall: 2H,0, — 2H,0 + O, (1)
Anode: H,0, — O, + 2H' + 2e~ (2)
Cathode: H,0, + 2H" + 2¢” — 2H,0 (3)

This bipolar reaction results in an asymmetric distribution of
protons around the rod and consequently a distribution of
space charges, which further leads to a self-generated electric
field that points from Pt to the Au end. As a result, negatively
charged Au-Pt microrods would move with the Pt end in a
manner similar to regular electrophoresis.****

Bimetallic micropumps in H,0, are driven by a similar
mechanism. For example in the gold-silver (Au-Ag) micro-
pumping system that Kline et al. developed (Fig. 1B), the sil-
ver disk serves as the cathode and the gold coating surround-
ing the silver disk serves as the anode. As a result, when the

E

{

hTracer partlcles

o H,O,soluuon -

ey |
ﬁ I_ 1]

® 3
=" channel Hioztatezey 200
objective [ 51 um x 320 ym

ﬂ
)

F
H,0 orH,0, ,H*
H,0 or H,0, B
red
1 Aoy, H* t

metal | f i
= 1 1

Fig. 1 (A) Scheme of a Au-Pt bimetallic microrod motor driven by the self-electrophoretic mechanism. Reprinted with permission from ref. 28,

Copyright 2012 American Chemical Society. (B) Schematic diagram of a 3D convective flow and directions of the electroosmotic velocity of the
fluid (Veo) and electrophoretic velocities (U) of various tracer particles in a Au-Ag micropump. Adapted with permission from ref. 26, Copyright
2005 American Chemical Society. (C) Left: Confocal fluorescence microscopy image of a Au-Pt catalytic pump (Pt disk at the center); right: image
of proton concentration (darker color corresponds to a lower proton concentration). Reprinted with permission from ref. 38, Copyright 2006
American Physical Society. (D) Schematic of the movement of differently charged tracer particles in the same Au-Pt catalytic pump as in (C) (p*, p~
and p° correspond to positive, negative and neutral tracer particles, respectively). Reprinted with permission from ref. 38, Copyright 2006 Ameri-
can Physical Society. (E) Scheme of a self-pumping polycarbonate porous membrane deposited with Au and Pt on the two sides of the membrane
in H,O, solutions. Reprinted with permission from ref. 39, Copyright 2010 John Wiley and Sons. (F) Schematic of the proposed photoelectrochemical
mechanism of light-driven silicon-metal pumps. Reprinted with permission from ref. 41, Copyright 2015 American Chemical Society.
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bimetallic structure is exposed to H,O, solution, an electric
field that points from gold to silver (i.e. pointing inward to
the center) emerges. However, unlike microrods that begin to
move in this electric field, micropumps are fixed on a sub-
strate and therefore remain stationary, thus pumping fluid.
To elaborate on the pumping mechanism, the charged fluid
layer in the electrical double layer next to the pump surface
will flow along the surface under the effect of the electric
field, a phenomenon known as electroosmosis. In the case of
a Au-Ag micropump, the metal surface typically carries nega-
tive charges, and the fluid layer therefore carries positive
charges. The surface fluid layer therefore moves in the same
direction as the electric field, pointing inward from Au to Ag.
This forms the basis of catalytic micropumps, where surface
electrochemical reactions generate an electric field and drives
charged fluid layers to flow on the pump surface. Due to fluid
continuity, the fluid flows upward near the silver disk and
outward on a layer at a certain distance above the bottom
substrate. A 3D convective flow is then formed (see Fig. 1B).

Due to the presence of an electric field as well as the
electroosmotic flow near the substrate surface, charged tracer
particles near a catalytic micropump can move by two
mechanisms: (1) electrophoretic motion of the particle under
the direct effect of the electric field; (2) convective motion
from the fluid drag of the electroosmotic flow. Therefore, the
total particle velocity is the sum of the electroosmotic velocity
(Veo) and electrophoretic velocity (Vep), which can be calcu-
lated from eqn (4) and (5), respectively:

V- 0
n

y, =Sk 5)
n

where ¢ is the permittivity of water, {, is the zeta potential of
the substrate, (, is the zeta potential of the particle, 7 is the
viscosity of the fluid and E is the electric field strength.

The electric field can be further obtained by solving the
Nernst-Planck equation across the double layer, and the
velocity of the charged tracer particle along the surface V, can
be calculated through eqn (6):*”

y G CE, ©
n
where E, is the radial component of the electric field
strength.

Farniya et al. further elucidated the operating mechanism
of a Au-Pt catalytic pump by using fluorescence techniques
to map the concentration of protons around the micro-
pump.*® To be more specific, dye molecules (pyranine) emit
fluorescence signals of different intensities at different pro-
ton concentrations, enabling a direct correlation of the fluo-
rescence intensity and proton concentration in the system by
confocal microscopy. Their results show a higher proton con-

This journal is © The Royal Society of Chemistry 2016
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centration at the anode surface (gold substrate), which pro-
duces protons, and a lower proton concentration at the cath-
ode surface (platinum disk), where protons are consumed
(shown in Fig. 1C), providing the first visual evidence of the
bipolar electrochemical mechanism.

In addition, by carefully tracking the transport of tracer
particles of different surface charges near the pump (shown
in Fig. 1D), the radial electric field generated by the electro-
chemical reactions on the pumps and the resulting electroos-
motic fluid velocity are calculated, lending further support to
the electrochemical mechanism.

Different from the above examples where bimetallic
micropumps are constructed in a concentric fashion on a
surface, Jun et al. built an operating chemical micropump
out of a porous polycarbonate membrane by depositing Pt
and Au on the opposite surfaces of the membrane which has
microchannels through it.>* Operating through the same bi-
polar electrochemical mechanism, the Pt and Au coatings act
as the anode and cathode, respectively, in the presence of
H,0, when they are electrically connected (shown in Fig. 1E).
The structure and functionality of this self-pumping mem-
brane bears an interesting resemblance to active pumps on
cell membranes,”" and it can transport fluid and tracer parti-
cles from one side to the other at a flow rate of 0.9 nL s
and a pumping efficiency of 3 nL uA™ s in a very dilute
H,0, solution of 0.01 wt%. The performance can be poten-
tially improved by increasing the fuel concentration.

In the above self-powered micropumping systems, H,O, is
often used as the fuel to drive the pumping. However, there
has been ongoing research on replacing H,O, with other
chemicals. For example, Ibele et al. used hydrazine (N,H,)
and asym-N,N-dimethylhydrazine (N,Me,H,) as the fuel to
drive gold-palladium (Au-Pd) catalytic pumps.*® Their study
on tracer particles also revealed two important facts about
catalytic micropumps. First, for particles carrying charges of
the same signs as the substrate, the electrophoretic motion
and convective motion from electroosmosis always compete
with each other (see eqn (4) and (5)), and the relative magni-
tude of {, and ¢, determines which effect dominates. Second,
the exact electrochemical nature of the electrodes (ie.
whether a metal acts as a cathode or an anode) can be
changed in different fuels. For example, for the Au-Pd pump
discussed here, Pd acted as the anode in N,H, solution, but
as the cathode in N,Me,H,. Although the authors successfully
demonstrated that chemicals other than H,O, could drive
micropumps, hydrazine and its derivatives are still far from
being ideal candidates which are often required to be envi-
ronmentally friendly and/or biocompatible.

Light can also induce fluid pumping via electrochemical
reactions, and this was demonstrated by Esplandiu and
co-workers.”’ They reported a novel micropump based on
semiconductor and metal materials operating under visible
light in aqueous solutions (Fig. 1F). They deposited plati-
num disks of 30-50 um in diameter and 50 nm in thickness
on the top of p-type doped silicon and observed directional
migration of tracer particles, indicating fluid flow. Although

Lab Chip, 2016, 16, 1797-1811 | 1801
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not completely elucidated, a pumping mechanism based on
electron-hole separation under visible light was proposed.
To be more specific, electrons in the doped silicon were be-
lieved to be excited from the valence band to the conduc-
tion band by photons, while holes were also formed in the
valence band at the same time. These electrons and holes
then participated in the reductive and oxidative half reac-
tions on the metal surface and silicon surface, respectively,
and an overall hydrolysis reaction occurred. As a result of
the spatial separation of the two half reactions, a concentra-
tion gradient of protons formed and led to an electric field
that pointed from the silicon surface (anode) to the Pt sur-
face (cathode), which consequently pumped fluid along with
tracer particles. Although the generated electric field was
relatively weak, these pumps could still perform effectively
in water thanks to the abundance of negative charges on
the surface of doped silicon (therefore strong electroosmo-
sis). Besides, it was found that the pumping performance of
these pumps could be enhanced with an increase in light
intensity or in the presence of oxidizing agents such as
H,0,. Although light has been previously used to drive
micropumps,*>™** this work represents the first example of
achieving self-powered pumping on the microscale that
takes advantage of photo-electrochemical reactions. Silicon-
based pumping is especially attractive because it can be po-
tentially integrated into many current designs of micro-
fluidic devices, and the use of visible light further widens
the applicability of this technique.

Self-diffusiophoresis

In the previous section, we have introduced a popular mecha-
nism to induce fluid motion by chemical reactions and the
resulting electric field. We now turn to a somewhat different
mechanism that also generates a concentration gradient, but
not necessarily an electric field. In this mechanism which is
termed diffusiophoresis, the concentration gradient of sol-
utes in the solution can cause fluid pumping.** Such a mech-
anism has been applied in a number of systems to produce

Electrophoresis of
tracer particle

Electroosmotic flow

Electric field

Tracer
particle

e Cation (+)
@® Anion (-)

particle
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self-propelled colloidal particles,*>™*° and as in the case of
the electrophoretic mechanism, pumps emerge when the
moving particles are immobilized.

In order to understand how diffusiophoretic pumps work,
it is important to first understand how concentration gradi-
ents can cause particles or fluids to move (illustrated in
Fig. 2). For a colloidal particle that releases electrolyte sol-
utes, the solute molecules dissociate into cations and anions,
which often diffuse at different rates. As a result, the space
charge distributes unevenly in solution, and an electric field
would form that points towards or away from the particle,
depending on which charge species diffuse faster. The self-
generated electric field then causes particle motion and inter-
particle interactions. Such an electrical effect based on the
different diffusivities of charged ions is referred to as the
electrophoretic component of diffusiophoresis (Fig. 2 only
illustrates this component). On the other hand, these differ-
ently charged ions also affect the double layer of the particle
and induce a driving force along the ion gradient, and this
is referred to as the chemophoretic effect. The overall
diffusiophoresis is the total sum of these two effects, and the
name self-diffusiophoresis indicates that the concentration gra-
dient is produced by the particle itself. When a particle is
close to a substrate, both the electrophoretic component and
chemophoretic component act on the particle as well as the
charged fluid layer immediately above the substrate. The ve-
locity of particles exposed to a concentration gradient of
electrolytes is given by eqn (7):**

- Scf(2 o Y ylis)
"o, \p+D e ) 7

+ E{(Eﬂ‘giﬁi){lna -7 =In(1- M)}
ne

(7)

Gy

where D' and D™ are the diffusion coefficients of the cation
and anion, respectively, C, is the bulk concentration of ions,
e is the charge of an electron, kg is the Boltzmann constant,
T is the absolute temperature, ¢ is the dielectric permittivity

Active

Negative wall

Fig. 2 Scheme of electrolyte diffusiophoresis near a negatively charged substrate.
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Fig. 3 (A) Various designs of TiO, micropumps and the patterns of tracer particles. Adapted with permission from ref. 47, Copyright 2010 John
Wiley and Sons. (B) Schematic of electroosmotic flow and electrophoresis of negatively charged tracers near the CaCOs particle micropump (top)
and optical microscopy images of negatively charged tracer particles around the micropump (bottom). Reprinted with permission from ref. 50,

Copyright 2010 American Chemical Society. Scale bars are 10 um.

of the solution, 7 is the viscosity, {, and { are the zeta poten-
tials of the particle and wall, respectively, and y,, = tanh(es,/
4kgT), y, = tanh(el,/4ksT). The first part of eqn (10) represents
the electrophoretic component, and the second part repre-
sents the chemophoretic component. It is easy to imagine
that once the active particle is fixed on the substrate, it be-
comes a diffusiophoretically active micropump, inducing
fluid flow and attracting/repelling nearby charged particles.

A pioneering example of micropumps operating by
diffusiophoresis was developed by Hong et al. by taking ad-
vantage of the photonic properties of titanium oxide (TiO,)
microparticles.”” Under ultraviolet light, electrons are excited
into the conduction band in TiO,, and the produced
electron-hole pairs reduce and oxidize water molecules in
water, respectively. This is very similar to the Si-Pt micro-
pump discussed in the previous section, except that in the
case of the Si-Pt micropump, the proton concentration gradi-
ent along the cathode and anode generates electroosmotic
pumping. In this case, however, TiO, films produced super-
oxide ions (0*7), hydroxyl radicals (‘OH), hydroxyl ions (OH")
and protons. These ionic products diffuse at different speeds,
resulting in a local concentration gradient of charged species
and a self-generated electric field around the TiO, particles
based on the self-diffusiophoretic mechanism. Based on such
principles, Hong et al. fixed TiO, thin films of different
shapes on a glass substrate, which when irradiated with UV
light could pump the fluid away from the TiO, layers (shown
in Fig. 3A). The major advantages of this self-diffusiophoretic
system are the absence of toxic chemicals involved in the op-
eration of the pumps (such as H,0, or N,H,), as well as the
high level of controllability by light intensity and on-off
switch. However, the main issue that limits the use of TiO,

This journal is © The Royal Society of Chemistry 2016

micropumps in potential biomedical applications is their
inability to operate at high ionic strength, since diffusio-
phoresis is inherently very sensitive to the presence of ions.
Diffusiophoretic micropumps made of materials other
than TiO,, including both inorganic and organic materials,
have been subsequently developed. For example, spherical
particles of calcium carbonate (CaCO;) of 10 um diameter
were fixed on a substrate and the movement of tracer parti-
cles was observed in aqueous solution by McDermott and co-
workers.>® Although hardly soluble, CaCO; molecules on the
particle surface slowly dissolved in the unsaturated solution.
The dissociated ions (Ca**, HCO;” and OH™ ions) had differ-
ent diffusion coefficients leading to diffusiophoretic
pumping of the fluid near the substrate. Fig. 3B illustrates
the motion of negatively charged sulfate-functionalized poly-
styrene latex microsphere particles (sPSL) and the electroos-
motic flow near a CaCO; pump. Barium carbonate (BaCOj;)
microparticles can also pump fluids and tracer particles in a
similar manner but with more power, because of the larger
difference in the diffusion coefficients between Ba>* and
OH . This type of pump is distinct in that the pump operates
on the natural dissolving process of rock materials, which
eventually disappears in flowing water and stops the pumping.
Two clear drawbacks emerge: (1) the dissolving process is rela-
tively uncontrolled and it is therefore difficult to manipulate
pumping externally; (2) the cations released (e.g. Ba** and
Ca®") can easily adsorb on the surfaces of substrates and
nearby particles, altering their zeta potential and leading to
more dynamic and complicated pumping performance.
Organic molecules such photoacid generator (PAG)
N-hydroxyphthalimide triflate (referred to as PAG-1) and
poly(4-formylphenyl acrylate) aniline Schiff base (PFA-S) were
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also used by Yadav and co-workers to make self-powered
micropumps based on the self-diffusiophoretic mechanism.>"
PAG-1 decomposed into N-hydroxyphthalimide, protons and
triflate anions under 365 nm UV light as shown in Fig. 4A.
The positively charged protons diffused faster than the nega-
tively charged triflate anions, generating an electric field
pointing towards the polymer piece (pump). Electroosmosis
on the charged substrate ensues. PFA-S, on the other hand,
underwent a decomposition reaction in the presence of HCI
as shown in Fig. 4B and produced chloride anions and or-
ganic cations. Since the anions were much smaller in size,
they diffused much faster than the cations, and the electric
field direction as well as the pumping direction was therefore
opposite to PAG-1 pumps.

A concentration gradient of neutral species can also cause
diffusiophoretic movement and therefore induce pumping,
and this is called non-electrolyte diffusiophoresis. In this
case, the interaction between neutral solutes and the particle
surface produces a pressure difference along the particle sur-
face and consequently drives the particles and fluid. For ex-
ample, Zhang et al. reported micropumps made of polymer
films based on analyte-initiated depolymerization reactions.
In their experiments, a piece of tert-butyldimethylsilyl (TBS)
end-capped poly(phthalaldehyde) (TBS-PPHA) polymer film
which is insoluble in water was attached to a glass sub-
strate.”> The polymer depolymerized into soluble monomers
in response to chemical signals such as fluoride ions as
shown in Fig. 4C. Poly(ethyl cyanoacrylate) (PECA) films can
undergo similar reactions in the presence of hydroxyl ions
(also in Fig. 4C). The concentration gradient of the produced
monomers in both reactions can drive the tracer particles
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and fluid based on the non-electrolyte diffusiophoretic mech-
anism. These analyte-responsive self-powered micropumps can
respond to specific chemicals, and the magnitude of the pro-
duced flow or particle motion is sensitive to the concentration of
analytes, which shows promise for sensing applications. For ex-
ample, the authors of this study combined detection agents with
the pump to sense specific biomarkers. This is further discussed
in Applications of self-powered chemical micropumps.

Density-driven pumps

Density-driven convective flow can also be employed by
micropumps to drive tracer particles and fluids. Such flow is
a result of an inhomogeneous distribution of local fluid den-
sity, which can be caused by thermal convection from exo-
thermic reactions, concentration gradients of reaction prod-
ucts and other effects. In particular, a few self-powered
enzyme-based micropumps have been developed based on
the density-driven mechanism, especially for those that do
not involve charged species. In these systems, the enzyme-
functionalized pump is turned “on” when the enzyme mole-
cules are exposed to their corresponding substrates. Fast en-
zymatic overturn of the catalytic reactions leads to significant
density differences in the surrounding fluid that cause fluid
flow, the magnitude of which is often tied to the concentra-
tion of the substrate, the overturn rate of the enzymatic reac-
tion, as well as the enzyme coverage on the pumps.
Enzyme-based micropumps inspired by enzyme-powered
nanomotors®>>* typically have better biocompatibility than
the previously discussed micropumps and can sense and re-
spond to specific biologically relevant analytes such as
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Fig. 4 (A) Schematic depiction of a chemical pump made of PAG (N-hydroxyphthalimide triflate) and the corresponding decomposition reaction
under UV light. (B) Schematic depiction of the PFA-S (poly(4-formylphenyl acrylate) aniline Schiff base)-based pump and the corresponding chemi-
cal reaction. (A) and (B) are reprinted with permission from ref. 51, Copyright 2012 American Chemical Society. (C) Schematic depiction of the op-
erating mechanism of a pump based on analyte-initiated depolymerization reactions. Reprinted with permission from ref. 52, Copyright 2012 John

Wiley and Sons.
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substrates, promoters and biomarkers in living organisms.
In a pioneering study, Sengupta et al. designed four kinds
of enzyme-based micropumps using catalase, urease, lipase
and glucose oxidase.”> Fig. 5A presents a schematic of the
assembly process and the function of these enzyme-based
micropumps. The enzymes were patterned on the self-
assembled monolayer (SAM)-modified Au surface by electro-
static self-assembly. In the presence of the corresponding
substrates, the immobilized enzyme can pump nearby fluid
and tracer particles. The authors noted an increase in the
pumping velocity as the concentration of substrates and re-
action rates were increased. Temporal and spatial changes
of fluid-pumping velocity were also studied, and it was
found that the pumping velocity decreased farther away
from the pump and with the passage of time. Doubling the
height of the experiment chamber, however, increased the
pumping velocity by about 7-fold. In addition, as shown in
Fig. 5A, adding glucose and glucose oxidase simultaneously
to the catalase pump started the pump due to H,O, pro-
duced, which demonstrated the pump's ability to sense
more analytes than the corresponding substrate indirectly
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by carefully designing the enzymatic reactions on the pump
surface.

During the early phases of the discovery of enzymatic
micropumps, there was a controversy as to whether such
pumps were driven by diffusiophoresis, thermal gradients or
other mechanisms. In order to elucidate the working mecha-
nism of these enzyme-based micropumps, the observation
chamber of a catalase-driven pump which decomposed H,0,
into electrically neutral H,O and O, molecules was inverted.
It was found that the pumping direction completely reversed,
lending strong support to gravity-based pumping mecha-
nisms. Diffusiophoresis (either electrolyte or non-electrolyte
type) can therefore be eliminated as the major pumping
mechanism, since it would predict the same fluid flow direc-
tion for both configurations, considering that the direction
of the concentration gradient would not change either way.
The authors instead proposed a pumping mechanism based
on fluid density differences around the pump. More specifi-
cally, they argued that the exothermic catalytic reactions by
the catalase, lipase and glucose oxidase enzymes in the pres-
ence of their corresponding substrates increased the local
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temperature at the pump surface, which in turn lowered the
fluid density near the pump surface. Therefore, when the
pump was in the “facing-up” configuration, the fluid near the
pump surface moved up due to buoyancy and the fluid
around the pump would flow inward according to fluid conti-
nuity. When the pump was inverted, the buoyancy would
cause the fluid near the pump surface to flow outward in-
stead. Urease pumps were somewhat different in that al-
though the enzymatic reaction was also exothermic, it
pumped the fluid in the direction opposite to the above en-
zyme pumps in the “facing up” mode. This unexpected be-
havior was explored in detail in a very recent article by Ortiz-
Rivera et al., in which such pumping was found to be spatio-
temporally dynamic, and a combination of theory and experi-
ments was used to clarify the density-based mechanism.>® In
another experiment, it is shown that the transesterification of
the boronate ester of cis-diols with glucose can also be
harnessed in the design of glucose-driven micropumps.””
The heat generated from the transesterification reaction
changes the local density and causes the fluid to move in a
manner similar to the previous pumps. Although this mecha-
nism might be qualitatively reasonable, more quantitative
analysis or actual measurement of the local density change
would greatly facilitate the elucidation of the reason why dif-
ferent enzyme-based pumps operate in opposite directions,
and whether there is any interplay between density-based
and gradient-based mechanisms.

Local pumping by density change can be activated by
means other than heat, as was demonstrated by Sengupta
et al. in another experiment with pumps driven by DNA
polymerase.”® Similar to the above enzyme-based micro-
pumps, DNA polymerase which could form a complex with
the DNA template was attached to an Au surface functional-
ized with a quaternary ammonium thiol monolayer. The Au
disk was deposited on a PEG-coated glass slide and the
whole pump was packaged in a silicone spacer (shown in
Fig. 5B). When nucleotide 2-adenosine triphosphate (dATP)
and cofactor Mg®" ions were added to the system, the nucle-
otide would incorporate into DNA chains according to the
previous DNA template. The pump was turned on and drove
the fluid near the substrates inward to the gold surface.
The pumping direction was also reversed when the chamber
was turned upside down, ruling out phoretic mechanisms
and indicating a density-driven mechanism by the same ar-
guments as those in the previous study. However, the au-
thors decided that the density difference was not caused by
the same heat-induced fluid density inhomogeneity. In par-
ticular, although the catalytic reaction by DNA polymerase
was exothermic, simulation showed that a power of 10™* W
was required to drive 1 um s™* fluid flow if thermal convec-
tion was entirely responsible for the fluid flow, while only a
power of 10 W could be provided by the chemical reac-
tion. Alternatively, the author argued that the local fluid
density inhomogeneity was a result of two possible effects:
(1) the change in the shape of the polymerase molecules
which may influence nearby water molecules and reduce
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the local density; (2) the conversion of dATP into dAMP and
PPi (pyrophosphate), which is required by the polymerase,
may decrease the fluid density near the pump surface.

Based on similar principles and structures, Patra et al
designed micropumps with more functionalities.® They
reported a rechargeable micropump that could respond to
chemical and physical stimuli based on “host-guest” interac-
tions. This pump can be considered as a “soft pump” be-
cause of the use of gel as the scaffold. Fig. 5C illustrates the
structure and the fluid flow driven under two stimuli. A
B-cyclodextrin polyethylene glycol (B-CD-PEG) gel soaked in
trans-azobenzene solution was fixed on a substrate and pack-
aged in an observation chamber filled with water and tracer
particles. In this pump, -CD-PEG was the guest and trans-
azobenzene was the host, and the host-guest structure was
formed in the soaking process. However, under UV light,
trans-azobenzene underwent photochemical isomerization to
cis-azobenzene of a weaker binding affinity, and the host-
guest structure disassembled. Experimentally, this led to in-
ward pumping of tracer particles near the substrate towards
the pump under UV light.

Two possible pumping mechanisms were proposed by the
authors. One was that the products of the host-guest disas-
sembly reaction (cis-azobenzene) reduced the local density of
the fluid and drove the fluid flow, similar to the above
enzyme-powered micropumps. Alternatively, the host-guest
disassembly reaction under UV light resulted in the release of
guest molecules from the B-CD cavity, which was accompa-
nied by water molecules entering the cavity. This process
could induce an inward fluid flux. Besides being actuated by
UV light, this pump can also respond to chemicals. For exam-
ple, in the presence of 1-adamantylamine hydrochloride
(ADA-NH,-HCI) that has higher binding affinity to the B-CD
guest than trans-azobenzene, the original p-CD-trans-
azobenzene host-guest assembly structure disassembled and
the reaction between -CD and ADA-NH,-HCI formed a new
assembly structure. Such disassembly and reassembly pro-
cesses also induced a local fluid density change and conse-
quently pumped fluids. Another special feature of this pump
is its rechargeability. Regardless of the exact mechanism, the
pump operates only when the host-guest structure undergoes
disassembly, and would stop pumping when all trans-
azobenzene molecules leave the B-CD cavity. However, the
pump can be “recharged” upon exposure to visible light
where the released cis-azobenzene molecules isomerize back
to trans-azobenzene and resume the original host-guest
structure. After washing and repackaging with fresh solu-
tion, the recharged pump showed only a slight decline in
performance.

Bubble propulsion

Similar to jet planes and rockets that are propelled by the thrust
of exhaust, bubbles expelled by microscale objects can also
push particles forward via momentum transfer. Such a pro-
cess, often referred to as “bubble propulsion”, has recently

This journal is © The Royal Society of Chemistry 2016
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been exploited in a wide range of self-propelled colloidal
particles.®”® This mechanism can also induce fluid
pumping when the bubble-generating part is fixed. In these
bubble-driven micropumping systems, oxygen bubbles are of-
ten released from the catalytic decomposition of H,0,. For
example, oxygen bubbles have been used for pumping fluids
in lab-on-a-chip devices by the decomposition of H,O, cata-
lyzed by MnO,.”>** More recently, inspired by their previous
work on microtubular jet engines propelled by bubble
recoiling,’® Solovev et al designed a tubular micropump
roughly 100 um in size that operated at a low concentration
(0.06% viv) of H,0,.°> They rolled up Ti/Cr/Pt nano-
membranes into conical tubes with Pt as the inner layer and
fixed them on a substrate. In the presence of H,0, solution,
the inner Pt layer catalyzed the decomposition reaction of
H,0, and produced oxygen bubbles, which quickly grew in
size and eventually were expelled from the larger opening of
the tube. As the bubble grew and moved inside the tube, wa-
ter was ushered in from the other opening of the tube, lead-
ing to a unidirectional fluid flow. In addition, tracer particles
smaller than the tube opening can be sucked into the tube
and transported from one end of the tube to the other
(shown in Fig. 6). The H,0, concentration and the size of
the micropump were both found to influence the pump perfor-
mance. For example, pumping was more intense at higher
H,0, concentrations, which reflects the higher reaction rate
and higher bubble expulsion rate at higher H,O, concentra-
tions. However, when the concentration of H,0, exceeded a
certain threshold, the pump was “overloaded”, which means
that bubbles were released from both ends of the tube and
the fluid no longer flowed unidirectionally. Longer tubes also
acted as more sensitive pumps (lower H,O, concentration
needed to start the pump) because of larger surface areas of
Pt. Similarly, Soler et al. reported microtubes that cleaned
polluted water by the Fenton oxidation process.®® The bub-
bles released from the tubes pumped the nearby fluid, and
the convection enhanced mass transport of the contaminants
and facilitated cleaning. Because of the compatibility of its
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fabrication methods with current microfluidic technologies
and high pumping speeds, bubble-driven micropumps made
of rolled up microtubes are potentially useful in applications
such as particle sorting (by tube opening sizes), micro-
reactors (both the inner and outer surfaces of the tube can
be easily functionalized), and more.

Control of self-powered chemical
micropumps

The controllability of self-powered micropumps, such as on/
off switch and the velocity or directions of fluid flow, is an
important factor to consider for practical applications. Much
effort has been spent on building proof-of-concept systems
that are capable of achieving these goals.

One way to design self-powered micropumps that can be
switched on or off is through hardware designs. One of such
examples was discussed in detail in the section on self-
electrophoresis, where a micropump was made by depositing
Pt and Au metals on the opposite sides of a polycarbonate
membrane with nanopores (Fig. 1B). When the membrane is
exposed to hydrogen peroxide solution and the two metal-
coated sides are connected electrically, the oxidation and re-
duction of H,0, preferentially occur at the Pt and Au ends,
respectively, leading to an electroosmotic fluid flow within
the nanopores from the Pt-coated side to the Au-coated side.
This pump can be easily turned off by disconnecting the elec-
trical contact. Stopping the pumping by disabling electrical
connections is particularly useful for reactions that are elec-
trical in nature, such as pumps that operate by self-
electrophoresis.

For some micropumps, the chemical reactions that drive
the pumps initiate only when specific stimuli such as UV
light and specific analytes are present, and by providing or
removing these external cues, the pumps can be turned on or
off. For example, UV light is essential for the photolysis of
TiO,,"” the degradation reaction of PAG>' and the host-guest
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Fig. 6 (A) Optical microscopy images and sketches of Ti/Cr/Pt microtubes pumping polystyrene particles in H,O,. (B) Optical images of tracer
particles being transported inside the tube. (A) and (B) are reprinted with permission from ref. 65, Copyright 2011 Royal Society of Chemistry.
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disassembly between B-CD and trans-azobenzene®® (discussed
in Mechanism of chemical micropumps). These pumps there-
fore are turned on under UV light and off when UV light is re-
moved. As far as chemical switches are concerned, micro-
pumps driven by trans-azobenzene-B-CD host-guest reactions,*
micropumps made of TBS-PPHA and those made of PECA™
can respond to ADA-NH,-HCI, fluoride ions and hydroxyl
ions, respectively. When these analytes are present in the so-
lution, the corresponding chemical reactions turn on the
pump and induce fluid flows. Further, pumps based on host-
guest reactions can respond to both chemical and physical
signals. UV light and competing guests such as ADA-NH,-HCl
can both disassemble the original B-CD-trans-azobenzene as-
sembly structure and in doing so start the pumps.’® Such a
response to more than one type of stimuli can be potentially
exploited in the design of more complicated micropumps
that have embedded logic gate functions, similar to swarms
of Ag;PO, microparticles that respond to both ammonia and
UV light.”” One benefit of using external cues such as UV
light is its fast response; pumps are often immediately turned
on or off when the light conditions change.

The pumping velocity of most chemical micropumps can
be adjusted by varying the quantity or magnitude of stimuli,
such as the concentration of “fuels” in diffusiophoretically
or electrophoretically driven pumps, substrate concentrations
or enzyme coverage in enzyme-powered pumps, and light
intensity in UV-activated pumps. In addition, the size of the
microtubular pump in particular was demonstrated to
greatly affect the pumping performance,® as was discussed
in the previous section. How sizes affect the pumping behav-
iors of micropumps powered by chemical reactions or light
has remained largely unanswered. Intuition suggests that a
larger pump surface means a higher total flux and could
lead to a larger density change near the pump or a larger dif-
ference in the concentration of chemical species, depending
on which mechanism is in operation. On the other hand,
many pumps discussed in this article rely on some sort of
gradient, which is inversely proportional to distance. There-
fore, larger pumps do not necessarily pump faster, and more
thorough and systematic studies are required to address this
issue properly.

Applications of self-powered
chemical micropumps

Self-powered micropumps can be applied in many areas, one
of which is controlled drug delivery. One way is to use the
fluid flow induced by the pump to convectively release mole-
cules pre-embedded in the pump. For example, Sengupta
et al. used positively charged hydrogels as scaffolds and fixed
urease enzymes on the cross-linked scaffolds through electro-
static assembly (Fig. 7A).>> Fluorescein dyes representing
cargos were stored in the gel. When the substrate (urea) con-
centration increased, the enzymatic reaction turned the
pump on, and the fluorescein dyes were released more
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quickly into the solution as the fluid was pumped than solely
by diffusion. Furthermore, the authors also demonstrated the
autonomous release of insulin by a glucose oxidase micro-
pump at a physiologically relevant concentration of glucose
(0.005 M). A similar proof-of-concept glucose-responsive
micropump was designed by Zhang et al. based on the trans-
esterification of the boronate ester of cis-diols with glucose
using fluorescein dye.”” These biocompatible and effective
micropumps represent remarkable progress in the design of
self-powered and intelligent drug delivery systems. We can
imagine them being applied in scenarios where biological
signals inherent to human bodies (such as pH, temperature,
blood sugar level, oxygen concentration, etc.) can turn on
(and possibly off) embedded devices to carry out biomedical
operations.

Chemical micropumps can also transport microparticles
in a controlled fashion. As discussed previously,
N-hydroxyphthalimide triflate (PAG-1) micropumps produce
N-hydroxyphthalimide, protons and triflate anions under UV
light. Interestingly, the acidic product from the PAG-1 pump
could also participate as a reactant in the decomposition re-
action of poly(4-formylphenyl acrylate) aniline Schiff base
(PFA-S), and consequently start the second micropump. By
cleverly putting these two pumps next to each other, Yadav
et al. fabricated a colloidal photodiode device where nega-
tively charged tracer particles were pushed away from the
PAG pump and pulled toward the PFA-S pump (Fig. 7B).”" In
such a case, the PAG pump effectively acted as a source and
the PFA-S pump as a drain, resulting in the directional trans-
port of the tracers from the PAG to the PFA-S pump. In an-
other experiment, Zhang et al. demonstrated that in the pres-
ence of fluoride ions, tert-butyldimethylsilyl (TBS) end-capped
poly(phthalaldehyde) (TBS-PPHA) pumps could transport par-
ticles over a distance of more than 5 mm and even around
corners in a microfluidic channel (shown in Fig. 7C).>* In the
presence of fluoride, the TBS-PPHA pump at one end of the
microchannel produced a high concentration of monomers
and pumped the particles in the channel along the concen-
tration gradient via non-electrolyte self-diffusiophoresis.
More sophisticated designs and configurations of micro-
pumps can in principle guide particles to move in a compli-
cated microfluidic channel network in a path that is
predetermined and programmable. But perhaps more inter-
estingly, by selectively turning on and off specific pumping
via stimuli as discussed above, cargos can be potentially
transported in a dynamic and adjustable fashion in real
time. The prospect of using chemical agents or external
cues such as light, sound and electromagnetic fields to guide
the flow of fluids and/or particles in the fluid via chemical
micropumps is a promising technique that at least runs
parallel to some existing methods such as externally operated
microvalves.

A few studies of chemically powered micropumps operat-
ing by electrophoresis or diffusiophoresis showed that
colloidal particles could assemble into organized structures
near pumps. In some early studies of chemically driven
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Fig. 7 (A) Schematic of the process of cargo release from enzyme-powered gel micropumps in the presence of substrate molecules. Reprinted

with permission from ref. 55, Copyright 2014 Nature Publishing Group. (B) Schematic of a colloidal photodiode made of a combination of PAG as
the source and PFA-S as the drain. Reprinted with permission from ref. 51, Copyright 2012 American Chemical Society. (C) Schematic of the TBS-
PPHA pump that transports particles in a microchannel. (D) Healing process of defects in a colloidal crystal assembled by a Pt-Au pump. Reprinted
with permission from ref. 68, Copyright 2014 American Chemical Society. (E) The B-b-glucuronidase enzyme turns “on” a TBS-PPHA pump in the

presence of reagent 1. (C) and (E) are reprinted with permission from ref. 52, Copyright 2012 John Wiley and Sons.

micropumps, it is often observed that tracer particles migrate
towards the pump at the center, but once close to the center,
they always remained at a certain distance away from the
pump. Such an effect, referred to as the “exclusion zone”,
was often attributed to a competition between the electropho-
retic migration of the tracer particles in the generated electric
field and the electroosmotic fluid pumping which might be
moving in the opposite direction.””*® Farniya et al. further
studied this effect in disc-shaped Pt-Au catalytic micropumps
(Pt at the center of a Au surface) and used it to direct the
crystallization of colloids (Fig. 7D).®® Interestingly, defects in
the crystalline structure could be healed by the dynamic and
spontaneous rearrangement of particles under fluid flows.
Due to their ability to respond to external chemical sig-
nals, self-powered chemical micropumps can also be applied
in sensing applications. For example, the combination of a
tert-butyldimethylsilyl (TBS) end-capped poly(phthalaldehyde)
(TBS-PPHA) pump and detection reagent 1 whose structure is
shown in Fig. 7E can be used to detect the presence of the
B-p-glucuronidase enzyme (a specific marker of E. coli).”> The
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reaction between the reagent and enzyme can release
fluoride ions that turn on the TBS-PPHA pump, and the con-
centration of the enzyme can be determined by measuring
the pumping velocity. For instance, the pumping velocity was
about 1.3 pum s in 3.1 mM pB-p-glucuronidase solution.
Other analytes can also be sensed by pumps working by the
same principle if engineered with proper chemistry.

Conclusions and perspectives

Over the past few years, self-powered chemical micropumps
have seen fast development. They can now be fabricated with
a wide variety of materials (noble metals, polymers, mineral
salts, metal oxides and enzymes) and can be powered by a
number of innovative mechanisms that are particularly use-
ful on the microscale (the ones of chemical nature are
reviewed here). Besides being self-powered and able to pump
fluids, each of these micropumps has its unique features in-
cluding particle patterning, analyte sensing, rechargeability,
response to dual stimuli, biocompatibility and more, which

Lab Chip, 2016, 16, 1797-1811 | 1809
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render these pumps powerful in areas that might be inacces-
sible to macro-scale pumps. Proof-of-concept experiments,
such as transport and release of drug molecules, directional
and long-distance transport particles, and sensing of
analytes, hint at the future prospects of chemical micro-
pumps in the development of microscale smart devices.

Although much effort has been dedicated to improving
the performance of chemical micropumps, it is important to
acknowledge a number of issues that limit their practical
uses. First, the energy conversion efficiency of chemically
powered micropumps is still quite low, and the low pumping
velocity cannot remain stable for an extended period of time
either. This is probably the most serious issue that needs to
be properly addressed before the micropumps reviewed here
can be truly used in actual devices. Eventually, efficient
micropumps that can produce fast and reliably stable fluid
flow need to be developed. Second, selective patterning of a
specific part of the surface is often required in the fabrication
process of self-powered micropumps, and the associated dif-
ficulty in integrating this step into the overall fabrication of
microfluidic channels might limit the wide application of
micropumps in complex and integrated lab-on-a-chip sys-
tems, where many of the potential applications ultimately lie.
Finally, many of the previously discussed pumps require spe-
cific (and often toxic) chemicals as either the pump materials
or the chemical fuel that drive pumping, which are inevitably
in contact with the flowing media. This may cause compati-
bility issues with many applications that are sensitive to the
environment, especially those related to biological scenarios.
Additionally, micropumps driven by electrophoresis or
diffusiophoresis might not function properly at high ionic
strength, prohibiting their application with many biologically
relevant fluids. Therefore, achieving good compatibility with-
out compromising the pumping performance remains a ma-
jor challenge.

We expect to see chemically powered micropumps with
novel designs that can address the above issues emerge in
the coming years. The efficiency of micropumps could be
greatly improved once we gain a deeper understanding of
their working mechanism. On the other hand, by carefully
engineering the micropump designs and possibly relaying
many pumps together, continuous and steady pumping at a
large spatial and temporal scope can also be achieved. Al-
though faced with challenges, we should not overlook the
unique advantages of many of these chemically powered
pumps, including their versatility, diverse activation
methods, ability to be designed into complicated systems
and sensitivity to the chemical environment among others.
The usefulness of these micropumps depends not only on
their future development and improvement, but also very
heavily on the particular scenario in which a micropump is
applied. For example, one day we may see micropumps made
of biocompatible materials that can utilize fuels directly from
the human body. These pumps may degrade into completely
harmless products after their service, achieving a high level
of biocompatibility.

1810 | Lab Chip, 2016, 16, 1797-1811
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