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The bending of microcantilevers upon adsorption of polymers
(DNA, proteins) or small molecules has great potential for the
development of highly sensitive sensors and efficient nanoactua-
tors2 For microcantilevers to be useful as actuators, precise
positioning, reversibility, and large-scale bending are prerequisites.
Conventional modification by self-assembled monolayers (SAMs)
usually generates small cantilever deflectibBy. grafting polymers
to the cantilever surface, a much wider range of responses can be "0 2 4 6 8 10 12 14
achieved due to conformational changes in the polymer backbohes, pH
Zr;?\ﬂri:img\;é?sex:;@& %ic: dplljnLeesrp;fr;zlrvei::ggggi?éemgwj\zfoatedFi_gure 1. O_bserved bending of sir]glt_e—side PMEP brush-modified car]tilev_er

! with changing pH and schematic illustration of brush conformation in
reversible and multi-stage actuation of cantilevers remains a different regimes.
significant challenge. The use of polyelectrolytes and their collapse
in response to salt has recefitgmerged as a promising potential ing on pH!! Figure 1 displays the bending of brush-coated
synthetic equivalent of one of the most powerful biological cantilevers when varying the pH of the solution between 1 and 13.
motors: the spasmoneme sprifign this communication, we report  In region |, the brushes are fully protonated, while in region III,
the first example of polyelectrolyte brush-driven highly reversible they are fully deprotonated, and compressive stress is generated in
actuation of cantilevers, expanding the range of triggers leading to both strongly acidic (pH< 2) and basic (pH> 8) environments.
mechanical actuation as well as providing new fundamental insights At pH < 2, the protonated brushes are no longer soluble and will
into polyelectrolyte brushes. collapse, generating a compressive surface stress since the “foot-

The brushes are selectively grown on one side of the cantilever print” of the polymers is too small to accommodate the collapsing
via a sequential deposition of gold, “dummy” SAM, gold and brush chain. This is consistent with previous reports that polymer brushes
growth (full details in Supporting Information). The cantilever was generate a compressive surface stress upon polymer coflapse.
double side coated with gold film to minimize the consequences At pH > 8, the PMEP brushes are fully deprotonated, and the
of temperature drift and the effects of changes in the electrical electrostatic repulsion between charged polymer chains leads to
double layer. One side was modified with hexadecanethiol (HDT) the development of a large compressive stress. The maximum
as the internal calibration. The other side was grafted with around deflection of the cantilevers, up to micrometer scale (approximate
20 nm polymethacryloyl ethylene phosphate (PMEP) via surface- 1300 nm), is found in this fully charged state. The large increase
initiated atomic transfer radical polymerization (SI-ATRPTareful in compressive stress upon switching from monobasic to the fully
calibrations were performed with cantilevers modified with inert deprotonated state is consistent with a significant swelling of the
HDT monolayer on both sides as a control experiment (Supporting brushes, as corroborated by AFM imaging (Figure S2), when
Information). Non-brush-modified cantilevers exhibited negligible switching from pH 7 to pH 9. It should be noted that the cantilever
bending when switching between water and salt solution and deflections are highly reversible, and that the brushes can be cycled
solutions with different pH. through a number of pH cycles. The magnitude and sensitivity of

The conformational changes of the brushes in response to saltthe response to salt depend strongly on the length of the brushes,
solution or pH are schematically shown in Scheme 1. PMEP can the grafting density, and the degree of charging of the polyfer.

We found no deflection for low<10% initiator) grafting densities
Scheme 1. Schematic of Reversible Swollen/Collapse of PMEP of brushes, and a full study on the influence of brush architecture
Brush is underway.

Figure 2a shows the reversible bending and return to equilibrium
position of the brush-coated cantilever when switching between a
100 mM KCI solution and pure water, respectively. The response
of the cantilever to changes of solution is very fast (30 s). The
return to zero deflection upon addition of water is slow due to the
slow diffusion of excess salt away from the brush layer. The com-

. - . pressive stress is generated by the brushes collapsing under the
be switched between three ionic states: fully protonated, mono- influence of the high salt environment; this situation is similar to

protonated/monobasic, and dipotassium salt/dibasic states, dependf[-he compressive stress generated at low pH (see above). The control

The Nanoscience Centre experiments (black line) show that non-brush-modified cantilevers
* Department of Chemistry. show no response to changes in salt concentration. Separate AFM
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surface stresses-82 mN/m) compared with PMEP brushes, and
requiring specific DNA sequences and complimentary strands. An
estimate of the power density generated by these brushes is in the
2000 order of mMW/kg (see Supporting Information for detailed calcula-
‘ tion). This seems relatively small, but as a lower limit is very
KCIL L encouraging and similar to other polymer actuatérs.
ey bt In conclusion, we demonstrated for the first time the fast and
reversible actuation of cantilevers driven by polyelectrolyte brushes
' ' ' T T y that experience large conformation changes in response to the pH
0 20 40 60 80 100 120 and electrolyte concentration. We prove the possibility of controlling
Time (mins) (a) the magnitude of cantilever bending by placing the brushes in
different ionic strength solutions. The versatility of the chemical
strategy followed to obtain these brushes allows the study of a wide
range of parameters which could all govern bending behavior,
> . . : . .
o 53'.!1‘.?:3 ;'x:::: including grafting density, chain length, nature of the polyelectrolyte
brushes, salts used to collapse the brushes, and patterning of the
brush layer to create nonbiaxial stresses. Even more importantly,
we can use the highly sensitive and time-resolved measurements
of cantilever bending as a means to probe the internal structure of
e the brushes and to reveal some of the processes occurring during
kel {mM) brush collapse and stretching.
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Figure 2. (a) Reversible cantilever bending (upper) and control cantilever  sypporting Information Available: Details of experiment method

(below) when switching between KCI solution and water. (b) Evolution of - 5 cantilever calibration, AFM imaging of brush collapse, and bending

cantilever bending as a function of the concentration of salt solutions. . ) . .
curve as a function of salt concentration. Complete ref 6. This material

measurements verify the collapse of neutral PMEP brush underls available free of charge via the Internet at http://pubs.acs.org.

0.1 mM KCI solution due to charge screening (Figure S3).
Control over the actual position of cantilever can be achieved
by exposing the brush-coated cantilevers to different salt concentra-
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