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We report a method for creating stimuli-responsive biomaterials in
which scanning nonlinear excitation is used to photocrosslink
proteins at submicrometer 3D coordinates. Proteins with differing
hydration properties can be combined to achieve tunable volume
changes that are rapid and reversible in response to changes in
chemical environment. Protein matrices having arbitrary 3D topographies and definable density gradients over micrometer dimensions provide the ability to effect rapid (<1 sec) and precise
mechanical manipulations by means of changes in hydrogel size
and shape, and applicability of these materials to cell biology is
shown through the fabrication of responsive bacterial cages.
Escherichia coli 兩 multiphoton lithography 兩 nanobiotechnology 兩
protein hydrogels 兩 smart materials

T

he design of materials and devices that rely on the autonomous transduction of environmental signals is an area of
intense interest in materials science and molecular engineering
(1–6). Development of strategies that allow free-form fabrication of ‘‘smart’’ materials with three-dimensional (3D) micro- to
nanoscale resolution will extend the utility of these materials
across a broader range of applications. For instance, the ability
to rapidly and precisely manipulate microscale objects has
important applications in numerous fields of applied science and
engineering, motivating development of techniques for transporting particles based on mechanical, fluidic, and optical mechanisms (7–10). Stimuli-responsive hydrogels, which can cycle
between expanded and condensed states in response to environmental triggers (e.g., pH, ionic strength), could provide an
alternative means to control precise microscopic motions, potentially through the action of multiple, independent components functioning in concert. Indeed, hydrogels have been
successfully used as actuating mechanisms in microfluidic devices, functioning as stimuli-responsive valves (11, 12), pumps
(13), clutches (14), and optics (15). The possibility for exploiting
hydrogel components in integrated microscale devices has fueled
interest in the development of materials that confer greater
control over stimuli-response characteristics as well as materialsfabrication strategies that provide high-resolution topographic
control of hydrogel features. Strategies have been explored to
fabricate responsive hydrogels with micro- to nanoscale resolution by using, for instance, photon and electron beam lithography
(16, 17), but these methods do not enable structural features to
be defined arbitrarily in three dimensions. Alternatively, multiphoton fabrication, a technique that localizes photochemical
reactions in three dimensions based on nonlinear absorption by
photoinitiators, has been used to create elaborate 3D microarchitectures having feature sizes of ⬍100 nm (18). In one instance,
a two-photon fabricated hydrogel was reported that was responsive to UV illumination (19), although the photo-induced actuation was poorly defined, irreversible, and relatively slow. In
addition, the study did not take advantage of the submicrometer
resolution possible when multiphoton fabrication is used.
As an approach for creating smart materials that change
volume in response to a chemical signal, proteins have been
integrated as minor components into synthetic hydrogel networks to act as responsive elements. For example, hydrogels
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incorporating proteins such as antibodies (20) and calmodulin
(21, 22) have been designed to change hydration degree in
response to specific molecular triggers.
Natural and engineered proteins offer a diverse pool of
physicochemical characteristics and functional properties. In
addition to having the potential to undergo shape and hydration
changes in response to chemical triggers, proteins contain a large
number of weak acids and bases, similar to polymers used in
pH-responsive hydrogels (5). Importantly, matrices composed of
functional photocrosslinked proteins can be localized in 3D
microenvironments by using multiphoton fabrication (23–27).
Thus, multiphoton-fabricated protein structures could provide
high-resolution 3D control over the topography of a stimuliresponsive material—facilitating greater mechanical functionality and incorporation of responsive hydrogels into more complex
3D devices—while potentially providing specificity (e.g., through
ligand binding) over volumetric responses.
Here, we describe multiphoton fabrication of microscopic 3D
hydrogels composed of photocrosslinked proteins and demonstrate their capabilities as chemically responsive micromechanical elements. Various proteins are used to construct materials
with distinct swelling characteristics and are combined in various
ratios to tune hydrogel responsivity. In addition, we demonstrate
the feasibility for modulating a swelling response by introduction
of a ligand (biotin) that stabilizes the protein (avidin) against
denaturation. Protein microelements that bend in prescribed
manners are created by rational incorporation of microscopic
thickness and density gradients, and fabrication of responsive
bacterial cages is used to harvest cell colonies after capture and
incubation of motile cells.
Results and Discussion
Protein microstructures are fabricated by using an aqueous
direct-write procedure in which a pulsed laser beam is focused
to submicrometer dimensions to promote formation of crosslinks
between oxidizable residues (28–30) via multiphoton excitation
of a photosensitizer (23). This concept is illustrated in Fig. 1a.
Here, a laser focal point was translated to create a protein
hydrogel tether between a microsphere and a surface, providing
the means to translocate the sphere by hydrogel contraction in
response to an increase in bath ionic strength [supporting
information (SI) Movie S1].
Elaborate, chemically responsive microstructures can be created by using a confocal scanner in combination with a negative
photomask (Fig. 1b; ref. 26). Fig. 1c shows microscale hands
fabricated in this manner that undergo large changes in volume
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in response to a pH step. Appropriate orientation of hand pairs
results in interdigitation of individual fingers upon pH-induced
expansion (Fig. 1d). In addition, microflowers can be fabricated
atop stems that ‘‘bloom’’ under low ionic strength conditions and
rapidly contract on addition of salts (Fig. 1e and Movie S2).
We and others have shown that direct-write protein matrices can
retain ligand-binding and catalytic functionality similar to that of
their component proteins (23–27), implying that native electrostatic
and hydrophobic interactions governing protein conformation remain significantly intact within microstructures. However, at pH
extremes, unfavorable electrostatic interactions can disrupt the
native state and result in protein unfolding (31, 32). Accordingly,
the swelling of BSA microhands at pH 2 shown in Fig. 1c is
consistent with unfolding of albumin observed at pH values below
⬇4.0 (32). Moreover, matrices can be cycled rapidly between
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Fig. 1. Free-form protein hydrogels. (a) Transport of a microobject by using
hydrogel actuation. A PMMA microsphere was tethered to the surface of a
glass coverslip (attachment at asterisk, 1) via a crosslinked BSA cable by
scanning the focus of a titanium:sapphire laser (5 m/sec) through concentrated protein solution. A brief increase in scan speed created a flexible joint
in the central region of the cable (arrow in 6). Microsphere translocation (2-8;
total duration of the movement was ⬇3 sec) was initiated within a pH 3
solution by addition of Na2SO4 to a final concentration of 0.5 mM, causing the
cable length to contract by ⬇35% (Movie S1). (b) Simplified schematic showing fabrication of arbitrary 3D microstructures by using mask-directed multiphoton lithography (26). In this procedure, a negative transmissive or reflective photomask is placed in a plane conjugate to the fabrication plane, thereby
limiting areas of exposure as the focal spot is raster scanned through solution
(for simplification the orientation of the mask and specimen are the same). (c)
BSA microhands mounted on BSA pedestals ⬇4 m from the coverslip surface
(Upper) undergo reversible swelling after a decrease in bath pH from 5 to 2
(Lower). (d) The direct-write process allows BSA hydrogel microstructures to
be fabricated with high resolution and arbitrary topography (1), providing
abilities for effecting specific interactions between swelled states. Panels 2
and 3 demonstrate variable interdigitation of middle fingers achieved when
the bath solution is cycled between pH 5 and pH 3. (e) Fluorescence images
(from entrapped photosensitizer) showing stylized BSA microflowers swelled
at pH 2.2 (HCl; Top) nested ⬇7 m from the surface on BSA ‘‘stems’’ (Middle;
focus at coverslip surface), which undergo rapid contraction upon the addition of Na2SO4 to a final concentration of 1.0 mM (Bottom; Movie S2). (All scale
bars, 10 m.)

swelled and condensed states in response to pH steps (Movie S3),
indicating (as predicted) that denaturation is reversible. Importantly, the degree to which hydrogel microstructures swell and
actuate was found to depend strongly on the crosslinking density of
the matrix, a property that can be modulated both by protein
concentration within the fabrication solution and laser exposure
times (25, 26, 34) (Fig. S1). In addition, reversibility of structure
swelling state was found to depend to some degree on crosslinking
density and structure thickness, with denser and thicker structures
returning more consistently to original form.
Previous approaches for creating responsive hydrogels with
desired swelling characteristics have been based on laborious
rational design of gel precursors (5, 6). In contrast, proteins
represent a naturally diverse set of building blocks for engineering hydrogel responsivity. To characterize differences in swelling
behaviors of protein hydrogels, we fabricated test structures
(vertical arches, 3D rectangular matrices; Fig. 2a) with three
commercially available proteins: BSA, avidin, and lysozyme.
Hydrogels composed of these proteins exhibited distinct equilibrium swelling profiles (transition pH values, swelling ratios)
over a broad pH range (Fig. 2b). In each case, hydrogels reached
a minimum volume at pH values similar to the isoelectric points
of the component proteins [pIavidin ⬇ 10.0–10.5; pIBSA ⬇ 4.7–4.9;
pIlysozyme ⬇ 11.0–11.3 (35, 36)], a finding consistent with pH
dependence of protein solubility and hydration (32). Moreover,
by fabricating protein matrices from a combination of BSA and
lysozyme, microstructures could be tuned to expand or contract
to varying degrees when the bath solution was stepped between
pH values 7 and 11.9 (Fig. 2c), a result consistent with data
acquired for the individual proteins (i.e., shown in Fig. 2b).
Taken together, these results imply that a broad range of
hydrogel swelling profiles will be possible by judicious selection
[or engineering (37)] of protein building blocks. Further, protein
matrices composed of avidin, which we previously have demonstrated retain biotin-binding functionality (23–25), showed attenuated swelling in acid and denaturant solutions in the biotinbound state compared with the unbound state (Fig. 2d and Fig.
S2). These results are consistent with the well characterized
stabilizing effect of biotin on avidin (35, 38) and show the
possibility for achieving microstructure actuation by means of
biotin binding. By using engineered avidins (37, 39), biotininduced actuation can be explored under a wider range of
environmental conditions.
We investigated the effects of the nonchaotropic salts NaCl,
Na2SO4, and Na3PO4 on swollen BSA microstructures. Under
basic conditions (pH 11.9 NaOH solution), introduction of high
concentrations of these salts (⬎0.5 M) resulted in microstructure
contraction. In acidic solutions (pH 2.2, HCl), however, much
lower concentrations of sulfate (⬇1–50 mM) caused a similar
degree of contraction (Fig. S3), a result consistent with the
efficient ‘‘salting out’’ activity of sulfate on BSA dissolved in
low-pH solutions (40).
The speed at which a hydrogel responds to changes in its
chemical environment depends in part on the accessibility of the
gel interior to solution. Thus, structures that have short penetration distances (and thus rapid mass transfer) should exhibit
relatively short response times (11, 41). As expected, highaspect-ratio microstructures (i.e., those with the shortest diffusion paths) such as quasilinear tethers and rods underwent the
most rapid volume changes in these studies. For large steps in pH
or ionic strength (e.g., changes of at least 2 pH units or addition
of more than 50 mM sodium sulfate) the half-time (t1/2) for
changes in size can be ⬍1 sec (Movie S4).
Direct-write protein hydrogels offer the possibility for effecting novel 3D microactuation based on spatially defined gradients
in matrix properties. Matrices of differing density and thickness
can be fabricated by irradiating solution regions at different
intensities or for various periods, yielding microdomains with

Fig. 2. Protein-specific pH response. (a) Test structures (3D rectangular matrices and arches) were fabricated from solutions of avidin, BSA, and lysozyme. (b)
(Upper) Protein arches composed of avidin and BSA were exposed to directed flow (from right to left) and subjected to abrupt pH steps. Panels 1-4 show hydrogel
arches at pH values of 7, 5, 2, and 10, respectively (the pH corresponding to 1-4 is shaded in Lower). Depending on the solution pH, arches could be actuated
individually (2 and 4) or in concert (3) (Movie S3). (Scale bar, 5 m.) (Lower) Equilibrium swelling of rectangular matrices composed of avidin, BSA, and lysozyme
show distinct swelling profiles. Swelling ratios (see Materials and Methods) were at a minimum near isoelectric points of the incorporated proteins. Error bars
represent the standard deviation for four structures. (c) Structures fabricated from mixtures of BSA and lysozyme (percentages represent wt % of BSA relative
to total protein) show intermediate swelling at pH 11.9 compared with 100% BSA and lysozyme structures. (Inset) Conjoined matrices (BSA, left; lysozyme, right)
at pH 7 (upper) and pH 11.9 (lower). (Scale bars, 10 m.) (d) A rectangular avidin matrix without biotin (open squares) was cycled reversibly between pH 7 (PBS;
odd numbers) and pH 2 (HCl; even numbers). The microstructure then was exposed to a solution of 1 mM biotin (10 min) followed by rinsing (PBS; 10 rinses).
Biotin binding reduced the lateral swelling at pH 2 by ⬇25%, a result that remained essentially stable throughout pH cycling (filled circles).

distinct capacities for expansion and contraction. Gradients in
matrix thickness and density can be established across the width
of a rod, for example, by raster scanning the laser focus in a
transverse direction with varying dwell times as the sample
solution is translated along the rod axis at a uniform velocity
(Fig. S4). By using this design principal, one edge of a protein rod
can be designed to expand and contract to a greater degree than
its opposing edge, causing the rod to bend in definable manners
in response to changes in chemical environment.

Microscopic hydrogel components can be assembled into
highly organized arrangements, providing capabilities for sophisticated micromechanical motion. Bendable rods can be arranged
to create chemically mediated gates (Fig. 3a) and can be used to
transport microscale objects over extended distances (Fig. S5). In
addition, rods designed to bend differentially in response to
ionic-strength changes (by changing axial scan speed; Fig. 3b)
can be assembled in a linear sequence of increasing responsivity,
creating fern-like structures that coil and unfurl in response to

Fig. 3. Tunable bending of gradient rods. (a) Gradient rods tether microspheres to form a switchable gate (1) that opens when the fabrication solution is
replaced with a pH 3 HCl solution (2). Addition of 250 M Na2SO4 causes gate closure (3). Addition of 10 mM Na2SO4 further contracts gradient rods, repositioning
the microspheres (4). (b) Protein rods incorporating a thickness gradient across the width of the rod were fabricated (Bottom; 40%, wt/vol, protein solution; pH
⬇7.5) and rinsed (pH 7, Middle; pH 3, Top). The degree of curvature varies according to the axial scan speed used during fabrication. Rods are attached to the
coverglass at their lowest positions in the images. (c) Multiple components were assembled into a single structure (Left) and expanded at pH 3 by using HCl (Right,
structure 36). Abrupt change in ionic strength induced contraction of the multicomponent rod (Right, structures 40, 44, 48, and 75); see Movie S5 caption for
conditions. Numbers indicate frame position from Movie S5; time increment for a change of 1 unit is 0.2 sec. (Scale bars, 10 m.)
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Fig. 4. Dynamic cell enclosures. Microenclosures composed of protein matrices can be used to trap, incubate, and release E. coli cells. (a) (Left) Differential
interference contrast (DIC) image showing a motile E. coli cell (arrow) directed through an aperture slightly larger than the cell diameter (⬇1 m) into a
microchamber (⬇3 m height, coverslip to ceiling) composed of crosslinked BSA. (Middle). About 1 min after cells are introduced into the medium, additional
cells have entered the chamber, organizing along internal walls. After an ⬇30-min fill, chamber loading is terminated. (Right) Twelve hours after incubation in
nutrient-rich medium, cells are densely packed into the chamber, where cell division has directed vertical expansion of chamber ceiling (Inset, focused ⬇10 m
above the initial height of the ceiling). (b) Scanning electron micrograph of a similar cell-colony dome showing significant vertical expansion of protein matrix.
The tear at the right side of the base occurred during preparation of the sample for microscopy. (c) Abrupt change in bath pH (7 to 12.2) causes temporary
compression of the internal chamber, releasing a few cells (arrow, Middle), and eventually disrupts the chamber substrate interface (Right, when inverted
microscopy is used, cells are seen in between the glass substrate and the microchamber; see Movie S6). (Scale bars, 5 m.)
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microfabrication without causing prohibitive damage to cells (23,
25, 26).
These studies provide a foundation to achieve more specific
microactuation based on conformational changes induced by
ligand binding and release (20–22). Moreover, the ability to
precisely define the overall 3D microarchitecture of hydrogels in
tandem with the engineering of internal density gradients offers
unique opportunities for the design of smart materials.
Materials and Methods

Hydrogel Fabrication and Characterization. Hydrogels composed of photocrosslinked protein were fabricated on untreated no. 1 microscope coverslips by using the output of a mode-locked titanium:sapphire laser (Tsunami;
Spectra Physics) operating at 730 –740 nm. The laser focus was raster scanned
with a commercial confocal scanner (Bio-Rad MRC600). Hydrogel structures
depicted in Figs. 1 c and d and 4 were further defined by using transparencybased photomasks in which a negative of the desired structure was inserted in
a plane conjugate to the fabrication plane (26). Structures depicted in Fig. 1e
were fabricated in a similar manner, using a reflectance mask (digital micromirror device) in place of a transmission mask. Rods and tethers were
attached to a coverslip surface by beginning a scan at or below the surface and
manually translating the focal point into solution by using the microscope fine
focus as the stage was scanned laterally. Generally, the distance of travel into
solution was ⬇2 m, and travel was completed within the first few lateral
micrometers, producing structures similar to that in Fig. S3c.
The laser output was adjusted by using optics to approximately fill the back
aperture of an oil-immersion objective (Zeiss 100⫻ Fluar, 1.3 numerical aperture) situated on a Zeiss Axiovert inverted microscope system. Desired powers
were obtained by attenuating the laser beam by using a half-wave plate/
polarizing beam-splitter pair. To extend structures along the z dimension (i.e.,
along the optical axis), the position of the laser focus was translated manually
within fabrication solutions by using the microscope fine focus adjustment.
Microstructures composed of photocrosslinked protein were fabricated
from solutions containing protein at 320 – 400 mg/ml and either methylene
blue (1.2–3 mM) or flavin adenine dinucleotide (FAD; 5 mM) as a photosenPNAS 兩 July 1, 2008 兩 vol. 105 兩 no. 26 兩 8853
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Materials. BSA, avidin, and poly(methyl methacrylate) (PMMA) microparticles
were purchased from Equitech-Bio (catalog no. BAH64 – 0100), Molecular
Probes (A-887), and Polysciences (19130), respectively. Biotin was purchased
from Fisher Scientific (BP232). Lysozyme (L-6876), methylene blue (M-4159),
and flavin adenine dinucleotide (F-6625) were supplied by Sigma-Aldrich. All
reagents were used as received.
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a chemical trigger (Fig. 3c; Movie S5). Design of microscale
programmable folding geometries (42) should be feasible by
precise control of scan paths and exposure levels.
We previously have shown that protein-based microchambers are
well suited for capture and growth of motile cells such as Escherichia
coli (26), in part because the porosity of crosslinked protein matrices
provides efficient transfer of nutrients and waste materials across
microchamber walls. It is possible to trap individual bacteria (26)
and to grow up a genetically homogeneous population to extremely
high densities (⬇1011 cells per ml) within these chambers. In our
previous work, microchambers containing cells were sealed by using
a biocompatible microfabrication approach to plug chamber inlets
(26). However, microchamber geometries also can be designed to
trap cells passively (Fig. 4a). Incubation in nutrient-rich conditions
facilitates development of densely packed cell colonies, which can
lead to remarkable expansions of enclosure surfaces (Fig. 4b).
Here, expansion is principally confined to the thinnest, and thus
most elastic, surface (the chamber tops).
By subjecting such enclosures to relatively large chemical
changes (e.g., a pH step to 12.2), the hydration level of chamber
walls can be dramatically altered, disrupting the integrity of the
microchamber–substrate interface to achieve release of trapped
cells (Fig. 4c and Movie S6) for further analysis and incubation.
The relative hardiness of bacteria allows cells released under
these conditions to exhibit normal growth, cell division, and
motility upon return to nutrient-rich medium and may allow the
volume of such cell enclosures to be purposefully controlled
during division and growth. The dynamic properties of these
chambers should enable studies regarding cell motility, communication, and population-based behaviors, which require precise
control during interrogation of individual cells, single-cell lineages, and small populations of cells.
The possibility for modifying the size and shape of proteinbased microstructures by using ligands in place of steps in pH or
ionic strength would open practical opportunities for exploring
the use of these materials in mammalian cell studies. Importantly, we previously have shown that it is feasible to modify cell
culture environments dynamically—including those containing
relatively sensitive culture primary neurons—by using protein

sitizer. High concentrations of protein in solution facilitate fabrication of
robust microstructures. However, fabrication can be accomplished using protein solutions at concentrations as low as ⬇1–10 ng/ml (27). Although some
proteins undergo multiphoton crosslinking more efficiently than others, a
broad range of proteins can be used (e.g. glutamate dehydrogenase, cytochrome c, aldolase, laminin, ferritin, myoglobin).
Equilibrium swelling data depicted in Fig. 2b was acquired by 3-min incubation of microstructures in phosphate-buffered solutions (0.5 mM) of pH
2.02, 2.63, 3.26, 3.78, 4.48, 5.17, 5.76, 6.30, 7.00, 7.66, 8.19, 8.90, 9.41, 10.06,
10.73, 11.33, and 12.00. Rectangular areas (A) were measured ⬇3 m above
the coverslip surface, and equilibrium swelling ratios were calculated as the
ratio A/A0, where A0 ⫽ area at pH 7. Microstructures were imaged by using the
Axiovert microscope with differential interference contrast (DIC) optics and a
12-bit 1,392 ⫻ 1,040 element CCD (Cool Snap HQ; Photometrics). Wide-field
fluorescence imaging of entrapped photosensitizer was performed on the
Axiovert microscope, which was equipped with a mercury-arc lamp and
standard ‘‘red’’ and ‘‘green’’ filter sets (Chroma). Except where otherwise
noted, ionic strength contraction was induced by adding concentrated salt
solution to the well containing a microstructure in solution defined by HCl or
NaOH (e.g., 5 l of salt solution added to 495 l of solution in the well).
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Specimens for scanning electron microscopy (SEM) were fixed in 3.5%
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Bacterial Cell Culture. The E. coli strain RP9535 (smooth-swimming, ⌬cheA)
were grown aerobically in tryptone broth (32°C) and harvested at midlogarithmic phase. Cells were diluted 100-fold into PBS (Hyclone, pH 7.0) and
introduced into 500 l wells containing microchambers fabricated on glass
coverslips shown in Fig. 4. Trapped cells were incubated for ⬇12 h in tryptone
broth (22°C). The cell chamber was expanded to release cells by using pH 12.2
solution (NaOH). Cells released by using these conditions exhibited normal
growth, cell division, and motility upon return to the nutrient-rich medium.
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