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ABSTRACT Two-dimensional (2D) geometrical shape-shifting is
prevalent in nature, but remains challenging in man-made “smart”
materials, which are typically limited to single-direction responses.
Here, we fabricate geometrical shape-shifting bovine serum albumin
(BSA) microstructures to achieve circle-to-polygon and polygon-to-
circle geometrical transformations. In addition, transformative two-

Polygon -to-circle

dimensional microstructure arrays are demonstrated by the ensem-

ble of these responsive microstructures to confer structure-to-function properties. The design strategy of our geometrical shape-shifting microstructures

focuses on embedding precisely positioned rigid skeletal frames within responsive BSA matrices to direct their anisotropic swelling under pH stimulus. This

is achieved using layer-by-layer two photon lithography, which is a direct laser writing technique capable of rendering spatial resolution in the sub-

micrometer length scale. By controlling the shape, orientation and number of the embedded skeletal frames, we have demonstrated well-defined arc-to-

corner and corner-to-arc transformations, which are essential for dynamic circle-to-polygon and polygon-to-circle shape-shifting, respectively. We further

fabricate our shape-shifting microstructures in periodic arrays to experimentally demonstrate the first transformative 2D patterned arrays. Such versatile

array configuration transformations give rise to structure-to-physical properties, including array porosity and pore shape, which are crucial for the

development of on-demand multifunctional “smart” materials, especially in the field of photonics and microfluidics.
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hape-shifting is a prevailing phenom-

enon in nature where organisms per-

form shape-to-function activities in
response to external environment, includ-
ing movement, structural recognition for
targeted adhesion and regulation of bio-
chemical processes.' ™ For instance, Amoeba
proteus undergoes multidirectional shape-
shifting to form pseudopod (“false foot”)
for navigation and rapid path alteration.> Simi-
larly, the recent advent of synthetic, micro/
nanosized shape-shifting “smart” materials
are also defined by their precise, dynamic
and well-defined two-dimensional (2D) or
three-dimensional (3D) structural change in
response to stimuli.® '3 They are applied as
autonomous grippers for cargo delivery,'*'6
microactuators,'”” and microsensors.'® These
shape-shifting materials are generally li-
mited to simple single-directional responsive-
ness, such as twisting,' bending® and
swelling." It remains a challenge to perform
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multiple-directional stimuli-responsiveness,
which is vital for dynamic and sophisticated
geometrical transformation. Such tunable
and versatile geometrical feature is essential
for both regulation of shape-dependent
properties (such as surface area-to-volume
ratio and flow characteristics) and the ap-
plication in structural recognition for mod-
ulation of chemical reactivity and directing
multichannel microfluidic flow.?*
Furthermore, computational simulations
have demonstrated that the ordered array
of these dynamic, geometrical shape-
shifting micro/nanosized building blocks
is promising for reversible topographical
change in structural configurations.**° This
is analogous to the self-assembly of atoms
in highly symmetrical lattices,®® where the
molecular arrangement of atoms directly
affect the chemical, physical and/or optical
properties, such as the case of graphite
and diamond.?” To date, 2D array with
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transformative configurations has not been realized
experimentally at the submicrometer length scale.
Hence, we hypothesize that both geometrical shape-
shifting microstructures and their ensemble as trans-
formative 2D patterned arrays with stimuli-responsive-
ness are essential for the scientific advancement
of autonomous, multifunctional “smart” materials,
especially for the field of photonics,?® sensors®® and
microfluidics.>

Here, we demonstrate the dynamic geometrical
shape-shifting of pH-responsive bovine serum albumin
(BSA) microstructures from simple circles to well-
defined polygons and vice versa. Moreover, 2D BSA
microstructure arrays with dynamic and transformative
array configurations via precise geometrical shape-
shifting are reported. Our strategy involves layer-by-
layer photoinduced polymerization of BSA to precisely
modulate cross-linking density within a single protein
microstructure entity at submicrometer spatial resolu-
tion. This is achieved using two-photon lithography to
create region of skeletal framework (high cross-linking
density) to direct swelling of low cross-linking density
regions for geometrical transformation. The shape,
orientation and number of the embedded skeletal
frames are modulated to effect arc-to-corner and
corner-to-arc transformations for various geometrical
transformations. Efficacy of shape-shifting is defined
by area of occupancy, radius of curvature and tangent
length at edge of final transformed shapes. We then
demonstrate on-demand transformation of array con-
figurations, where protein microstructures fabricated
in 2D arrays with Kagome and open-structured hex-
agonal configurations undergo reversible geometrical
shape transformation to form hexagonal and percolat-
ing hexagonal configurations, respectively, under pH
stimulus. The transformation of array configurations
confers tunable structure-to-physical properties, such
as array porosity and pore shape, which are crucial for
future development of 2D/3D multifunctional “smart”
materials.

RESULTS AND DISCUSSION

Design of Geometrical Shape-Shifting Microstructures. We
achieve geometrical shape-shifting of microstructures
through the spatial control of anisotropic swelling at
submicrometer precision. The design involves embed-
ding a less-responsive and highly cross-linked bovine
serum albumin (BSA) segment within a responsive BSA
matrix of lower cross-linking density (Scheme 1). The
highly cross-linked BSA segments function as skeletal
frames to induce mechanical constraints and to direct
the structural anisotropic swelling of low cross-linked
BSA matrix.30~32

The fabrication of segmented BSA microstructures
with submicrometer scale spatial modulation of
cross-linking density is performed using two-photon
direct laser writing. Typically, laser is raster-scanned
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Scheme 1. Schematic of dynamic geometrical shape-shift-
ing BSA microstructure fabricated via the submicrometer
scaled spatial modulation of cross-linking density distribu-
tion using two-photon lithography. Z-layer distance (Ad)
refers to separation between each consecutive raster-
scanned x—y plane during the layer-by-layer two-photon
direct laser writing process.

repeatedly at a predefined x—y plane to polymerize
BSA resist, where the cross-linking density of the
microstructure is manipulated by modulating the
z-layer distance (Ad; Scheme 1) during the layer-by-
layer laser writing process at submicrometer precision.
Highly cross-linked BSA segments are written at Ad =
100 nm and exhibit a less-responsive swelling ratio
of 1.1 on pH stimulation (Figure S1a, Supporting
Information). In contrast, low cross-linked segments
are written at Ad = 400 nm which allow them to swell
more pronouncedly under stimulus, with a larger
swelling ratio of 1.5 (Figure S1b). Hence, the cross-
linking density is inversely proportional to Ad, which
agrees well with literature.® This observation clearly
demonstrates the ability of two-photon lithography to
fabricate well-defined microstructures and also to pre-
cisely control the spatial distribution of cross-linking
density within a microstructure.>* 3¢ Hereafter, BSA
segments fabricated at Ad = 100 and 400 nm are
termed as “skeletal frames” and “responsive BSA ma-
trix”, respectively.

Circle-to-Polygon Shape-Shifting Microstructures. For cir-
cle-to-polygon shape-shifting of BSA microstructures,
the key criterion is the transformation of arc-to-corner/
edge, which is critical for the generation of well-
defined corners and edges of a polygon from the initial
arcs of a circle (Figure 1a). Our approach lies at the
induction of directed anisotropic swelling of respon-
sive segmented BSA microstructures. We subsequently
evaluate the arc-to-corner/edge transformation, and
also the effectiveness of geometrical circle-to-polygon
shape-shifting of our BSA microstructure using three
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Figure 1. (a) Schematic illustrating the arc-to-corner conversions of responsive BSA matrices upon anisotropic swelling at
pH 11. Circle-to-triangle shape-shifting of BSA microstructures embedded with three equally distributed (b) triangle-, (c) stick-
and (d) block-shaped skeletal frames. (e) Control circular BSA microstructure in the absence of skeletal frame. (1, 2) Optical
microscopic images of as-fabricated BSA microstructure at pH 5, and their transformed shape at pH 11, respectively.
(3) Schematic illustrating the anisotropic swelling profile of respective BSA microstructures. Scale bar, 10 um. Experimental
comparison and schematics of (f) area of occupancy, (g) protrusion index and (h) edge fitting between shape-shifted BSA
microstructures embedded with triangle-, stick- or block-shaped skeletal frames. A well-defined circle-to-polygon shape-
shifting event occurs only when the transformed microstructure has area of occupancy >50%, protrusion index <50% and

edge fitting >50%.

critical parameters, namely (1) area of occupancy, (2)
protrusion index and (3) edge fitting. First, area of occu-
pancy (Asyucture/Aideal X 100%; Figure 1f; Figure S2a,b)
denotes the conformity of the swelled microstructure
to the ideal intended shape which directly defines the
effectiveness of geometrical shape-shifting. Aigea is the
area difference between a hypothetical isotropically
swelled microstructure and the ideal transformed
polygon; while Agucture iS the area occupied by experi-
mental BSA microstructure within Ajges. Second, pro-
trusion index differentiates between arcs and corners
and can be calculated using (r/R. x 100%; Figure 1g;
Figure S2c), where r is the radii of curvature of gener-
ated protrusions in experimentally transformed BSA
microstructure and R, is a reference radius of curva-
ture of an isotropically swelled circular microstructure.
Third, edge fitting (Lexperimentat/Lideal X 100%; Figure 1h;
Figure S2d) evaluates whether a microstructure's side
contour resembles a straight line or an arc, which is the
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basis for defining an edge. Generally, we set the
defining benchmark at 50% to distinguish between
arc and corner, arc and edge, and to determine well-
defined geometrical shape-shift from isotropically
swelled microstructure (refer to Figure S2 for detailed
explanations of the three parameters). A well-defined
circle-to-polygon shape-shifting event therefore oc-
curs only when the transformed microstructure has
area of occupancy >50%, protrusion index <50% and
edge fitting >50%.

Using circle-to-triangle shape-shifting as an illustra-
tion, we first embed three equally spaced triangular
skeletal frames into a responsive BSA circle. When
immersed in a pH 5 solution, the as-fabricated BSA
microstructure remains circular due to negligible water
absorption at its isoelectric point (Figure 1b(1)).3” As
the solution is changed from pH 5 to pH 11, the circular
BSA microstructure becomes negatively charged and
interacts strongly with water via ion-dipole interactions.
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Consequently, the highly responsive BSA matrix under-
goes anisotropic swelling directed by the skeletal
frames to effect rapid circle-to-triangle shape-shifting
(<2 s; Figure 1; Figure S3; Supporting Information Movie
S1) via arc-to-corner/edge transformations, as evident
from the fulfillment of the three criteria with area of
occupancy being (59 £ 2)%, protrusion index (50 + 1)%
and edge fitting (87 £+ 4)% (Figure 1f—h; Figure S2;
Figure S4a). We attribute such anisotropic swelling to
high mechanical constraints imposed by the skeletal
frames. Hence, regions of responsive BSA matrix at-
tached to or near the skeletal frame experience a greater
resistance to swell (lower swelling ratio) as imposed by
the stationary skeletal frame (Figure 1a; Figure 1b(3)).On
the other hand, regions of the same BSA segments
further away from skeletal frames are less constrained
and exhibit greater swelling.3® The presence of such a
swelling gradient in the responsive BSA matrix sand-
wiched between two adjacent skeletal frames generates
a new parabolic swelling profile. Such circle-to-triangle
transformation also exhibits high reversibility on de-
creasing pH 11 to initial pH 5 (Figure S3).

In addition, the shape of skeletal frames has a direct
impact on arc-to-corner/edge transformation and
hence the precision of shape-shifting from circle-to-
polygon. We demonstrate that triangular skeletal
frame is superior in generating well-defined corners/
edges when compared to skeletal frames of other
shapes, such as sticks and blocks (Figure 1c,d). This is
possibly due to sharper parabolic swelling profile
generated by triangular skeletal frames (Figure 1b),
which creates more oblique corners (protrusion index
= 50 £ 1%; Figure S4a) than other skeletal frames of
different shapes (Figure 1¢,d; Figure S4b,c). As demon-
strated in Figure 1c¢,d, BSA microstructures embedded
with stick- and block-shaped skeletal frames possess
broader and blunt parabolic swelling profiles due to
greater separation between adjacent skeletal frames,
which cannot form distinct edges and corners. BSA
microstructures embedded with stick-shaped skeletal
frames demonstrate area of occupancy, protrusion
index, and edge fitting of (40 + 1)%, (84 £+ 4)%, and
(70 £ 8)% (Figure S4b), respectively. For block-shaped
skeletal frames, the parameters are quantified accord-
ingly at (40 & 1)%, (69 % 3)%, and (86 £ 6)% (Figure S4c).
Hence, the swelling behavior of microstructures em-
bedded with both stick-shaped and block-shaped
skeletal frames did not meet all the predefined criteria
(Figure 1c,d; Figure 1f—h), and therefore, cannot be
considered as successful and well-defined circle-to-
triangle transformations. In comparison, a plain circular
BSA microstructure with no embedded skeletal frame
simply undergoes ~1.5-fold isotropic swelling at pH 11
without exhibiting shape-shifting behavior (Figure 1e).
Hence, it is evident that our design in using highly
cross-linked BSA skeletal frames is essential in the
geometrical shape-shifting process. Hereafter, we only
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Figure 2. Schematics depicting (a) area of occupancy and
(b) protrusion index to describe polygon-to-circle shape-
shifting. A successful polygon-to-circle shape-shifting event
occurs when area of occupancy and protrusion index are
>50%. (c) Schematic illustrating the edge-to-arc conver-
sions of responsive BSA matrices upon anisotropic swelling
at pH 11. Square-to-circle shape-shifting of BSA microstruc-
tures embedded with four spike-shaped skeletal frames
aligned along the (d) diagonal axes and (e) edge axes of
the square. (f) Control square BSA microstructure in the
absence of skeletal frame. (1, 2) Optical microscopic images
of as-fabricated BSA microstructure at pH 5, and their
transformed shape at pH 11, respectively. (3) Schematic
illustrating the anisotropic swelling profile of respective
BSA microstructures.

employ triangular skeletal frame for the fabrication of
circle-to-polygon BSA microstructures due to its ability
to create well-defined geometrical arc-to-corner/edge
transformation.

Polygon-to-Circle Shape-Shifting Microstructures. Our de-
sign is very versatile and is able to achieve the reverse
polygon-to-circle transformation. This is attained by
controlling both shape and orientation of embedded
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skeletal frame within the BSA microstructure. Using
similar criteria as the evaluation of circle-to-polygon
transformation, we define a polygon-to-circle shape-
shifting event as successful only when area of occu-
pancy and protrusion index are >50% (Figure 2a,b; Figure
S2b,c). For square-to-circle shape-shifting, we embed
four spike-shaped skeletal frames in “x” arrangement
in a square BSA microstructure (Figure 2d(1)). These
skeletal frames are aligned along the diagonal axes of
the square microstructure (oriented at 45°, 135°, 225°
and 315°), with each spike bound to one of the squares'
corners. This creates four regions of responsive BSA
matrices, each sandwiched between two adjacent
skeletal frames. As we increase pH from pH 5 to pH 11,
the straight edges of the square microstructure swell
anisotropically to produce arcs (Figure 2d(2)). These
corner/edge-to-arc transformations drive the square-
to-circle shape-shifting of BSA microstructure in <2 s
with area of occupancy and protrusion index of
(74 £+ 8)% and (89 £ 1)%, respectively, which is also
reversible on returning to pH 5 (Supporting Information
Movie S2). The anisotropic swelling of responsive BSA
matrix is due to pinning of skeletal frames to the four
corners of the square, which restrict swelling at/near
the corners. The embedded skeletal frames there-
fore create a broad arc-shaped swelling gradient be-
tween two adjacent corners of the square (Figure 2c;
Figure 2d(3)), characterized by restricted swelling near
the corners and a higher swelling ability at midpoints
of the square's edges. These individual arcs generated
upon swelling at pH 11 are joined at the initial corners'
positions, forming the continuous arc of shape-shifted
circular BSA microstructures.

The orientation of spike-shaped skeletal frames is
crucial in producing well-defined polygon-to-circle
transformation. We construct a similar square BSA
microstructure containing spike-shaped skeletal frames
but aligned along the edge's axes (oriented at 0°, 90°,
180° and 270°) instead (Figure 2e(1)). At pH 11, regions
of responsive BSA matrix do not generate arcs from
edges (Figure 2e(2)). Instead, it swells to yield a ~ 1.5-
fold larger pinched square, which does not demonstrate
geometrical shape-shifting. This observation highlights
the importance of orientation-dependent anisotropic
swelling of the responsive BSA matrix. When skeletal
frames are aligned along the square edge's axes, a
swelling gradient is created between midpoints of two
edges (Figure 2e(3)). In this case, midpoints of the
square edges experience the lowest swelling ability
due to mechanical constraints imposed by the skeletal
frame, whereas the four corners of the square exhibit
highest swelling ability. As a result, the square's corners
are preserved upon swelling at pH 11, leading to the
formation of a larger, pinched square. Furthermore, we
observe that a square BSA microstructure without skel-
etal frames exhibits isotropic swelling and not geomet-
rical shape-shifting (Figure 2f). Both controls therefore
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Figure 3. (a) Schematic depicting the circle-to-polygon
shape-shifting of BSA microstructure on stimulation at
pH 11. Optical microscopic images of dynamic geometrical
shape-shifting of circular BSA microstructures to (b) trian-
gle, (c) square, (d) pentagon, and (e) hexagon. (1, 2) Optical
microscopic images of as-fabricated BSA microstructure at
pH 5, and their transformed shape at pH 11, respectively.
Circle-to-polygon shape-shifting efficacy expressed in
terms of (f) area of occupancy, (g) protrusion index and
(h) edge fitting.

clearly depict the importance of the embedded skeletal
frame and its precise orientation to direct anisotropic
swelling for polygon-to-circle transformation in BSA
microstructures. We also determine that sharp-tipped,
spike-shaped skeletal frame is essential to bind and
restrict swelling near the corners effectively for genera-
tion of well-defined polygon-to-circle transformation.
This is superior to blunt-tipped or stick-shaped skeletal
frames, which are loosely attached to the polygon's
corners and do not yield geometrical shape-shifting to
circle effectively (area of occupancy = 223 £+ 7% and
protrusion index = 50 £ 8%; Figure S5b).

Generation of a Library of Geometrical Shape-Shifting Micro-
structures. On the basis of our design strategy above,
we fabricate a library of circle-to-polygon shape-shift-
ing BSA microstructures. The quantity of embedded
triangular skeletal frames is controlled to enforce the
essential arc-to-corner transformations in the respon-
sive BSA matrix. We embed four, five and six equally
spaced triangular skeletal frames in circular BSA micro-
structures (Figure 3c—e) to create square, pentagon
and hexagon from circle at pH 11, respectively. This is
attributed to the precise generation of four, five and
six corners as a result of the anisotropic swelling of
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responsive BSA matrix sandwiched between skeletal
frames (Figure S6; Supporting Information Movie S3).
We observe that the shape-shifted triangle, square,
pentagon and hexagon fulfill all the three criteria set
for well-defined circle-to-polygon shape-shifting with
area of occupancy >50%, protrusion index <50% and
edge fitting >50% (Figure 3f—h; Figure S6—S8).

Likewise, an assortment of well-defined polygon-
to-circle shape-shifting BSA microstructures are fabri-
cated simply by embedding spike-shaped skeletal
frames within responsive polygon matrices, with sharp
tips of skeletal frames bound to corners of the poly-
gons (Figure 4b—e). Using three, four, five and six
spike-shaped skeletal frames, triangle, square, penta-
gon and hexagon BSA microstructures undergo rapid
shape-shifting into circles as a result of well-defined
corner/edge-to-arc conversion at pH 11, with both area
of occupancy and protrusion index >50% (Figure 4;
Figure S2; Figure S9 and S10; Supporting Information
Movies S4, S5). Hence, it is clear that specific well-defined
circle-to-polygon or polygon-to-circle transformations
can be programmed by defining the number of skeletal
frames embedded in the BSA microstructures.

Rules-of-Thumb for Geometrical Shape-Shifting. Collec-
tively, we propose general rules-of-thumb for the
fabrication and programming of predefined circle-to-
polygon and polygon-to-circle shape-shifting into
BSA microstructures. First, arc-to-corner/edge conver-
sion is crucial in circle-to-polygon shape-shifting. This is
achieved by embedding equally spaced triangle-
shaped skeletal frames to direct the formation of sharp
corners in circular microstructures. Second, polygon-
to-circle shape-shifting requires corner/edge-to-arc
transformation, which is attained by aligning the sharp
tips of spike-shaped skeletal frames to polygon cor-
ners. Third, the quantity of embedded skeletal frames
determines the number of regions of responsive BSA
matrices available for arc-to-corner/edge or corner/
edge-to-arc transitions. These general rules-of-thumb
therefore highlight the versatility and simplicity of our
strategy to fabricate a wide variety of programmable
geometrical shape-shifting BSA microstructures. Such
rapid, dynamic, well-defined and on-demand geomet-
rical shape-shifting microstructures are essential for
the future construction and study of reconfigurable
“smart” materials.>* Furthermore, our precisely engi-
neered BSA microstructures are the first demonstration
of geometrical shape-shifting, which is in contrast to
conventional responsive microstructures that are typi-
cally limited to simple single-directional swelling. Such
geometrical shape-shifting is essential in nature. For
instance, pollen grains possess a stiff outer layer, akin
to our skeletal frames, which enables their geometrical
shape-shifting via different self-folding mechanisms to
protect against dehydration.®

Transformative 2D Array Configurations. Next, we fabri-
cate two transformative 2D patterned arrays with
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Figure 4. (a) Schematic depicting the polygon-to-circle
shape-shifting of BSA microstructure on stimulation at
pH 11. Optical microscopic images of dynamic shape-
shifting of BSA microstructures from (b) triangle, (c) square,
(d) pentagon, and (e) hexagon to circles. (1, 2) Optical
microscopic images of as-fabricated BSA microstructure at
pH 5, and their transformed shape at pH 11, respectively.
Polygon-to-circle shape-shifting efficacy is expressed in
terms of (f) area of occupancy and (g) protrusion index.

Kagome and open-structured hexagonal con-
figurations using geometrical shape-shifting BSA
microstructures and study the changes to physical
properties as the array configuration transforms in
response to pH stimulus. To differentiate the array
configurations upon geometrical shape-shifting at
pH 11, we assign “nodes” to both triangular and shape-
shifted circular BSA microstructures according to their
point-group symmetry, without considering the skele-
tal frames (Figure 511).%3 Briefly, the initial as-fabricated
triangular BSA microstructure has a point group of Dy,
hence we allocate “nodes” at the vertices and center of
microstructure to represent its D3, symmetry (Figure
S11a). On the other hand, circular BSA microstructure
adopts point group D..,, which can be in turn repre-
sented by assigning only one “node” to the center of
shape-shifted circular BSA microstructure (Figure 511b).*
The allocation of a “node” at the center of BSA micro-
structures is crucial to describe the position of the
microstructure, which remains unchanged throughout
the pH stimulation.

To start, we construct a periodic hexagonal array
comprising of triangular BSA microstructures oriented
outward with corner-to-corner alignment analogous of
trihexagonal tiling of Kagome configuration, where each
triangular microstructure represents the three vertices
of a triangular tile (Figure 5a and Figure 5b(1)).°
The “nodes” are subsequently allocated at the ver-
tices and center of individual microstructures to
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Figure 5. Raman images illustrating transformation of (a) Kagome to hexagonal and (e) open-structured hexagonal to
percolating hexagonal configurations. Each Raman image uses a unit cell of six triangle-to-circle shape-shifting micro-
structures arranged in a hexagonal manner. Optical microscopic images depicting topographical change in array config-
urations during (b) Kagome to hexagonal and (f) open-structured hexagonal to percolating hexagonal array transformations.
(¢, g) Voronoi analysis images overlaid with the optical microscopic images of (b) and (f), respectively. (1, 2) Arrays of
geometrical shape-shifting BSA microstructures at pH 5 and pH 11, respectively. Change in porosity of the two-dimesional
arrays during (d) Kagome to hexagonal and (h) open-structured hexagonal to percolating hexagonal configuration
transformations at different pH. All data were averaged using 10 measurements of individual unit cells and the error bars

were calculated as the standard deviation from the mean.

represent their D3, symmetry. The resultant configura-
tion (Figure S12a—c) follows closely to theoretical
illustrations employed in describing atomic/molecular
structures of 2D materials with Kagome configura-
tion (Figure $12g—i).%°~*? At pH 11, all individual BSA
microstructures undergo triangle-to-circle transforma-
tion as both area of occupancy and protrusion index
are >50%. This results in the 2D array with initial
Kagome configuration morphing into a distinct hex-
agonal configuration made of circular microstructures,
where individual circular microstructures are repre-
sented by a single “node” at their center to denote
the D..,, symmetry (Figure 5b(2); Figure S12e; Support-
ing Information Movie S6). This observation is further
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supported by a distinct change of tessellation
in the Voronoi analysis of the reference “nodes”
(Figure 5c(1—2); Figure S12), which is an image analysis
method capable of visually identifying virtual network
changes through forming unique tessellation by divid-
ing the 2D space into constituting partitions.*> We
emphasize that the allocation of “nodes” should be
consistent since virtual networks generated using
Voronoi tessellation varies significantly with node's
position caused by other arbitrary choice of similar
symmetry representation for the microstructures. For
Voronoi analysis on 2D array with Kagome configura-
tion, we observe the presence of vertex types of 3.4
(denotes a triangle and two trapezoid-shaped faces
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around a common vertex) and 4'? (denotes twelve
trapazoid-shaped faces centered at a common vertex)
(Figure 5¢(1)). On the other hand, the transformed
hexagonal configuration adopts a different 3° vertex
type (denotes six triangles around a common vertex;
Figure 5c(2)). The Voronoi tessellations of the experi-
mental Kagome and hexagonal configurations ob-
tained at pH 5 and pH 11, respectively, are com-
parable to their theoretical counterparts, comprising
of vertex types of (3.4% and 4'%) and 3°, respectively
(Figure S12g—I). We also note that by having BSA
triangular microstructures arranged in Kagome config-
uration (corner-to-corner alignment), the topographical
change does not alter the physical connectivity of
the microstructures since corner-to-corner distance
remains constant (Figure 5b).

We further study the effect of Kagome-to-hexago-
nal configuration changes on the array porosity and
pore shape, when pH is systematically tuned between
pH 5—12 (Figure S13). Briefly, array porosity is the
percentage of void area between BSA microstruc-
tures to the respective area of a hexagonal unit cell
(Figure S13). We observe that the increment from pH 5
to pH 12 induces a transition from Kagome to hex-
agonal configuration. This results in both a steady de-
crease in array porosity from 60% to 41% (Figure 5d)
and a change in pore shape from hexagon to six-
pointed star (Figure S13a). Such changes to array
porosity and pore shape are a consequence of trian-
gle-to-circle shape-shifting of individual BSA micro-
structures with increasing pH. It is therefore evident
that the physical properties of an array, such as array
porosity and pore shape, can be systematically modu-
lated upon transformation in array configurations by
regulating the pH stimulus.

In addition to Kagome array configuration, we also
fabricate pH-responsive and transformative 2D array
with open-structured hexagonal configuration. The
open-structured hexagonal array consists of inward-
oriented, edge-to-edge aligned triangle-to-circle shape-
shifting BSA microstructures arranged in a repeating
hexagonal array, where each triangular microstructure
also represents the three vertices of a triangular tile
(Figure 5e and Figure 5f(1)). At pH 5, the open-structured
hexagonal array exhibits Voronoi tessellation constitut-
ing of two distinct vertex types, i.e., 3.5 and 5°, centered
at a common vertex. The 3.5% vertex type consists of a
triangle and two diamond-shaped faces around a com-
mon vertice, whereas the vertex type of 5° denotes six
diamond-shaped faces centered at a common vertex,
respectively (Figure 5g(1); Figure S14a—c). In this ex-
ample, unlike the former, the edges of the triangles
approach each other as the individual BSA micro-
structures undergo triangle-to-circle shape-shifting
(Figure 5f(2); Figure S14d—f; Supporting Information
Movie S7) at pH 11, which caused the transitions of
open-structured hexagonal array configuration to a
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percolating hexagonal configuration upon swelling.
The percolating hexagonal array possesses vertex type
of 3% in its Voronoi examination (Figure 5g(2)). This
observation is in agreement with their respective
theoretical Voronoi tessellation (Figure S14g—i;
Figure S14j—I), which also demonstrates conversion
of vertex types (3.5% and 5°) to 3° upon transformation
of array configurations. The transformation from open-
structured hexagonal configuration to percolating
hexagonal configuration can be attributed to the
reduction in number of “nodes” which are assigned
at the center of microstructures, at pH 11. This is due to
the change in point group symmetries of the micro-
structures from D3, to D.., resulting from loss of well-
defined corners during the triangle-to-circle transforma-
tion of BSA microstructures as pH increases. As triangu-
lar microstructures swell into circular shape from pH 5 to
pH 11, edge-to-edge distance between microstructures
decreases (58 + 4)% from (7.8 & 0.1) um to (3.3 =
0.3) um and the swollen edges approach each other
(Figure S15) resulting in topological transition. The per-
colating hexagonal array also experiences a reduction
in array porosity from 69% to 38%, while the pore
shape changes from asterisk-shape to six-pointed star,
the pH increases from pH 5 to pH 12 (Figure 5h;
Figure S13b). With triangular BSA microstructures ar-
ranged in open-structured hexagonal array configura-
tion, change in topology, pore shape and pore size
are observed together with topographical transition
from open-structured hexagonal configuration to per-
colating hexagonal configuration in response to pH
stimulus.

Collectively, both the examples of array configura-
tion transformations clearly exemplify the importance
of our design and strategy on geometrical shape-
shifting microstructures for the first experimental
demonstration of dynamic, on-demand transforma-
tive 2D arrays. Together with the extensive range of
transformative 2D array configurations demonstrated
(Figure S16), the precise modulation of physical prop-
erties, such as connectivity and array porosity, in geo-
metrical shape-shifting microstructure arrays marks
the advent of multifunctional, tunable “smart” mate-
rials for photonic or microfluidic devices. Our work can
also be extended to future studies on reconfigurable
3D crystals.

CONCLUSIONS

We have demonstrated the fabrication of a large
library of well-defined circle-to-polygon and polygon-
to-circle shape-shifting bovine serum albumin (BSA)
microstructures by adopting three general rules-of-
thumb: (1) arc-to-corner/edge conversions essential
for circle-to-polygon transformation is achieved by
employing triangular skeletal frames; (2) polygon-to-
circle shape-shifting requires the transformation of
corner/edge to arc, which is attained by orienting
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spike-shaped skeletal frames toward the polygon's
corners, and (3) number of corners/arcs created is
controlled by the quantity of skeletal frames em-
bedded. We apply these shape-shifting microstruc-
tures to construct the first transformative 2D array
capable of undergoing reversible Kagome to hexago-
nal and also open-structured hexagonal to percolat-
ing hexagonal configuration transformations. Such
versatile transformations in array configurations confer
immense potential in the tuning of array physical

METHODS

Materials. Lyophilized powdered bovine serum albumin
(BSA) (96+%), HEPES (99.5+%), rose bengal (95%), powdered
sodium chloride (NaCl; 99+%) and phosphate buffered saline
tablets (PBS) were purchased from Sigma-Aldrich. Dimethyl
sulfoxide (DMSO; AR grade), hydrochloric acid (37%), and
sodium hydroxide pellet (>97%) were purchased from Goodrich
Chemicals. The chemicals were used without further purifica-
tion. Milli-Q water (>18.0 MQ.cm) was purified with a Sartorius
arium 611 UV ultrapure water system.

Preparation of BSA Protogel Precursor Solution. 2.9 g of BSA
powder and 1.94 mL of DMSO were added to an aqueous
solution of 8.5 mM rose bengal and 100 mM NaCl in 20 mM
HEPES buffer to make up a total volume of 10 mL. The mixture
was filtered through a hydrophilic PVDF syringe filter (pore
size = 0.22 um) to remove impurities before use.

Fabrication of BSA Microstructures. Fabrication of the protogel
structures were performed using the Nanoscribe Photonic
Professional. The system is equipped with a femtosecond laser
source with a center wavelength of 780 nm. Structures of
the protogels were designed using a CAD software, 3ds Max.
Parameters of the structures were defined by the Nanoslicer
and DeScribe softwares. NanoWrite software controls both the
movement of piezo-driven nanopositioning scanning sample
stage as well as emitting power of the laser as programmed
using the Nanoslicer and DeScribe softwares. All structures
were written on square glass substrates (width = 22 mm and
thickness ~0.13 to 0.16 mm) with 13 mW laser power, 0.2 um
line (x—y) distance, scan speed of 30 um/s and various layer
distance along z-axis (Ad). Resist containing BSA and rose
bengal was deposited on a glass substrate. Photopolymeriza-
tion started at the interface between resist and glass substrate,
allowing fabricated structures to be firmly attached to the
glass substrate. Resist within the confocal volume of the laser
underwent polymerization and cross-linking on glass substrate.
After fabrication, the substrate was soaked in 20 mM PBS
buffer to remove excess unpolymerized resist, and subsequently
washed with water and stored in nitrogen box. The fabricated
microstructures remained fixed on glass substrates after
development.

All individual circle-to-polygon and polygon-to-circle
shape-shifting microstructures were fabricated with dimen-
sions of 20 um x 20 um x 5 um, I x w x h. Microstructures
constituting the 2D patterned arrays with different configura-
tions were fabricated with dimensions of 12 um x 12 um x
5um,l xwx h.

Dynamic Geometrical Shape-Shifting of BSA Microstructures. All as-
fabricated BSA microstructures were equilibrated in pH 5 solu-
tion for 3 min and subsequently transferred to a pH 11 solution.
The BSA microstructures were equilibrated for another 3 min.
Both the BSA microstructures at pH 5 and pH 11 were monitored
using optical microscope and Raman microscopy. For the in situ
monitoring of shape-shifting process using optical microscope,
the optical images were captured continuously as the pH of the
solution was gradually increased from pH 5 to pH 11.

Materials Characterization. Bright field optical microscopy
was performed using an Olympus BX51BD microscope. Raman
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properties, such as connectivity and array porosity,
necessary for controlled interaction with light and
fluids. This enables us to potentially tune electromag-
netic wave in near-infrared region, modify fluid flow
behavior and also identify and direct different phases
of fluids (pH variation in this case) crucial in the field of
photonics and microfluidics, respectively.?®4~4¢ Qur
work also provides scientific insights potentially applic-
able for the future construction of 3D reconfigurable
crystals.

imaging was obtained using the Ramantouch microspectro-
meter (Nanophoton Inc, Osaka, Japan) equipped with an
Apochromat NIR water immersion objective from Nikon (60x
magnification, NA 1.0). The wavelength and power of excitation
laser were set at 532 nm and 0.10 mW, respectively, and Raman
acquisition was performed with an exposure time of 0.8 s/line.
All data for the physical characterization of BSA microstructures
were averaged using at least 10 measurements.

Data Analysis. Measurements of swelling ratio, pH-induced
changes in porosity of the transformative 2D arrays, and
Voronoi analysis of as-fabricated BSA microstructures were
conducted using Imagel. The differences in array configurations
were evaluated by recognizing and identifying the well-defined
corners of polygons, as well as the center of individual micro-
structures, as reference points. Voronoi tessellation was em-
ployed to visually illustrate the change in array configurations.
Since Voronoi tessellations change with “nodes” assignment, for
consistency, reference “nodes” are allocated on the vertices and
center of a triangular microstructure according to D3, symmetry
of a triangular prism (Figure S11a). On the other hand, we assign
a single “node” at the center of these shape-shifted circular BSA
microstructures to denote its D..,, (Figure S11b). We would like
to clarify that virtual networks generated using Voronoi tessel-
lation varies with allocation of “nodes”, which means other
arbitrary choices of reference positions would produce different
virtual network transformations.
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