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The traditional motivation for integrating biological components into microfabricated devices has been to
create biosensors that meld the molecular recognition capabilities of biology with the signal processing
capabilities of electronic devices. However, a different motivation is emerging; biological components are
being explored to radically change how fabrication is achieved at the micro- and nanoscales. Here we review
biofabrication, the use of biological materials for fabrication, and focus on three specific biofabrication
approaches: directed assembly, where localized external stimuli are employed to guide assembly; enzymatic
assembly, where selective biocatalysts are enlisted to build macromolecular structure; and self-assembly,
where information internal to the biological material guides its own assembly. Also reviewed are recent
results with the aminopolysaccharide chitosan, a material that offers a combination of properties uniquely
suited for biofabrication. In particular, chitosan can be directed to assemble in response to locally applied
electrical signals, and the chitosan backbone provides sites that can be employed for the assembly of proteins,
nucleic acids, and virus particles.

Introduction processing capabilities of microfabricated devices allowed
In the past, the primary reason for integrating biological the creation of rapid and sensitive biosensors for detection
components into microfabricated devices was to enlist the 2nd quantification (e.g., to diagnose disease). More recently,
molecular recognition capabilities of nucleic acids, enzymes, different biological components are being examined to
and antibodies to perform biosensing functidns.The perform a different function: to facilitate fabrication. Interest
coupling of these biosensing components with the signal in biofabrication (the use of biological materials for fabrica-
tion) is driven by the opportunity to access a wider range of
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Functionalization of glucosamine andll-acetylglucosamine. It is important to
Crosslinking note that the term “chitosan” does not refer to a single well-
Microcontact defined structure, and chitosans can differ in molecular

Grafting
Fabrication

Properties  “p . > Printing weight, degree of acetylation, and sequence (i.e., whether
o . the acetylated residues are distributed along the backbone
{’ﬁ,o} {%0} in a random or blocky manner). As a result of these structural
= &’ i differences, the properties of chitosan (e.g., tig) san also
Com LowpH <—> HighpH vary somewhat. In the following, we consider the behavior
‘omplexation Polycationic Network-forming P P H H
with Polyanions (Soluble) E{‘;‘::{“UEI:‘;”K of a typical chitosan with a degree of acetylation of 20% or
P less and a molecular weight on the order of 200 kDa. The

Casting i i i
Layer-by-Laye? asting unique structural feature of chitosan is the presence of the

Assembly > Spinning primary amine at the C-2 position of the glucosamine
Electrodeposition residues. Few biological polymers have such a high content
Figure 1. Schematic illustrating chitosan’s versatility for fabrication. of primary amines, and these amines confer important

At low pH (less than about 6), chitosan’s amines are protonated . . . .
conferring polycationic behavior to chitosan. At higher pH (above functional properties to chitosan that can be exploned for

about 6.5), chitosan’s amines are deprontonated and reactive. Also biofabrication.
at higher pH, chitosan can undergo interpolymer associations that

can lead to fiber and network (i.e., film and gel) formation. on o o -
o Q - o ° +
lithography is the primary approach used to fabricate highly %°%7} — %/0%7} * amH
organized surfaces in the microelectronics industry, and ® n n
photolithographic patterning is based on applying localized Soluble
optical stimuli to initiate selective photochemistries. An
alternative patterning approach is soft lithography that The inner region of Figure 1 indicates that pH substantially
includes a variety of techniques, one of which is microcontact alters the charged state and properties of chitosan. At low
printing>® In microcontact printing, a “molecular ink” is  pH, these amines are protonated and positively charged, and
mechanically “stamped” onto a substrate, and a specific chitosan is a water-soluble cationic polyelectrolyte. At high
surface chemistry is often used to ensure the ink is retainedpH, chitosan’s amines become deprotonated and the polymer
at the stamped locations. Finally, dip-pen and related printing loses its charge and becomes insoluble. Importantly, chito-
approaches emerged to mechanically deliver (i.e., “spot”) san’s K, is near neutrality®2° and the solubleinsoluble
biological probe molecules (particularly nucleic acids) onto transition occurs at pHs between 6 and 6.5 which is a
slides for genome analysis. Once these biological probe particularly convenient range for biological applications. In
molecules are spotted, coupling chemistries are often usedcontrast, polylysine has a considerably highi€s (=10) and
to retain the probe at its specific address. A broad (admittedly exists only as a polycation at pHs where biological systems
oversimplified) generalization of these three traditional are stable. At high pH, chitosan’s electrostatic repulsions are
fabrication approaches is that they confer patterns andreduced allowing the formation of inter-polymer associations
structures to materials by couplifgcalized external stimuli  (e.g., liquid crystalline domains or network junctions) that
(optical or mechanical) witlspecific chemistries can yield fibers, films, or hydrogels, depending on the
Interest in biofabrication is driven by the potential that a conditions used to initiate the solubl@ésoluble transitiorf!
broader range of fabrication options can be accessed wherFinally, Figure 1 indicates that chitosan’s amines are reactive
biological materials are employéd® Well-recognized isthe  allowing a range of chemistries to be employed to graft
potential of biological materials to self-assemble. Information substituents to functionalize chitosan or to cross-link the
within their structure enables many biological materials to chitosan backbone to confer elasticity.
assemble over a hierarchy of length scales without the need Fabricating Chitosan Membranes, Films, and Three-
for externally applied stimuli. However, biological materials Dimensional Structure. The outer region in Figure 1
offer additional opportunities for biofabrication. We review illustrates that chitosan’s properties allow various methods
three fabrication options that are enabled by the use ofto be used to fabricate membranes, thin films, and three-
biological materials: directed assembly, enzymatic assembly,dimensional structures. Because chitosan can be dissolved
and self-assembly. Also, we summarize recent results sug-under mildly acidic aqueous conditions, it can be readily cast
gesting the aminopolysaccharide chitosan may be a keyinto membranes and films that can be converted into
enabling material for biofabrication. insoluble networks by neutralization, as suggested by the
dotted line in Figure 1. In addition to generating films and
membranes, chitosan’s pH-responsive solubility has also been
In this section, we briefly summarize chitosan’s unique used to fabricate three-dimensional scaffolds using rapid
properties for biofabrication (readers interested in chitosan’s prototyping robotic dispensiri§ Alternatively, cast chitosan
use in food, medical, and textile applications are referred to membranes/films can be made insoluble over the entire pH-
recent reviews 1%, Chitosan is a linears-1,4-linked range by covalently cross-linking the chitosan chains, a
polysaccharide (similar to cellulose) that is obtained by the procedure that is facilitated by the abundance of chitosan’s
partial deacetylation of chitin. Because chitin deacetylation reactive amines. In addition to casting films, microcontact
is incomplete, chitosan is formally a copolymer composed printing methods have been used to stamp materials onto

Insoluble

Unique Properties of Chitosan for Biofabrication



Biofabrication with Chitosan

Table 1. Recent Reports on Chitosan’s Fabrication into
Membranes, Films, and Three-Dimensional Structures

ref
32

fabrication approach and results

solutions of chitosan and gold nanoparticles
were cast into composite films for potential
uses in trace analyses

colloidal solutions of carbon nanotubes and
chitosan were cast onto an electrode, and then
an enzyme was covalently tethered to the chitosan
(using glutaraldehyde) for biosensing applications

solutions containing carbon nanotubes and a redox
mediator (the mediator was covalently attached to
the chitosan backbone using glutaraldehyde)
were cast into films that permit NADH oxidation for
biosensors, bioreactors or biological fuel cells

chitosan, an enzyme, and CdSe quantum dots were
assembled layer-by-layer for biosensor construction

chitosan was spin-coated and covalently cross-linked
into films for metal ion detection

chitosan and dextran sulfate were assembled
layer-by-layer to create multilayer films with alternating
pro-coagulant and anti-coagulant properties

chitosan and an anionic polysaccharide were
assembled layer-by-layer to generate films that
were able to undergo enzymatic hydrolysis
(e.g. degradation)

chitosan solutions were cast into films that were
electrochemically patterned to alter optical, mechanical,
and conducting properties

chitosan solutions were spin-coated and then
stabilized lipid bilayers were deposited using the
Langmuir—Blodgett trough method

chitosan and an azo dye were assembled layer-by-
layer for light-induced storage

chitosan solutions were used for rapid prototyping robotic
dispensing to construct a three-dimensional scaffold with
a fully interconnected channel architecture

chitosan solutions were spin-coated and then
plasticizer-assisted imprinting was used to create
nanoscale topographical features

chitosan was microcontact printed onto glutaraldehyde-
activated glass to provide patterned regions
for cell binding

an anionic copolymer was microcontact printed onto
a thin chitosan film to pattern regions that promote
cell-adhesion (exposed chitosan) or resist
cell-adhesion (exposed copolymer)

33

34

35

37

39

40, 41

42

43

177

23

178

26

24

chitosan filmg*25or to stamp chitosan onto activated glass
surface<® Finally, chitosan’s polyelectrolyte behavior allows
complexation with anionic polyelectrolytes (e.g., to create
chitosar-DNA complexes), and layer-by-layer assembly
(e.g., to create chitosan-based multilayer fil#is§!

The ease of forming chitosan films, along with some of
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Figure 2. Hybrid materials can be directed to assemble if one
component (e.g., the nano-component) can respond to an external
stimulus. Microfabrication allows devices to be constructed that can
apply a variety of external stimuli with spatial and temporal control.

of this aminopolysaccharide is illustrated by a few such
examples. Chitosan’s metal binding properties allow thin
films to be exploited for metal detectiGh’ Layer-by-layer
(LbL) assembly of chitosan with dextran sulfate allows the
construction of multilayer films with alternating procoagu-
lation (based on chitosan) and anti-coagulation (based on
dextran sulfate) properti€&3°Chitosan-based polyelectrolyte
films can also be “dis-assembled” (i.e., degraded) by
chitosan-hydrolyzing enzymé&* The ease with which
chitosan’s amines undergo reaction allows flexible films to
be electrochemically micropattern&d.angmuir-Blodgett
methods have been utilized to assemble supported lipid
bilayers onto chitosan film& To summarize, chitosan’s
versatility is attracting growing attention in thin film ap-
plications for environmental, medical and consumer purposes.

Directed Assembly

As mentioned in the Introduction, photolithography, soft
lithography, and printing approaches rely on localized
external stimuli to create spatial order. In these conventional
fabrication approaches, the external stimulus is either optical
(for photolithography) or mechanical (for soft lithography
or printing). There is an emerging trend to use a broader
range of external stimuli to direct components to assemble
and to guide spatial ordering. As suggested in Figure 2, this
trend is emerging because of the increasing capabilities to
construct hybrid materials that consist of one component
(typically an inorganic nanoparticle) that confers responsive-
ness to a specific stimulus (e.g., magnetic).

Currently, hybrid materials composed of nanoparticles and
biological components are under intense study for various
applications (e.g., medical imaging or therapeutic interven-
tion).1944We cite only two examples to illustrate the potential
of hybrid materials to direct or detect assembly. First, Lvov

the unique properties conferred by chitosan has led to anand co-workers used layer-by-layer (LbL) assembly to create

explosive growth in the literature as highlighted in Table 1.

core-shell particles with a co-immobilized enzyme and

In some instances, chitosan serves simply as a matrix tomagnetic nanoparticle. These hybrid particles retained both

entrap components within the film’'s network. Examples
include the entrapment of nanoparticles (e.g., quantuni‘dots
and carbon nanotub®s$4 and biologically active compo-

nents (e.g., enzyme®In other instances, chitosan confers
unique functional properties to the films, and the versatility

their biocatalytic activity and their responsiveness to locally
applied magnetic field® Second, Willner and co-workers
created a hybrid material from a biological sensing compo-
nent and a magnetic particle. This hybrid allowed bio-
molecular recognition to be detected by the magnetome-
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chanical deflection of a cantilevé&rAlthough these examples (a)

illustrate the potential of directing the assembly (or delivery) 7771 112H,

of bio-nano hybrids, there are also exciting advances in the @ Low pH
synthesis of such bio-nano hydrids. In particular, molecular H* (;’Oﬁl‘l‘)‘:;)

biological methods are being applied to discover/evolve
peptide sequences that allow biological components (e.g.,
proteins, virus particles, or cells) to selectively recognize and
couple to nanoparticleg:50

In the above paragraph, we cited two examples in which
externally applied magnetic stimuli were used to guide
assembly. Even more convenient are electrical stimuli that
can also be applied with high spatial and temporal control.
Further, biological components predictably respond to local-
ized electrical stimuli. Nucleic acids are anionic polyelec- (b) 2
trolytes and electric fields are routinely used to guide their
migration for electrophoretic separations. Proteins are
zwitterionic and electric fields can be used to “focus” them
at their isoelectric point.

Electrodeposition: Chitosan’s Directed Assembly in
Response to Electrical StimuliOne of chitosan’s key assets
for microfabrication is its unique response to applied
electrical stimuli. Specifically, chitosan can be electrode-
posited at a cathode surface by the mechanism illustrated in
Figure 3a. When the applied voltage is sufficient for protons

; 0 4 8 12 16
to be reduced at the cathode surface, then a localized pH Time (min.)
gradient is generated.If this localized gradient is created
in the presence of chitosan (i.e., if the electrodes are
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immersed and biased in a slightly acidic chitosan solution), Directed Agsembly of
then chitosan chains that experience the high localized pH Fluor%sr::em-labeled
itosan

at the cathode surface can deposit as a thin film. To our
knowledge, there are no reports of the nano- and microscale
morphologies of the electrodeposited chitosan.

Figure 3b shows representative results indicating that the
thickness of the electrodeposited chitosan film can be varied
depending on deposition conditiofsinterestingly, when
high current densities are imposed to generate a high Micropatterned
localized pH that is expected to extend further from the Cathode
cathode surface, chitosan deposits as a thick (several mm)igure 3. Directed assembly of chitosan in response to locally applied
hydrogel rather than a thin filg® In summary, chitosan’s electrical stimuli. (a) Mechanism for chitosan’s directed assembly (i.e.,

H . . I ; be di ’d bl electrodeposition).>3 (b) Thickness of deposited chitosan can be
P -responsive pmp?rt.'es allow it to be directe .tO asserr_l € controlled by deposition conditions (results for deposition at an applied
(i.e., to electrodeposit) in response to locally applied electrical voltage of 2.5 V from a 1% chitosan solution with a bulk pH of 552).
stimuli. (c) Deposition is spatially selective as evidenced by deposition of

Whereas Figure 3b shiows that citosan can be controllably aieseenly_ sbele¢ chiosen onto micropatemes 20, um g0
electrodeposited normal to the cathode surface (i.e., iz the from a 0.8% labeled-chitosan solution with a bulk pH of 5.654).
direction), it is also possible to control chitosan’s deposition
laterally (i.e., in thex—y directions). In particular, chitosan um patterned gold lines that was immersed in the chitosan-
can be deposited onto electrodes that have been microfab-containing suspension and biased to serve as the cathode (the
ricated onto standard substrates (i.e., silicon wafers) and thatanode in this experiment was an unpatterned gold-coated
have arbitrarily complex surface patterns. This microscale wafer). The fluorescence photomicrograph and image analy-
electrodeposition that is illustrated in Figure 3c, which shows sis in Figure 4c show that the 100 nm particles were
the deposition of a fluorescently labeled chitosan onto 20 assembled onto the cathode surface with high lateral resolu-
um gold electrodes, is achieved with high lateral resolutfon.  tion (i.e., in the x—y directions). Control experiments
The potential utility of chitosan’s electrodeposition can demonstrate that chitosan is required for nanoparticle as-
be illustrated by a couple of examples. First, Figure 4a sembly, whereas further analysis indicated that the nano-
illustrates that chitosan can mediate the spatially selective particles are entrapped throughout the chitosan matrix (i.e.,
assembly of nanoparticles that are suspended in a chitosarin the z direction). Potentially chitosan-mediated electrodepo-
solution. To demonstrate this capability, 100 nm fluorescent sition provides a means to assemble nanoscale particles into
latex spheres were suspended in a 1% chitosan solution ahigher-order structures, a requirement that is necessary to
pH 5. Figure 4b shows the silicon wafer fabricated with 20 exploit many of the unique properties of nanopartiéfes.
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(a) lustrate that chitosan deposition can be used to mediate the
Hz Chitosan _ — assembly of additional components (e.g., nanoparticles and

."'a‘“c"’a”'t"”""3 enzymes). Finally, it is important to note that chitosan’s
. deposition is not confined to two-dimensional surfaces, as
recent results show that chitosan’s deposition can be extended
to the base and sidewalls of microfluidic chanrféf®.

Electrodeposition
_—

Au

Enzymatic Assembly

Wafer

Wafer

As mentioned in the Introduction, traditional microfabri-
cation methods create patterns and structure by employing
external stimuli and specific chemistries. In principle,
enzymes should be well-suited for microfabrication because
they catalyze chemical reactions with exquisite selectivity
and they impose less-burdensome requirements on fabrication
(enzymes function in aqueous solution and do not require
the extreme purities or extensive clean-room facilities
common to traditional microfabrication). However, the
selectivity of enzymes limits their use: many synthetic
materials are not acted-upon by enzymes (that is why many
synthetic polymers are not biodegradable). The most obvious
way to enlist enzymes for biofabrication is to use biological
materials that are substrates for enzymes.

As illustrated in Table 2, there have been some efforts to
Figure 4. Chitosan’s electrodeposition can mediate nanoparticle exploit biological materials and enzymes for fabrication, and
a}ssembly. (a) Mechanism of chit_osan-mediate(_j_nanoparticle deposi- many of these efforts have focused on hydrolytic enzy?ﬁes.
t|(_)n at the catho_de. (b) F’hotom_|crograph of S|_I|_con wafer patterned For instance peptides and proteins have been used as
with 20 um gold lines that were biased for deposition. (c) Fluorescence ’
photomicrograph showing spatially localized deposition of 200 nm temporary fabrication aids (e.g., as scafféldws resist8?)
fluorescent latex spheres from a 1% chitosan solution (pH = 5).%° because proteases can chemoselectively remove these materi-

In a second example, Chen and co-workers used chitosanals without damaging the desired, fabricated structure. There
mediated electrodeposition to provide a simple means to have also been efforts to combine the chemical selectivity
assemble components for a glucose biosensor. For oneof enzymes with the spatial resolution of the atomic force
biosensor, they dispersed gold nanoparticles (17 nm) in amicroscope (AFM) for nanolithographic patterning of lipid
solution containing chitosan (0.5%) and the enzyme glucose bilayers?® surface-bound peptidé$,and a self-assembled
oxidase (5 gm/L) and then electrodeposited to form a monolayer (SAM) of oligonucleotidés.
hydrogel-based nanoparticle-enzyme “biocomposite”. The A second general approach for enlisting enzymes for
authors report that the gold nanoparticles enhanced thefabrication is to access the extensive “toolbox” available for
enzyme'’s stability and facilitated the electrochemical detec- manipulating nucleic acids. In addition to the ability of
tion of the HO, reaction product® The authors assembled nucleic acids to self-assemble (i.e., to undergo programmable
a second glucose biosensor by dispersing carbon nanotubebybridization), they can be manipulated by a variety of
(0.5 g/L) into a chitosan solution (1%; pH 5), adding glucose proteins. Table 2 lists some unique fabrication capabilities
oxidase (5 gm/L) to the solution, and then electrodepositing that are enabled by these enzymes and binding proteins.
(10 min at 3 V) to generate a chitosan film containing both Probably the most thoroughly developed example enlisted
carbon nanotubes and the enzyme. The authors report thdnomologous recombination with the RecA protein fr&m
carbon nanotubes were homogeneously distributed through-coli.®® In these studies, RecA polymerization on a single-
out the film and catalyzed 4D, reactions’ In both cases, stranded DNA provides a nucleoprotein filament that can
chitosan’s electrodeposition provided a simple one-step recognize and bind to a homologous sequence (i.e., a specific
method to assemble the components, and the method wag@ddress) on a double-stranded DNA (dsDNA) scaffold. The
sufficiently mild to ensure retention of enzyme activify’ bound nucleoprotein filament acts as a sequence-specific

In summary, the application of localized signals to direct resist that protects the underlying dsDNA scaffold from
assembly is particularly promising because (i) microfabri- subsequent metallization steps that assemble gold onto the
cation allows devices to be created that can impose a rangdDNA scaffold. Homologous recombination thus provides a
of stimuli (e.g., electrical, optical, mechanical, and magnetic) means to pattern insulating gaps into conducting nanoWires.
with high spatial and temporal control and (ii) various In additional studies, the nucleoprotein filament was used
materials (e.g., nanoparticle hybrids) can now be synthesizedto localize a single-walled carbon nanotube to fill the
to respond to these stimuli. Chitosan is a particularly insulating gap and ultimately to yield a field-effect transis-
promising material because it responds to locally imposed tor.%®
electrical signals by depositing as a thin film (or thicker  The final entry in Table 2 is an example in which a motor
hydrogel), and this directed assembly can be controlled protein was integrated into a microfabricated device. Al-
spatially and temporally. Further, the above examples il- though this protein is not being used for fabrication (the topic




(the motor was engineered through rDNA to selectively
interface with the device through His fusion tags)
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Table 2. Examples of the Use of Enzymes for Fabrication
enzyme use ref
Hydrolytic Enzymes

protease to digest gelatin resist and to selectively etch 60

protease to digest a peptide scaffold after it had been 61
used as a template for the construction of a silver nanowire

protease to digest a gelatin resist without destruction of an assembled 62
nucleic acid probe or polysaccharide sublayer

phospholipase A, to pattern supported lipid membrane gel for 63
“enzyme-assisted nanoscale lithography”

protease to pattern surface-bound peptides with a protease tethered to 64
an AFM tip for “enzymatic lithography”

DNase | to pattern a self-assembled monolayer of oligonucleotide 65
using an AFM tip inked with DNase and then activating the written
DNase with Mg?* for “enzymatic nanolithography”

amylase to destabilize and precipitate starch-stabilized Au nanoparticles 179

acetylcholinesterase to convert acetylthiolcholine into thiolcholine that can self-assemble 180
onto micropatterned gold surface

Enzymes/Proteins that Act on Nucleic Acids

RecA to provide a sequence-specific resist for spatially selective DNA 67
metallization (“sequence-specific molecular lithography”)

RecA to create a field-effect transistor using homologous recombination 68
to provide a sequence-specific resist and a means to localize
a single walled carbon nanotube

DNA methyltransferase to introduce sequence-specific conformational perturbations to DNA 181

restriction endonuclease to program DNA self-assembly using a restriction endonuclease 182

and DNA ligase to de-protect and create cohesive ends for hybridization, and then
DNA ligase to covalently connect the strands
(“programmed enzymatic self-assembly of DNA”)

Taq DNA polymerase to tether oligo d(A—T)s to surfaces by polymerization of dATP 183
and dTTP in the absence of added primer/template

Oxidation/Reduction Enzymes

horseradish peroxidase to pattern conducting polymers by combining dip pen 184, 185
nanolithography (to write the monomer onto a surface)
with enzyme-catalyzed polymerization

horseradish peroxidase to polymerize aniline onto a DNA template 186

alcohol dehydrogenase to enzymatically generate NADH that mediates the 187
shape-selective growth of nanoparticles

Motor Proteins
Fi1-ATPase to power a nano-device using biomolecular motor 71

of this review), its use represents an exciting effort to exploit or activated substratesS-a@denosylmethionine) to build
biological systems to transduce chemical energy (in the form structure. It would be desirable if simple, noncofactor-
of ATP) into mechanical functiof?. This example does requiring enzymes were available to build macromolecular
however illustrate the potential of harnessing molecular structure; however, few candidate enzymes are known. One
biology to facilitate assembly. Specifically, the-ATPase candidate is transglutaminase that catalyzes transamidation
was engineered to have a histidine fatipat allowed the reactions between the glutamine and lysine residues of
protein to be oriented onto the fabricated nickel posts of their proteins.
device’*"2Further, an allosteric site based on zinc binding  This single enzymatic activity has been used to site-
was incorporated to regulate motor functiGn. selectively modify proteind="8 and peptide$? and thus
enables control of macromolecular architecture. Also, trans-
0 . glutaminases have been used to catalyze covalent cross-
. N'H;J\ Transglutaminase H_ __K . . a7 . . .
\/C NH, + —_— YC NH: + NH, linking reaction&® 8" that confer mechanical properties (i.e.,
elasticity). Since these networks are constructed under mild
conditions, labile biological components (viable c&llsnd
biologically active peptidé8°% can be incorporated into
In most of the examples in Table 2, the enzymes either these matrixes without loss of biological function. Interest-
catalyze hydrolytic reactions that cleave structure (i.e., reduceingly, while transglutaminase is quite effective in cross-
molecular weight) or require complex cofactors (e.g., ATP) linking open chain proteins (when Lys and GIn residues are

o Gm  Lys

Protein Protein Cross-linked Protein
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accessible), it is less able (or unable) to react with globular @) oH Chitosan

proteing® unless their native structures are partially un- _ mw ®
folded %% This apparent limitation allowed Nagamune and Tyrosinase — 3

co-workers to engineer proteins to have N-terminal fusion +0,

tags with accessible residues for transglutaminase-catalyzed (b) 600

reactions. Proteins with these fusion tags were enzymatically His-GFP-Tyr
conjugated to yield homo- and heterodimeric prot&it8 £ 500 = . L
and functional heterodimet8:'%?Although the above studies g & 490 | «t -

were not focused on microfabrication, they demonstrate that = & T }{

this single noncofactor-requiring enzymatic activity allows § £ 300

complex macromolecular architectures to be constructed, § §- 3

important mechanical properties to be conferred, and labile g @ 200 ) /

biological functions to be added. Further, molecular biologi- 2 1g0 g:'i"fs';:'w”

cal methods could be employed to construct specific sites Conjugate . .

for transglutaminase catalysis. Not surprisingly, transglutami- 0

nase’s potential is beginning to attract attention for micro- 5 5.5 6 6.5 7 7.5 8
fabrication applications. pH

A second, noncofactor-requiring enzymatic approach for Figure 5. Enzymatic assembly of proteins onto the chitosan back-
building macromolecular structure is based on the enzyme bone. (a) Schematic of the tyrosinase-initiated enzymatic assembly

¢ . T . d related ph | id of proteins onto chitosan (i.e., conjugation). (b) Conjugation can confer
yrosinase. lyrosinases (an related phenol oxi ases) AlQhitosan's pH-responsive solubility to the model green fluorescent

oxidative enzymes that convert a broad range of phenols intoprotein (GFP). The unconjugated control (designated “His-GFP-Tyr")
o-quinones. Tyrosinases are simple to use because moleculas soluble over the entire pH range, whereas the conjugated protein
oxygen is the oxidant and no complex cofactors are required. S Soluble atlow pH but becomes insoluble at higher pHs. Insert shows
Th . h d d . . d aft that increasing pH leads to the formation of a fluorescent precipitate
eo-quinones that are produced are quite reactive and aftersy, the conjugate of His-GFP-Tyr and chitosan. 17

diffusing from the enzyme’s active site can undergo a cascade

of uncatalyzed reactions. In nature, this enzyme is responsible Enzymatic Assembly Directed Assembly
for the enzymatic browning of foods, the hardening of insect ~ mactive Chitosan Fatterned
cuticles, and the setting of the mussel's water resistant Enpvmatic

adhesive proteitf® 1% Previous studies have also shown that \wn ’ W

- -

tyrosinase-generatesquinones can react with the reactive

I . i . Model Protein \
amines of chitosan to create grafted and cross-linked chitosan /‘
derivatives'o114 Conjugate
(Stimuli-responsive)
; : Grafted
Phenol Quinane Polm:::::"r e Chitosan ) @
H Enzyme Line Width (um)

[o] [o]
(Tyrosinase)
el SN

50 50 20 '
R R
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Conjugation: Enzymatic Assembly of Proteins onto Space (um)

Chitosan. Figure 5 shows two important features of the _ N _ _

. L . . P Figure 6. Coupling directed assembly with enzymatic assembly to
tyrqsmase—lnltlated graﬁlng to chitosan. The SChe_me In F|g_ure selectively assemble a protein at a microfabricated address. Sche-
5a illustrates that tyrosinase’s substrate range is not limited matic showing that conjugation requires enzymatic activation, elec-
to low molecular weight phenols, but rather this enzyme can trodeposition requires an imposed electrical signal, both provide
oxidize accessible tyrosine residues of proteins. Thus, added control to protein assembly._FIuoresce_nce photomlcrqgraphs

- e " . . show the assembly of the GFP—chitosan conjugates onto micropat-
tyrosinase serves to “activate” proteins for their assembly temed cathodes of varying sizes and spacing.
(i.e., conjugation) onto chitosaf

The second feature of tyrosinase-initiated conjugation is GFP-chitosan conjugate was observed to be soluble at low

that it offers the potential of conferring chitosan’s pH- pH but to precipitate as the pH was raised near chitosan’s
responsive properties to protei8.This potential is dem-  pK, The conjugate’s pH-responsive behavior is illustrated
onstrated by studies with a green fluorescent protein (GFP)in Figure 5b by the series of fluorescence photographs and
that was constructed to have an N-terminal hexa-histidine the plot of the supernatant’s fluorescence versus{H.
tag (to facilitate purification from cell extracts) and a Coupling Chitosan’s Enzymatic and Directed As-
C-terminal penta-tyrosine tag (to provide additional tyrosine semblies.Tyrosinase provides the opportunity to assemble
residues for tyrosinase-initiated conjugation). Figure 5b proteins onto the chitosan backbone, and the pretein
shows that, when this His-GFP-Tyr protein was studied as a chitosan conjugates can offer the pH-responsive properties
control, it was observed to be soluble at varying pHs and its that allow for their electrodeposition. This coupling of
fluorescence was independent of pH. When the His-GFP-enzymatic and directed assembly is illustrated in Figure 6
Tyr protein was conjugated to chitosan using tyrosinase, thewhich shows that chitosan is uniquely suited to “interface”
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Alligator Clip Site 44— Assembly Site

(3mmx4mm) (Immx&mm)
NH,
+ NH,—™ > NH, P -
OH NH, NH,
Texas Red-  Chitosan Gelatin-chitosan
labeled Gelatin Conjugate
Deposition
® o, .
+ NH, NH, - +
o . o
Tyrosine-  Chitosan GFP-chitosan
tagged GFP Conjugate Deposition
Figure 7. Sequential, signal-guided assembly of two proteins at

different addresses. Upper photograph shows the “chip” was pat-
terned to have two electrically independent addresses (the assembly
site for each gold surface was 1 mm wide by 8 mm long). Upper
reaction scheme shows initial step of conjugation and deposition of
Texas-Red-labeled gelatin. Reaction scheme at the bottom shows
second step of conjugation and deposition of GFP. The right-most
images are fluorescence photomicrographs after each deposition.118

proteins to microfabricated devices. The left side of the
schematic of Figure 6 shows that chitosan’s reactivity allows
conjugation through the protein’s activateduinone residue.

Activation is required for this “enzymatic assembly” as GFP

is not conjugated to chitosan in the absence of tyrosinase.
Chitosan confers stimuli-responsive properties to the con-

jugate, thus allowing localized electrical stimuli to direct the

conjugate’s assembly onto microfabricated surfaces. The
fluorescence photomicrographs of Figure 6 show that the
GFP-chitosan conjugate can be assembled onto gold-
patterned cathodes of varying widths and spacing. Addition-
ally, the fact that GFP retains its fluorescence provides

Yi et al.

deposited on this left electrode. After rinsing, the chip was
immersed in a solution containing the GF&hitosan con-
jugate and this conjugate was assembled on the right
electrode. The fluorescence photomicrograph shows that the
gelatin—chitosan conjugate was not displaced from the left
electrode, while the GFPchitosan conjugate was selectively
assembled onto the right electrode. This result demonstrates
chitosan’s potential for the sequential, signal-guided assembly
of proteins from solution to individual addressés.

Broader Perspective of Enzymatic AssemblyResults
with transglutaminase and tyrosinase illustrate the consider-
able potential offered by noncofactor-requiring enzymes that
can build macromolecular structures. Unfortunately, few such
enzymes are known and they typically fall into two catego-
ries. First are enzymes that confine reactions to the active
site (e.g., transglutaminase). These enzymes offer high
selectivities that limit their substrate range (a disadvantage),
but since they confine reactive intermediates to the active
site they minimize uncatalyzed reactions that can generate
undesired byproducts. A remarkable feature of transglutami-
nase is that its enzyme-bound intermediate (i.e., the acyl-
enzyme intermediate) is efficiently attacked by an amine (i.e.,
the e-amine of lysine), as compared to attack by water that
would lead to an unproductive hydrolytic reaction. The
tendency for acyl-bound intermediates to be hydrolyzed in
aqueous environments limits the ability of lipases and
proteases to catalyze condensation reactions that could build
macromolecular structure. In contrast to transglutaminase,
the second category includes tyrosinases, peroxidases, and
laccases that generate reactive intermediates that can diffuse
away from the enzyme’s active site and undergo further,
uncatalyzed reactions. These enzymes offer the advantage
that they can in situ activate a broad range of substrates for
further reaction but have the disadvantage that controlling
the subsequent nonenzymatic reactions can be problematic.

evidence that this protein’s tertiary structure is unaffected The fact that these activated intermediates are electrophilic

by the combination of tyrosinase-mediated conjugation an
electrodeposition. This combination of enzymatic and di-

rected assembly provides a simple and potentially generic
means to guide the spatially selective assembly of proteins

in response to locally applied external signdfs.

Chitosan not only allows localized electrical stimuli to be
enlisted for spatially controlled assembly but it also allows
temporally controlled assembly. This spatial-temporal control

d enables them to react with chitosan’s reactive amines and

provides the opportunity of creating pH-responsive conju-
gates.

In summary, the integration of enzymes into microfabri-
cation offers exciting possibilities and a handful of reports
have begun to appear. As more groups begin fabricating with
enzymes, it seems likely that molecular biology will be used
to improve the capabilities of known enzymes or to evolve

is demonstrated by the results in Figure 7 where two proteins 8NZymes with entirely new activities. Potentially, if simple
were sequentially assembled at separate addresses. The uppgPfactor regenerating systems become widely available, then
photograph in Figure 7 shows that the “chip” in this study it may be possible to employ ATP- and NADH-requiring

is patterned to have two electrically independent gold

surfaces on a silicon substrate. For deposition, the chip is
partially immersed such that the assembly site is submerged

enzymes for “routine” biofabrication.

Self-Assembly

in the deposition solution and the lead is connected to the Self-assembly is probably the feature of biology that has

power supply using an alligator clip. The first protein to be

most captured the imagination of those who fabricate at the

assembled was a gelatin that had been labeled with themicro- and nanoscale. The coupling of self-assembly with
fluorescent dye Texas Red. As illustrated in the upper-most traditional organic chemistry led to the use of both covalent
reaction scheme to Figure 7, this fluorescently labeled gelatinand noncovalent interactions to “synthesize” supramolecular
was enzymatically conjugated to chitosan, and then the structures over a broad range of length scales. Because
gelatin—chitosan conjugate was directed to assemble onto supramolecular structures reversibly form, they can self-
the left electrode. The fluorescence photomicrograph showsfabricate, correct errors, and hé&*?°More recent efforts

the Texas Red-labeled gelatiohitosan conjugate only

to couple self-assembly with microfabrication could have
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revolutionary technological effects. Conventional top-down (a) Power Supply Probe ssDNA
microfabrication is having increasing difficulty keeping pace The “Chip" Glutaraldehyde  * TNV
with the relentless reductions in feature sizes required to meet - + Solution
the insatiable demand for greater computational pé#és? —- —- g @ g
Many biological structures self-assemble at attractive size =
scales, and these materials could serve as building blocks ol Activation of Chitosan  Generation of
templates for fabricatio®*'2*or as models to mimié2® Electrodeposition of Chitosan Probe Surface

Lipid bilayers are probably the simplest self-assembled
structures in biology, and they have sparked various technical Target DNA / @v\
applications. They have been used to tempt&fé’ or to Chip with (VWWAF)

. . Ly . Probe ssDNA .

localize components either within the membrane bilk§é#® Denaturation '
or within an internal aqueous compartmentf§)13 There - — e “
are even efforts to use lipids to construct soft microfluidic "
networks!34 Lessons from lipid self-assembly are also being Hybridization

mimicked in the construction of block polymers that can
phase separafce to form domains of various thickness, that Ih 1d oh >d 3h 3d sh 4d
form stronger interfaces, and that confer long range dider.
Nucleic acids offer a range of capabilities useful for
fabrication. As mentioned earlier, nucleic acids have been
used as templates for metallization to create nanoscale wires
and field effect transistoi®:136.13’DNA self-assembly (i.e.,
base-pairing) is programmable and predictable allowing
DNA-based materials to be engingered to assemble into 5h 5d 6h 6d  7h 7d 8mismatch Sh
complex architectures (e.g., dendrimers) over a range of
length scales and to perform mechanical actighs*!
Finally, DNA has been conjugated to nanopatrticles to allow
DNA's programmable assembly to be employed for the
thermally reversible formation of nanoparticle netwdiks* W
Protein self-assembly also offers a remarkable array of
opportunities even in the absence of a solution to the Figure 8. Coupling directed assembly with biofunctionalization to
“protein-folding problem™ Despite an inability to predict  create a site for nucleic acid hybridization (i.e., self-assembly). (a)
the self-assembly of large polypeptides, there are growing Schematic showing_ thg sequence of_step;; chito_san elect_rodepos_ition,

. . glutaraldehyde activation, conjugation with amine-terminated single
efforts to e_pr0|t predictable secondary structural elem?nts stranded DNA probe, hybridization with fluorescently labeled target
(e.g., a-helices andB-sheets) to generate self-assembling DNA, and denaturation with 4M urea, at 65 °C for 30 min. (b)
peptide-based material®-158 Further, there are important ~ Fluorescence photomicrographs and associated image analysis that
examples of known protein systems that self-assemble intoS1°W fluorescently labeled target DNA can be repeatedly hybridized

.. . . (h) and denatured (d), whereas no hybridization is observed in the
useful structures, eliminating the requirement for de novo 8th cycle when the probe DNA was challenged with a mismatched
polypeptide design for these cases. Examples include thetarget DNA (i.e., DNA with a noncomplementary sequence). See text
filament-forming proteins actin and tubulin that have each for further details.*’>
been used as templates for nanowire synth€%is® Ad- readily functionalized with biological components. Specif-
ditionally, the self-assembling coat proteins of virus particles ically, the reactivity of chitosan’s amines allows previously
provide a rich source of nanostructuféshat can be enlisted  deposited films to be functionalized using standard coupling
to compartmentaliZé'1%2or to template®31%8 A significant ~ chemistries based on homobifunctional (e.g., glutaraldehyde),
advantage of protein-based materials is that biotechnologicalheterobifunctional (e.g.y-maleimido butyric acid succin-
methods can extend their capabilities in two important ways. imidyl ester), or biological (e.g., biotin) agents. In our studies,
First, known sequences can be genetically fused to proteinswe used glutaraldehyde as a model to covalently tether an
to confer added functionality (e.g., fusion tags of elastin- amine-terminated single stranded DNA oligonucledfitle
like peptides confer thermally reversible surface assembly onto electrodeposited chitosan films. We reasoned that the
capabilitie3®?). Second, unknown sequences can be “dis- yse of a covalent bond to tether the oligonucleotide to
covered” to confer desired functionality (e.g., peptides that chitosan could potentially permit better control of the
bind to inorganick42>0.16, oligonucleotide’s orientation and possibly lead to a more

Coupling Self-Assembly with Chitosan’s Directed As- robust platform for repeated hybridization. Figure 8a shows
sembly. Although self-assembly offers the potential for a sequence of steps in which chitosan is first electrodeposited
bottom-up self-fabrication of nanoscale structures, it is not onto the patterned surface of our “chip”, the deposited
yet obvious how to interface these biological or biomimetic chitosan is next activated by glutaraldehyde, and then an
structures to specific addresses of microfabricated surtdtes. amine-terminated single stranded DNA probe (20 bases) is
Potentially, chitosan can serve as the deviob®logy conjugated onto the activated chitosan film. This chitosan-
interface by integrating chitosan’s ability to selectively bound probe DNA can hybridize with a fluorescently labeled
electrodeposit at the device surface with its ability to be target nucleic acid that has a complementary sequ€ce.
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(b) assembly, whereas Figure 9b is a transmission electron
micrograph showing these nanotubes. In our experiments,
we labeled the virus particles with fluorescein to facilitate
visualization. To assemble the TMV nanotubes onto elec-
trodeposited chitosan, we began by partially disassembling
the fluorescein-labeled virus particles to expose theril

of the viral RNA. As illustrated in Figure 9c, the exposed
viral RNA can hybridize to a complementary ssDNA 25-
mer that had been previously anchored to electrodeposited
chitosan. Thus, the chitosan-bound DNA serves as a “con-
nection” site to capture the TMV particles. Experimental
evidence for this hybridization-based capture is shown in
Figure 9d that shows the fluorescently labeled TMV is
“targeted” to the left electrode that had the complementary
DNA strand. No TMV assembly was observed on the
untreated gold surface of the right electrééeThis result
illustrates the coupling of electrodeposition and functional-
ization and further demonstrates the versatility of chitosan
as a device biology interface.

(c) (d)

Capture ssDNA on Spatially Selective
Electrodeposited Chitosan TMV Assembly More broadly, the results in Figure 9 suggest chitosan may
Figure 9. Coupling chitosan’s directed assembly with TMV self- provide a key interconnect between conventional micro-
assembly. (a) TMV nanotubes are formed from thousands of coat fabrication and molecular-level self-assembly. Microfabri-
protein subunits that self-assemble around the virus’ single stranded cation allows devices to be created that can impose controlled
RNA genome (Adapted from ref 188 with permission from Namba et . . . . . ) . .
al. Science 1985, 227 (4688), 773—6. Copyright 1985 AAAS). (b) electrical stimuli to direct chitosan’s as_sembly. Biological
Transmission electron micrograph of TMV nanotubes. (c) Schematic components (e.g., sSsSDNA) can be readily conjugated to the
showing that partial disassembly of the virus particle exposes the 5' electrodeposited chitosan using facile methods (e.g., glut-
end of the viral RNA allowing hybridization to the surface-bound DNA araldehyde) to create sites to either “connect” the self-
probe. (d) Fluorescence photomicrograph showing capture of fluo- « " .
rescein-labeled TMV nanotubes on the left electrode containing TMV- assembled _SySte_m or to _nUCIeate Self'assembly' Fma”y’
specific probe DNA.173 molecular biological techniques can be integrated to confer

desired functionality to the self-assembled structure. For the
In addition, this target can be reversibly “dis-assembled” by case of the self-assembled TMV, the coat protein can be
subjecting the chip to denaturing conditions (4 M urea and engineered to enhance its role as a template for metal
65 °C). assembly 58174176

Results from a sequence of hybridization (h) and dena-
turation (d) steps are shown in Figure 8b as a series of
fluorescence photomicrographs and their associated image Nature employs a small number of organic materials as
analysis. These results demonstrate that the deposited chibuilding blocks to construct a diversity of structures that
tosan provides a robust platform for tethering probe nucleic perform a range of functions. These capabilities have sparked
acids that can serve as a nucleation site for reversible self-interest in fabricating devices using these same biological
assembly (i.e., hybridization). Figure 8b also indicates that building blocks or their mimics. Self-assembly is the feature
hybridization to the chitosan-bound probe relies on the that has attracted the most attention, and several studies have
molecular recognition capabilities inherent to DNA base- demonstrated the potential of biological components to self-
pairing. Specifically, during the 8th hybridization attempt fabricate nanoscale structures of controlled size and shape.
in Figure 8b, the chitosan-bound probe was challenged with However, the use of biological materials also allows access
high concentrations of a fluorescently labeled target DNA to enzymes for selective catalysis under mild conditions.
that had a mismatched (i.e., noncomplementary) sequenceEnzymatic assembly offers exciting opportunities that will
After observing that this mismatched target did not hybridize be further broadened if the tools of modern biology can be
to the chitosan-bound probe (designated “8mismatch”), we enlisted to engineer/evolve/design enzymes to build macro-
confirmed that the probe could still hybridize to the fluo- molecular structure or catalyze surface assembly. Finally, a
rescently labeled target DNA of complementary sequence range of localized external stimuli are beginning to be used
(designated “9h"}./? to guide the assembly of nano-bio hybrids. Directed assembly

To further illustrate the potential of chitosan to serve as a often employs the stimuli-responsive character of the nano
device-biology interface, we used surface-bound ssDNA to component, whereas molecular biological methods are
tether nanotubes of the tobacco mosaic virus (TMV). Each providing the means to link the bio to the nano. Directed
TMV particle consists of a single strand of genomic RNA assembly also allows the strengths of microfabrication to be
encapsidated within a protein nanotube (inner cavity and accessed by creating devices that can impose stimuli with
outer diameter of 4 and 18 nm, respectively) that is composedhigh spatial and temporal control.
of 2130 identical capsid protein subunits (subunit molecular ~ Chitosan is an aminopolysaccharide that offers pH-
weight of 17.5 kDa). Figure 9a illustrates TMV self- responsive-solubility, forms films and hydrogels, and con-

Conclusions
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tains readily modifiable primary amine substituents. Chito-
san’s pH-responsive solubility allows it to “recognize”
localized electrical stimuli and respond by assembling (i.e.,
depositing) as a thin film. Chitosan’s reactivity allows it to
be readily functionalized: proteins can be enzymatically

assembled onto the stimuli-responsive backbone, whereas
nucleic acids can be tethered to electrodeposited films to

serve as sites for self-assembly. These capabilities confe

considerable versatility to chitosan and suggest this biopoly-

mer has a particularly bright future for biofabrication of the
device-biology interface.
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