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Physics  and  chemistry  underpinned  the  remarkable  advances  in  materials  science  that  occurred  during
the  20th  century,  while  biology  is poised  to provide  the  scientific  underpinning  for  materials  science
advances  of  the  21st  century.  Biofabrication  is  the  emerging  approach  to  broadly  apply  biology’s  materials
and mechanisms  to  create  structure  and  function.  Here,  we  describe  one  such  biofabrication  methodology,
the  use  of  tyrosinase  to graft  phenolics  to the  aminopolysaccharide  chitosan.  Phenolics  are  a  broad  class  of
abundant  natural  products  and  we provide  results  from  a single  phenolic  reactant,  caffeic  acid,  to illustrate
the  potential  for enzymatically  imparting  functional  properties  to chitosan.  We  show  that  tyrosinase
affeic acid
hitosan
lectrodeposition
edox
yrosinase

oxidation  mediates  the  grafting  of  caffeic  acid to chitosan  and  possibly  even  results  in  the  covalent
crosslinking  of  chitosan.  When  this  enzymatic  reaction  is  performed  in  a  chitosan  solution  (pH  <  6), it is
observed  to  induce  a sol–gel  transition.  At  higher  pHs,  chitosan  forms  an  insoluble  film  and  this  enzymatic
reaction  can  alter  the  film’s  mechanical  properties.  Importantly,  caffeic  acid  grafting  also  confers  redox-
activity  to the  chitosan  film,  enabling  the  film  to  accept,  store  and  donate  electrons.  The  broader  efforts
to enlist  tyrosinase  to  build  macromolecular  structures  and  impart  functions  are  discussed.
. Introduction

Biology provides the paradigm for fully integrated and sustain-
ble manufacturing in which renewable starting materials (food)
re converted into high performance systems (organisms) that are
ully recyclable. Biological processing methods are commonly used
o synthesize small molecules and macromolecules for applications
n fuels, foods, and pharmaceuticals. We  contend that the biolog-
cal sciences are also poised to make substantial contributions to

aterials science by providing the scientific underpinnings for the
reation of functional materials (especially soft materials) [1]. From

 materials standpoint, biology is expert at: (i) controlling struc-
ure and conferring function at the nanoscale level (e.g., proteins),
ii) assembling their nano-components into hierarchical structures

hat can perform complex operations (e.g., energy harvesting by
he mitochondria), and (iii) creating materials that can respond
o stimuli, heal and resorb. There has been significant progress in
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understanding the mechanisms by which biology performs these
fabrication feats and in some cases these mechanisms can be
applied technologically. Thus, we  believe biologically-based fabri-
cation (i.e., biofabrication) may provide an emerging paradigm for
materials science [2,3].

There are differing definitions for the term “biofabrication”. For
the purposes of this paper, we use the term biofabrication to mean
the use of biological materials and mechanisms to confer struc-
ture and function. In general, biofabrication incorporates the varied
tools of biotechnology including the templated biosynthesis to
produce proteins with precise sequence and size, and engineered
functionality. Biofabrication also includes self-assembly for the
hierarchical assembly of supramolecular structure through non-
covalent bonds. In some cases, biologically-based self-assembly
can be triggered by external stimuli or involve molecular recog-
nition (e.g., the assembly of virus particles is often triggered by
pH changes). Biofabrication also includes the use of enzymes to
build structure (e.g., macromolecular structure) by the addition of
covalent bonds.
Here, we describe one biofabrication methodology, the enzy-
matic grafting of small molecule phenols onto a stimuli-responsive
polysaccharide. Phenols are among the most abundant organic
materials in nature and include the lignins in plants, the humics

dx.doi.org/10.1016/j.bej.2013.11.016
http://www.sciencedirect.com/science/journal/1369703X
http://www.elsevier.com/locate/bej
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cheme 1. Tyrosinase-mediated enzymatic grafting of phenolics (upper reactions)
nd  the pH-responsiveness of chitosan (lower reaction).

n soil and the melanin in skin and hair [4]. Small molecule phe-
ols are also abundant in plants (and therefore in our diets) [5–7].
henols possess diverse properties and are used in biology to con-
er mechanical strength (e.g., the dopamine residues of mussel
lue [8]), to perform signaling functions (e.g., catecholamine neu-
otransmitters and salicylic acid plant signaling molecules [9,10])
nd facilitate electron transfer (e.g., ubiquinone in the respira-
ory chain). Phenolic (and especially catecholic) materials are also
ttracting increasing technological interest because of novel syn-
hesis methods [11–15] and their unique properties [16–22]. Here
e present results with a single phenolic, caffeic acid, to illustrate

he broad (and largely untapped) potential.
In biology, phenols are often incorporated into materials by

nzymes that convert the substrate phenolic into a reactive inter-
ediate. These enzymes include tyrosinases, phenol oxidases,

accases and peroxidases. Often the reactive intermediates that
re generated undergo uncatalyzed reactions to create crosslinked
etworks (e.g., lignin). As illustrated in Scheme 1, the enzyme
yrosinase is capable of reacting with a broad range of low molecu-
ar weight phenolics (e.g., caffeic acid) and the phenolic residues of
roteins (e.g., the tyrosine residues) [23]. Interestingly, this enzyme
an perform two  reactions, the hydroxylation of a phenol contain-
ng a single aromatic hydroxyl and the oxidation of the resulting
atechol to generate an o-quinone. The quinone is reactive and
an diffuse from the enzyme’s active site to undergo uncatalyzed
eactions.

As illustrated in Scheme 1, we perform the tyrosinase reaction
n the presence of the aminopolysaccharide chitosan to enable the
-quinone that is generated to react with and graft to the polysac-
haride backbone [24–26]. Chitosan is derived from chitin and
s one of the few biologically-derived polymers with rich amine
unctionality. These amines confer a unique set of properties to chi-
osan [27]. Chitosan’s primary amines confer pH responsiveness; at
ow pH protonation of the amine makes chitosan a water-soluble
ationic polyelectrolyte while at high pH deprotonation removes
hitosan’s charge and eliminates its water solubility. In addition,
he deprotonated primary amine has an unshared electron pair
hat is nucleophilic and enables chitosan to undergo reactions with
lectrophilic o-quinones.

Specifically, we show that the tyrosinase-mediated grafting of
affeic acid to chitosan confers technologically interesting prop-
rties to chitosan. Importantly, these properties are obtained by
he enzymatic grafting of components that are safe and routinely
ngested.

. Materials and methods
.1. Materials

The following materials were purchased from Sigma–Aldrich:
hitosan from crab shells (85% deacetylation, and 200 kDa as
ng Journal 89 (2014) 21–27

reported by the supplier), tyrosinase (from mushroom), caffeic
acid (Caff), Ru(NH3)6Cl3 (Ru3+), 1,1′-ferrocenedimethanol (Fc; an
organometallic compound Fe(C5H5)2 with a Fe2+ center). The gold
working electrodes (2 mm diameter) and Ag/AgCl reference elec-
trodes were purchased from CH Instruments, Inc. (Austin, TX).
Platinum wire (99.95%) was purchased from Surepure Chemet-
als Inc. (Florham Park, NJ). Water was de-ionized with Millipore
SUPER-Q water system until final resistivity >18 M� cm was
reached.

2.2. Sample preparation

Chitosan was dissolved in dilute HCl solution (pH = 5.5) as pre-
viously described [28]. Concentrated tyrosinase solution (5 U �L−1)
was prepared by dissolving tyrosinase in 20 mM phosphate buffer
(pH = 7.0). Caffeic acid solution was prepared by first dissolving
caffeic acid in ethanol (200 mM),  and then diluting in 20 mM phos-
phate buffer (pH = 7.0). The solution of electrochemical mediators
(Fc and Ru3+) was  prepared in phosphate buffer (0.1 M;  pH 7.0).

Fabrication and pretreatment of the chip with gold electrodes
patterned onto a silicon substrate has been described elsewhere
[29,30]. The clean chip (or QCM sensor) was immersed in the 1%
chitosan (pH 5.5) solution and connected to the power source (2400
Sourcemeter, Keithley) using alligator clips, and the gold electrode
was biased to serve as the cathode (3–4 A m−2) while a platinum
wire served as the anode. After electrodeposition, the chitosan-
coated electrode was immediately removed from the deposition
solution, gently rinsed and soaked with water, and then vacuum-
dried at room temperature overnight.

For electrochemical redox studies, the gold working electrode
was first cleaned with piranha solution (H2SO4:H2O2 = 7: 3, v/v)
for 15 min  and washed thoroughly with DI water, followed by dry-
ing under nitrogen stream. The clean electrode was  immersed in
the 1% chitosan (pH 5.5) solution and cathodically electrodeposited
(4 A m−2, 45 s) with a platinum wire serving as the anode. After
electrodeposition, the chitosan-coated electrode was immediately
removed from the deposition solution, rinsed with DI water and
incubated in caffeic acid solution (0.5–5 mM)  containing tyrosi-
nase (20 U mL−1) for a predetermined amount of time. The grafting
reaction was terminated by rinsing the films extensively with phos-
phate buffer (pH 7.0).

2.3. Instrumentation

Rheological measurements were performed on a Rheometrics
AR2000 stress-controlled rheometer (TA Instruments). A 40 mm
diameter plate was  used with a solvent trap to prevent drying. Typi-
cally, oscillatory strains of 5% (which is within the linear viscoelastic
regime) were applied at 0.1 Hz. All measurements were performed
at 25 ◦C.

Chemical analysis was performed with a Jasco 4100 series
Fourier Transform Infrared Spectroscopy (FTIR) with an attenuated
total reflection (ATR) cell (Jasco Inc., Easton, MO). Morphological
analysis of films deposited onto chips was  performed using scan-
ning electron microscope (SEM, SU-70, Hitachi, Pleasanton, CA).

The mechanical properties of the electrodeposited chitosan
films were probed in situ with a quartz crystal microbalance with
dissipation (QCM-D, Q-Sense E1, Glen Burnie, MD). Gold-coated
QCM sensor (QSX 301, Bioline Scientific) with electrodeposited chi-
tosan films were placed in a standard flow module where real time
monitoring of frequency was  performed. The modeling process of
collected data was performed using manufacturer-supplied soft-

ware (Qtools modeling software version 3.0.7.230, Q-Sense).

Electrochemical measurements such as cyclic voltammetry (CV)
were carried out with a CHI6273C Electrochemical Analyzer (CH
Instruments, Inc., Austin, TX). Measurements were performed using
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Fig. 2. (a) FTIR spectra of unmodified chitosan and caffeic acid modified chitosan.
The N H bending vibration (�NH2) of the primary amines decreased in the caffeic
acid-chitosan, suggesting that enzymatically oxidized caffeic acid reacts with the
ig. 1. Photographic and rheological evidence that tyrosinase (50 U mL ) catalyze
 sol–gel transition for a solution of chitosan (0.7%) and caffeic acid (1 mM).

hree-electrode configurations with Ag/AgCl as a reference elec-
rode and Pt wire as a counter-electrode [31], while specific
xperimental conditions are provided in the text and figure cap-
ions. The solution of mediators (50 �M Fc and 50 �M Ru3+) was
egassed with nitrogen for at least 20 min  before CV measurements,
nd during the CV scans a stream of nitrogen was  gently blown
ver the surface of the solution. Typically, the potential was  swept
etween −0.4 and 0.5 V (vs. Ag/AgCl) at a scan rate of 0.05 V s−1.

. Results and discussion

.1. Tyrosinase-mediated gelation

As illustrated in Scheme 1, tyrosinase converts phenols and
atechols into reactive o-quinones that can undergo uncatalyzed
eactions that graft to and crosslink macromolecules. In biology,
yrosinase (or phenoloxidase) mediated crosslinking is believed to
e important in the hardening and sealing of the insect cuticle (e.g.,
ften referred to as quinone tanning [32,33]), and also for curing of
he mussel’s adhesive protein (i.e., the mussel glue) [8].

The tyrosinase-mediated oxidation of caffeic acid in the
resence of soluble chitosan chains can also induce gelation
presumably through a crosslinking mechanism [24–26]). This
nzymatic gelation is illustrated in Fig. 1 in which a solution of
affeic acid (1 mM)  was incubated with chitosan (0.7%, w/v, pH 6)
nd tyrosinase (50 U mL−1). The photograph in Fig. 1 illustrates that
his reaction changes the solution from colorless to brown, and also
onverts the solution into a gel that can support its own  weight. The
heological measurements in Fig. 1 further confirm gelation. In this
ase, the addition of tyrosinase to the caffeic acid and chitosan solu-
ion leads to an increase in the elastic (G′) and viscous (G′′) moduli
ith the G′ becoming significantly larger than G′′.

Much of the initial work with the tyrosinase-mediated graft-
ng/crosslinking of phenolics to chitosan examined solution phase

eactions either for the in situ gelation (e.g., for adhesive applica-
ions) or to generate polymers with unique rheological properties
e.g., associative thickeners). In principle, these studies enlisted
henolics or reactions with phenolics to confer mechanical func-
ionality – a common use for phenolics in biology.
primary amine groups of the chitosan. (b) SEM images of unmodified chitosan and
caffeic acid-modified chitosan show a relatively smooth surface for the chitosan
control film, whereas the surface of the caffeic acid-modified film is rougher.

3.2. Tyrosinase-mediated reactions with chitosan films

As noted in Scheme 1, chitosan is pH-responsive, at low pH it
can be dissolved while at higher pH it can form hydrogels, films
and fibers. Importantly, chitosan’s pKa is near-neutrality allowing
tyrosinase to be used to modify solutions (homogeneous reactions
can be performed at pH ≤ 6 as in Fig. 1) or to modify films (hetero-
geneous reactions can be performed at pH > 6.5).

To illustrate film modification, we  prepared caffeic-acid modi-
fied films and examined these films by FTIR and SEM. In the FTIR
study, a cast chitosan film was  incubated with caffeic acid (5 mM)
and tyrosinase (20 U mL−1) for 45 min. After reaction, the film was
washed extensively with phosphate buffer (pH 7) and sonicated
for 15 min  to remove the unreacted caffeic acid. This caffeic acid
modified chitosan film was then dried and measured with an FTIR

instrument. Fig. 2a compares the FTIR spectrum for the caffeic acid
modified chitosan with the spectrum for unmodified chitosan. In
both spectra, the 1645 cm−1 band has been assigned to the amide
I vibration [34,35], which originated from the N-acetyl groups of
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ig. 3. In situ QCM monitoring of frequency of electrodeposited chitosan films upo
flow  rate = 0.22 mL min−1).

he N-acetylglucosamine residues. (The degree of acetylation of our
hitosan was reported by the supplier to be 15%.) For the unmo-
ified chitosan film, the band centered at 1562 cm−1 is assigned
o overlapping peaks from the amide II and the N H bending
�NH2) vibration of the primary amines [36]. For the caffeic acid-

odified chitosan film, the amide I and amide II vibrations are
resent; however, the band in the amide II region shifts from 1562
o 1536 cm−1, indicating the N H bending vibration of the primary
mine decreases. This is consistent with our proposed mechanism
hat the enzymatically oxidized caffeic acid reacts with the primary
mine groups of the chitosan.

For SEM study, films were prepared by first electrodeposit-
ng chitosan from solution (1% chitosan, pH 5.5) on a patterned
old-coated silicon chip. Electrodeposition enlists chitosan’s pH-
esponsiveness such that cathodic electrolysis reactions (3 A m−2

or 4 min) provide the localized high pH conditions to induce
hitosan’s sol–gel transition. After deposition, the films were
insed and then incubated with caffeic acid (5 mM)  and tyrosi-
ase (20 U mL−1) for 45 min. The films were rinsed extensively with
hosphate buffer to remove unreacted caffeic acid. For compari-
on, a chitosan coated chip was also prepared in the absence of
yrosinase. As shown by the photographs in Fig. 2b, after caffeic acid

odification chitosan film appears to be more brownish than the
nmodified chitosan. The SEM images in Fig. 2b show a relatively
mooth surface for the unmodified chitosan film, whereas the sur-
ace of the caffeic acid-modified film is rougher. These observations
re consistent with our previous studies on an electrodeposited chi-
osan film [29] and a catechol-modified chitosan film prepared by
lectrochemical oxidization [37].

.3. Mechanical changes upon film modification

Fig. 1 illustrates that the tyrosinase-mediated caffeic-acid reac-
ions alter the mechanical (i.e., rheological) properties of chitosan
olutions. We  used QCM-D [38–40] to examine if/how caffeic acid
eactions alter the mechanical properties of chitosan films. In these
tudies we electrodeposited a thin film of chitosan onto the quartz
rystal sensor (1% chitosan, 3 A m−2, 30 s). The chitosan-coated
lectrode was rinsed, dried in vacuum overnight, and added to the
ow cell and contacted with phosphate buffer (20 mM,  pH 7). As

ndicated in Fig. 3, we then exchanged the solution for buffer con-
aining caffeic acid (0.5 mM)  and tyrosinase (20 U mL−1). After this
affeic acid addition, the frequency was observed to decrease sub-
tantially, indicating good interaction between caffeic acid solution
nd chitosan film. After 5 min  of reaction, the caffeic acid solu-
ion was replaced by phosphate buffer and the film’s frequency
as observed to initially increase presumably due to desorption of

nreacted caffeic acid, but then to stabilize at a value lower than
he initial (unreacted) film. This observed frequency decrease is
onsistent with the enzymatic grafting of caffeic acid to the chi-
osan film. As indicated in Fig. 3, the reaction and buffer solutions
oducing solutions containing 0.5, 1, or 5 mM caffeic acid and 20 U mL−1 tyrosinase

were exchanged four times (total modification time = 20 min) and
these experiments were repeated at 2 different caffeic acid concen-
trations (i.e., 1 mM and 5 mM).  In all cases, the results support the
conclusion that caffeic acid moieties are covalently attached to the
chitosan films.

After the in situ QCM experiments (Fig. 3) were completed (total
modification time of 20 min), the resulting caffeic acid-modified
chitosan films were vacuum dried overnight and ex situ QCM-D
measurements were made as described previously [30]. Briefly,
these measurements are analyzed using the manufacturer’s soft-
ware to determine the mass added and elastic modulus (G′) of each
of the caffeic acid-modified chitosan films. The results from these
ex situ QCM-D are summarized in Fig. 4. The tyrosinase-mediated
reactions of caffeic acid lead to increases in the dry weight of the
films as shown in Fig. 4a. This increase in mass is consistent with a
covalent coupling of the caffeic acid moieties to the chitosan film.
Fig. 4b shows that the QCM-D measurements indicate that the elas-
tic modulus G′ was  also increased by the caffeic acid reactions.
Finally, the plot in Fig. 4c indicates that the G′ increase for the wet
film is approximately linear with the amount of caffeic acid added.

These mechanical measurements are consistent with an expla-
nation that caffeic acid can crosslink the chitosan films. Further
support for such a crosslinking hypothesis is that the caffeic-
acid modified chitosan films no longer dissolve upon contacting
with acidic solutions. Previous mass spectrometry measurements
with related catecholics suggest that o-quinones can generate
crosslinks between glucosamine residues [41]. While these var-
ied observations support a conclusion that the tyrosinase-reaction
can generate a crosslinked chitosan network, the complexity of
the reaction system makes definitive interpretation of the results
impossible. Nevertheless, the enzymatic reaction does alter the
mechanical properties of the films consistent with the rheological
results for solution phase reactions.

3.4. Enzymatic grafting imparts redox-properties to chitosan films

Catecholics (e.g., caffeic acid) are redox-active and among the
most abundant antioxidants in our diet. The potential health benefi-
cial effects of dietary phenolics have gained considerable attention.
Several recent efforts to graft catecholic onto chitosan (or other
biopolymers) have aimed to exploit their antioxidant proper-
ties. Interestingly, we recently observed that the catecholics that
are grafted to chitosan retain their redox activity. Importantly,
while the catecholic-chitosan films are redox-active, they are
non-conducting. Specifically, the grafted catechols can exchange
electrons with soluble mediators that can diffuse into the film, but
the grafted catechols do not exchange electrons directly with a

neighboring electrode.

The redox activity of the grafted catecholics enables the caffeic
acid-chitosan films to undergo redox-cycling reactions illustrated
in Scheme 2. The common electrochemical mediator ferrocene
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odification. (c) G′ values of wet caffeic acid-modified chitosan films are plotted as

imethanol (Fc) can be electrochemically oxidized, the oxidized
errocenium ion (Fc+) can diffuse into the chitosan film and accept
lectrons from grafted catechols as illustrated by the left panel in
cheme 2. The Fc-redox-cycling reaction serves to discharge elec-
rons from the caffeic acid-chitosan film by converting reduced QH2

oieties (presumably catechols) into oxidized Q moieties (pre-
umably o-quinones). Film-charging can be performed with the
lectrochemical mediator Ru(NH3)6Cl3 (Ru3+) as illustrated by the
enter panel in Scheme 2. Electrochemical reduction converts Ru3+

o Ru2+ which can then transfer its electrons to the grafted Q
oieties. The right-most panel in Scheme 2 shows that electron

xchange is controlled by thermodynamics with electrons “flow-
ng” from more negative to more positive potentials.

The redox activity of the caffeic acid-chitosan film is illustrated
n Fig. 5a. In this experiment, the film-coated electrode was incu-
ated with both the Fc and Ru3+ mediators (50 �M each). When
he potential was cycled to positive potentials (greater than about
.25 V vs Ag/AgCl), Fc oxidation occurred and the redox-cycling in
he film served to discharge the film. When the potential was cycled
o negative potentials (less than about −0.2 V), Ru3+ was  reduced
nd the subsequent redox-cycling in the film served to charge the
lm. These redox-cycling reactions in the caffeic acid-chitosan film
ave the effect of amplifying the mediator currents compared to

 control electrode coated with an unmodified chitosan film (chi-
osan is not redox active).

Fig. 5b illustrates a quantitative approach to characterize this
mplification. Specifically, the oxidative current is integrated with
espect to time to generate the charge transfer (Q) during the Fc
xidation portion of the cyclic voltammagram (CV). Fig. 5c shows
hat the amplification ratio (AR) increases with the extent of caffeic

cid added to the tyrosinase reaction mixture. Previous studies have
hown that grafting correlates to the amount of phenolic added and
hus the film’s redox activity can be systematically controlled by
xperimental conditions [4,37].

cheme 2. Schematics show that the soluble redox mediators Fc and Ru3+ can access t
ndependent redox-cycling reactions.
ction of the amount of caffeic acid added.

4. Discussion

Over 20 years ago it was observed that enzymatically oxidized
low molecular weight phenols could graft to chitosan [42,43]. Graft-
ing occurs because of the somewhat unique nucleophilic activity
of chitosan (few natural polymers exist with such high amine
content). Early studies focused on environmental applications to
remove phenolics from waste waters and process streams [42–51].
The observation that enzymatic grafting also altered the properties
of the chitosan [52,53] suggested that the diverse functionalities of
natural phenolics could be accessed for materials synthesis. Many
of the initial materials science efforts focused on solution prop-
erties – for in situ gelation or to generate water-soluble polymers
with interesting solubility or rheological properties [54]. Later stud-
ies considered grafting low molecular weight phenolics to chitosan
(or other biopolymers) to confer antioxidant, antimicrobial and/or
mechanical properties to particles, films and fibers [55–60]. The
ability of o-quinones to crosslink chitosan indicates their potential
for coupling macromolecules; either coupling proteins to chitosan
[61] or coupling proteins to other proteins [62,63].

Recently, we  observed that quinone grafting confers redox-
activity to chitosan films: these films can accept, store and donate
electrons [31,37]. The compatibility of these redox-active films
suggests opportunities for sensing and detection in biological
systems [64,65]. Further, the ability of these films to “harvest” elec-
trons from biology suggests potential applications in bioelectronics
[66,67]. Interestingly, we have observed a variety of phenolics can
be grafted to chitosan either electrochemically [31,37,64–66] or
enzymatically (i.e., through tyrosinase-mediated reactions) [67,68]
and these grafted phenolic moieties confer redox activity to the

films. Tyrosinase offers advantages for the grafting of phenols
that possess a single OH group (e.g., resveratrol) [68], since these
compounds are typically difficult to oxidize electrochemically.
Electrochemical grafting of catechols offers the benefit of greater

he caffeic acid redox-centers of the film for “discharging” or “charging” through
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ation of amplification ratio (AR). (c) Quantification shows AR increases as a function
f  caffeic acid concentration used during tyrosinase-mediated grafting.

ontrol because oxidation can be quantitatively controlled by the
nodic charge-transfer (Q). To date we have been unable to gen-
rate films with significantly different redox-potentials (i.e., E0)
resumably because the films contain similar grafted catecholic
oieties.
Importantly, tyrosinase’s substrate range is not limited to low

olecular weight phenolics but this enzyme can oxidize macro-
olecular substrates (either synthetic or natural) [69,70] provided

 phenolic moiety is present and accessible [23,71–74]. Tyro-
ine residues provide such phenolic moieties and thus tyrosinase
as been used for grafting peptides [75–77] and proteins with

pen structures (e.g., gelatin [78,79], collagen [80,81], and silk
broin [82,83]). Often, the tyrosine residues of globular proteins
re not accessible for enzymatic oxidation. If genetic approaches
ng Journal 89 (2014) 21–27

can be employed, then the gene for a protein-of-interest can be
engineered with a short fusion tag to provide accessible tyro-
sine residues to enable tyrosinase-mediated grafting to chitosan
[84–87]. This enzymatic grafting provides a relatively simple and
benign means to generate protein–chitosan conjugates. Depend-
ing on the extent of grafting, these protein–chitosan conjugates
can sometimes retain chitosan’s pH-responsive solubility and film-
forming abilities [85].

More broadly, the studies with tyrosinase-mediated grafting
suggest the greater potential for enlisting enzymes to build struc-
ture and confer function to materials [81,88–110].

5. Conclusions

Enzymes are highly selective catalysts that function under mild
aqueous conditions and have therefore attracted attention for
the environmentally-friendly synthesis of chemicals. There are
fewer enzymes known that react with polymeric substrates to
build macromolecular structure and confer materials function. One
example is the tyrosinase-mediated grafting of phenolics to the
aminopolysaccharide chitosan. This enzyme enables access to the
diverse array of phenolics that are abundant in nature and provides
a simple means to functionalize chitosan. Using a single phenolic
substrate, caffeic acid, we demonstrate that tyrosinase-mediated
grafting can induce a sol–gel transition, and can increase the mod-
ulus and confer redox-properties of thin chitosan films. As more
enzymes are studied for building macromolecular structure and
more functional properties are explored, we anticipate that enzy-
matic methods could become an integral method for materials
synthesis.
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